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a b s t r a c t

Rhenium(I) tricarbonyl complexes with bispyridine ligands bearing sulfur-rich pendant, Re(CO)3(Med-
pydt)X (Medpydt = dimethyl 2-(di(2-pyridyl)methylene)-1,3-dithiole-4,5-dicarboxylate; X = Cl, 1;
X = Br, 2) and Re(CO)3(MebpyTTF)X (MebpyTTF = 4,5-bis(methyloxycabonyl)-40,50-(40-methyl-2,20-dipy-
rid-4-ylethylenedithio)-tetrathiafulvalene; X = Cl, 5; X = Br, 6), were prepared from the reactions between
Re(CO)5X (X = Cl, Br) and Medpydt or MebpyTTF, respectively. Hydrolysis of the above complexes affor-
ded the analogues with carboxylate derivatives, Re(CO)3(H2dpydt)X (X = Cl, 3; X = Br, 4) and Re(CO)3(H2b-
pyTTF)X (X = Cl, 7; X = Br, 8). The crystal structures for complexes 1 � 2H2O, 5 and 6 were determined
using X-ray single crystal diffraction. UV–Vis absorption spectra of the rhenium complexes show the
intraligand and MLCT transitions. Electrochemical behaviors of all new compounds were studied with
cyclic voltammetry. Upon irradiation, complexes 3–6 exhibit blue to red emissions in fluid solutions at
the room temperature. The performance of complexes 3, 4, 7 and 8 as photosensitizers for anatase
TiO2 solar cells was preliminarily investigated as well.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Considerable efforts have been devoted to the design and syn-
thesis of transition-metal polypyridine complexes, largely due to
their potential applications such as efficient photocatalysts for
CO2 reduction [1–6], materials for molecular electronics and pho-
tonics [7–18], and sensitizers for solar energy conversion [19–
28]. In the dye-sensitized solar cells (DSSCs) based on RuII polypyr-
idyl dyes, carboxylic acid pendants are key to the attachment of
dyes to the semiconductor surface [29]. Significant progress has
been made in the research of RuII polypyridyl sensitizers with car-
boxylate in DSSCs [24–32]. Similar to ruthenium compounds, rhe-
nium polypyridine complexes containing a fac-{Re(CO)3}+ core are
attractive research targets owing to their intriguing photophysical,
photochemical, excited-state redox properties, and potential role
as a dye for DSSC application [33–41]. However, there are only lim-
ited studies exploring the photovoltaic performance of tricarbonyl
rhenium(I) complexes with carboxylic pendants in DSSCs [42].

The 1,3-dithiole ligands incorporating bispyridine are promis-
ing candidates for constructing novel molecular structures with
attractive properties and potential applications [43–47]. In our
group, a continuous research effort has been mainly focused on
rhenium(I) complexes with ligands containing di(2-pyridyl) and
All rights reserved.

: +86 25 83314502.
1,3-dithiole moieties [48–49]. Tetrathiafulvalene (TTF) and its
derivatives derived from 1,3-dithiole have received much attention
for decades, on account of their highly desirable properties and
growing utility as versatile building blocks in molecular, supramo-
lecular and materials chemistry [50–56]. To the best of our knowl-
edge, there is no literature precedent of tricarbonyl rhenium(I)
complex containing TTF unit.

In this paper, we successfully prepared a series of rhenium(I)
tricarbonyl complexes with bispyridine ligands incorporating with
1,3-dithiole units, namely Re(CO)3(Medpydt)X and Re(CO)3(H2d-
pydt)X (X = Cl and Br) (Chart 1). As a comparison, we also synthe-
sized rhenium(I) tricarbonyl complexes containing TTF derivatives,
Re(CO)3(MebpyTTF)X and Re(CO)3(H2bpyTTF)X (X = Cl and Br)
(Chart 1). The structures, photochemical and electrochemical
behaviors have been discussed. Furthermore, the photovoltaic per-
formance of Re(CO)3(H2dpydt)X and Re(CO)3(H2bpyTTF)X (X = Cl
and Br) containing carboxylic groups as photosensitizers in the
nanocrystalline TiO2-based solar cells are studied.

2. Results and discussion

2.1. Syntheses and characterizations

Both dimethyl 2-(di(2-pyridyl)methylene)-1,3-dithiole-4,5-
dicarboxylate (L1) and 4,5-bis(methyloxycabonyl)-40,50-(40-met-
hyl-2,20-dipyrid-4-ylethylenedithio)-tetrathiafulvalene (L2) were
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synthesized by the standard triethyl phosphite-mediated cross-
coupling reaction. All rhenium(I) complexes containing ester
groups were prepared in good yields by refluxing equivalent
amounts of the ligand and Re(CO)5X (X = Cl, Br) in toluene for a
few hours. Finally, hydrolysis of the compounds containing ester
group afforded the corresponding complexes with carboxylic acid
(Schemes 1 and 2).

The IR spectra of these ReI complexes show three strong bands
in the absorption region of 1875–2020 cm�1, which are related to a
facial arrangement of the three carbonyl groups in the coordination
sphere [57–59].

The results from mass spectra for all complexes are consistent
with the formulations from elemental analysis and the spectros-
copy. For instance, in the MALDI-TOF mass spectrum of
Re(CO)3(Medpydt)Cl (1), the most prominent m/z peak occurs at
657.1, which corresponds to [Re(CO)3(Medpydt)]+.
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Scheme 1. Synthetic route
2.2. Structural description

The crystallographic data for the rhenium complexes 1 � 2H2O, 5
and 6 are listed in Table 1. Selected bond lengths and angles are gi-
ven in Table 2. Figs. 1 and 2 and Fig. S1 depict the perspective
drawings of 1 � 2H2O, 5 and 6 with atomic numbering, respectively.
All the structures show the chemically robust fac-{Re(CO)3}+ core
and distorted octahedral geometries.
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Table 1
Crystal data and structure refinement for complexes 1 � 2H2O, 5 and 6.

1 � 2H2O 5 6

Empirical formula ReC21H18ClN2O9S2 ReC26H18ClN2O7S6 ReC26H18BrN2O7S6

Mr 728.14 884.43 928.89
Temperature (K) 293(2) 293(2) 293(2)
Crystal system Triclinic Monoclinic Monoclinic
Space group P�1 P21/c P21/c
a (Å) 9.045(2) 14.0990(15) 14.0768(19)
b (Å) 12.519(3) 15.7280(18) 15.843(2)
c (Å) 13.074(3) 14.3195(16) 14.528(2)
a (�) 100.063(4) 90 90
b (�) 107.520(4) 101.376(2) 101.787(3)
c (�) 95.710(5) 90 90
V (Å3) 1371.7(5) 3113.0(6) 3171.5(8)
Z 2 4 4
D (g/cm3) 1.763 1.887 1.945
l (Mo Ka) (mm�1) 4.728 4.439 5.533
F(000) 708 1728 1800
h range (�) 1.67–26.00 1.94–28.32 1.92–25.00
Reflections

collected
7422 18361 15513

Independent
reflections [R(int)]

5258 [0.1221] 7299 [0.1192] 5589 [0.0990]

Data/restraints/
parameters

5258/0/326 7299/14/391 5589/35/388

GOF on F2 0.959 1.244 0.861
R1

a, wR2
b [I > 2r(I)] 0.0680, 0.1700 0.1095, 0.2418 0.0624, 0.1239

R1
a, wR2

b (all data) 0.0875, 0.1769 0.1353, 0.2570 0.1272, 0.1423
Largest difference

peak and hole
(e Å�3)

2.518/1.930 3.601/1.270 1.921/0.755

a R1 = R||C| � |Fc||/RFo|.
b wR2 ¼ ½

P
wðF2

o � F2
c Þ

2=
P

wðF2
oÞ�

1=2.

Table 2
Selected bond lengths [Å] and angles [�] for complexes 1 � 2H2O, 5 and 6.

1 � 2H2O
Re(1)–C(1) 1.857(17) N(1)–Re(1)–N(2) 83.2(3)
Re(1)–C(2) 1.879(14) C(2)–Re(1)–N(1) 174.0(5)
Re(1)–C(3) 1.889(13) C(3)–Re(1)–N(2) 177.9(5)
Re(1)–N(1) 2.206(9) C(1)–Re(1)–Cl(1) 175.6(5)
Re(1)–N(2) 2.207(9) O(1)–C(1)–Re(1) 173.8(13)
Re(1)–Cl(1) 2.473(4) O(2)–C(2)–Re(1) 177.1(13)
C(14)–C(15) 1.313(16) O(3)–C(3)–Re(1) 177.3(14)

5
Re(1)–C(1) 1.860(14) N(1)–Re(1)–N(2) 75.0(4)
Re(1)–C(2) 1.897(17) C(1)–Re(1)–N(2) 173.5(7)
Re(1)–C(3) 1.928(15) C(3)–Re(1)–N(1) 175.1(5)
Re(1)–N(1) 2.165(11) C(2)–Re(1)–Cl(1) 175.7(5)
Re(1)–N(2) 2.152(9) O(1)–C(1)–Re(1) 176(2)
Re(1)–Cl(1) 2.482(5) O(2)–C(2)–Re(1) 178.0(18)
C(19)–C(20) 1.332(17) O(3)–C(3)–Re(1) 175.4(18)
C(15)–C(16) 1.438(10) C(1)–Re(1)–C(2) 86.7(11)
C(17)–C(18) 1.315(19) C(1)–Re(1)–C(3) 86.1(8)

6
Re(1)–C(1) 1.952(15) N(1)–Re(1)–N(2) 75.5(4)
Re(1)–C(2) 1.802(13) C(1)–Re(1)–N(1) 173.2(5)
Re(1)–C(3) 1.984(5) C(3)–Re(1)–N(2) 171.9(5)
Re(1)–N(1) 2.116(10) C(2)–Re(1)–Br(1) 173.4(6)
Re(1)–N(2) 2.116(10) O(1)–C(1)–Re(1) 179.1(13)
Re(1)–Br(1) 2.6080(18) O(2)–C(2)–Re(1) 159(2)
C(19)–C(20) 1.359(14) O(3)–C(3)–Re(1) 177.2(16)
C(15)–C(16) 1.417(9) C(2)–Re(1)–C(1) 91.3(6)
C(17)–C(18) 1.306(15) C(2)–Re(1)–C(3) 84.9(7)

Fig. 1. ORTEP view of 1 � 2H2O with atom numbering scheme: hydrogen atoms and
water molecules are omitted for clarity. Ellipsoids are drawn at the 30% probability
level.

Fig. 2. ORTEP view of 5 with atom numbering scheme (including top and side views
of TTF unit): hydrogen atoms are omitted for clarity. Ellipsoids are drawn at the 30%
probability level.
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In complex 1 � 2H2O, the two aromatic rings form a ‘‘butterfly-
like” substructure due to the flexibility of the di(2-pyridyl) moiety.
The trans angles (C(2)–Re(1)–N(1), C(3)–Re(1)–N(2), and C(1)–
Re(1)–Cl(1)) are in the range of 174.0(5)–177.9(5)� and the angle
of N1–Re–N2 is 83.2(3)�, showing only minor deviations from the
idealized octahedral limit. The bond lengths of rhenium carbonyl
(1.857(17) 1.889(13) Å) and Re–Cl (2.473(4) Å) are consistent with
those found in similar tricarbonyl rhenium(I) complexes. The rhe-
nium–nitrogen distances are almost identical (2.206(9) Å and
2.207(9) Å), which are in good agreement with the relatively sym-
metrical structure of ligand Medpydt.

Complexes 5 and 6 containing TTF unit are very similar in the
structure, with the exception that the halide ligand for complex
5 is Cl while for 6 it is Br. Their bite angles (N(1)–Re(1)–N(2), aver-
age 75.2�) are significantly smaller than the ideal value of 90�, im-
posed by the rigid geometry of the chelating bipyridine ligands. In
5 and 6, the p conjugation within the TTF unit is extended to all six
sulfur atoms, and the central S6C8 moiety is very close to planar
(Fig. 2). On the other hand, the C(15)–C(16) bond is significantly
longer than the C(17)–C(18) bond, revealing the single-bond nat-
ure of the C(15)–C(16) bond. This precludes an extensive p-conju-
gation between the bipy and TTF units. There is no significant
difference between the three Re–C distances in complex 5. Never-
theless, for 6, the bond Re(1)–C(2) trans to Br(1) with 1.802(13) Å is
much shorter than the other two Re–C bonds trans to the pyridine
nitrogen (1.952(15) Å and 1.984(5) Å). This can be explained by the
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increased p-donor ability of bromide compared with chloride,
which results in a stronger p-back-bonding to the trans-CO. Addi-
tionally, it is noted the significant difference between the bond an-
gles of Re–C„O in complexes 5 and 6. The three carbonyl groups
for 5 are almost linear with 175.4–178�, whereas the carbonyl
group of the complex 6 trans to Br is significantly twisted (159�).

2.3. Electronic absorption and emission

The absorption spectra of compounds L1, L2 and 1–8 were mea-
sured, and the absorption data were summarized in Table 3.

As shown in Fig. 3, the absorption spectra of compounds L1 and
1–4 consist of several absorption bands in the 250–500 nm spec-
tral region, while the absorptions of compounds L2 and 5–8 are
in the range of 250–600 nm. The intense bands of the rhenium
complexes, related to intraligand (p–p*) transitions, are observed
in the UV spectral region (<360 nm). At lower energy, all com-
plexes exhibit the absorptions of a metal-to-ligand charge-transfer
dp(Re)–p*(N–N) (MLCT) origin centered around 400 nm. Also, the
MLCT transitions of the ester complexes may contain some interli-
gand charge-transfer (ILCT) characters since the corresponding free
ligands also absorb in the same region. With the same multi-sulfur
ligand, the absorption bands of the chloride and bromide com-
plexes have similar integrated peak areas. It is noted that MLCT
absorptions observed for ReI complexes with 1,3-dithiole core
(1–4) are more intense than those for complexes with TTF unit
(5–8), which is reasonable since complexes 14 have more conju-
gated p systems.

The absorption spectral changes of compounds L2 and 5–8 upon
addition of TCNQ were also investigated (Figs. 4, Figs. S2 and S3). In
the presence of TCNQ, the ester ligand L2 and its complexes exhibit
an additional absorption shoulder at ca. 380 nm and the absorption
intensities (320–440 nm) are significantly enhanced. In contrast,
for the complexes containing carboxylic groups (7 and 8), the pres-
ence of TCNQ resulted in new absorption bands during 700–
900 nm, which were not observed from the ester complexes. These
results are consistent with the formation of charge-transfer com-
plexes between the compounds containing electron-donor TTF unit
and the classical electron-acceptor TCNQ during the titration of
compounds 7 and 8.

The normalized emission spectra of 3 and 4 in CH3OH, 5 and 6 in
CH2Cl2 are shown in Fig. 5. For 3 and 4, excitation at the MLCT
absorption region (�440 nm) leads to blue emissions (�480 nm)
at room temperature, which may be attributed to ligand-centred
p*–p relaxations. While photoexcitation of 5 and 6 at RT at ca.
460 nm gives rise to red emissions (�610 nm), the characteristic
MLCT emissions of ReI complexes [18,36–39]. No detectable emis-
sion for complexes 1, 2, 7, and 8 was observed at the same
conditions.
Table 3
Absorptiona and emissionb data of compounds L1, L2 and 1–8.

Compound Medium Abs [k, nm (e, M�1 cm�1)] kem (nm)

L1 CH2Cl2 311sh (8042), 367 (19788) –
1 CH2Cl2 279 (14976), 328 (11740), 394 (15636) –
2 CH2Cl2 281 (15936), 328 (12954), 394 (17094) –
3 CH3OH 323 (6080), 401 (8710) 483
4 CH3OH 324 (7846), 400 (10986) 479
L2 CH2Cl2 289 (54572), 330sh (24232) –
5 CH2Cl2 298 (29334), 398 (5432) 609
6 CH2Cl2 297 (34398), 400 (5842) 612
7 CH3OH:DMF

(v/v, 9:1)
293 (25336), 377 (8300) –

8 CH3OH:DMF
(v/v, 9:1)

295 (26594), 376 (10892) –

a The absorption data were obtained in 5 � 10�5 M solution.
b Complexes 1, 2, 7, 8 and the free ligands L1 and L2 have no obvious emission.
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complex 7 in 5 � 10�5 M CH3OH-DMF mixed solvent (v/v, 9:1) in the presence of
varying amounts of TCNQ.
2.4. Electrochemistry

Oxidation–reduction processes were determined by cyclic vol-
tammetry, and potentials are listed in Table 4. The representative
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cyclic voltammograms of 1, L2, and 5 are shown in Fig. 6, and the
results of 3 and 8 are shown in Figs. S4 and S5, respectively.

Complexes 1 and 2 display one quasi-reversible wave occurred
at 1.00 V (vs. Fc/Fc+), while 3 and 4 show an irreversible wave at
0.82 V (vs. Fc/Fc+), which are all assigned to a ReI-based oxidation
process (ReI/ReII) [6,36–39]. Complexes 5 and 6 exhibit an irrevers-
ible oxidation wave at 1.08 V (vs. Fc/Fc+), and two reversible one-
electron redox couples at E1

1=2 ¼ 0:36—0:37 V and E2
1=2 ¼ 0:67—

0:68 V (vs. Fc/Fc+), respectively. The first oxidation at higher poten-
tial position is associated with a metal-centered reaction from ReI

to ReII. The other two redox couples are related to the ligand-based
process, a typical property of TTF derivatives. Complexes 7 and 8
only show an irreversible wave of ReI/ReII at 1.10 V (vs. Fc/Fc+) [60].

2.5. Photovoltaic performance

Preliminary studies of the photovoltaic properties for 3, 4, 7 and
8 were also performed. Fig. 7 shows the photocurrent density-volt-
age characteristic curves of 3, 4, 7, and 8 sensitized solar cells. The
photovoltaic parameters of the cells sensitized with the above
compounds are summarized in Table 5. Herein, Re(CO)3(H2d-
pydt)Br (4) exhibits the relatively better photovoltaic performance.
The short-circuit photocurrent density (Jsc), open-circuit photo-
voltage (Voc), fill factor (FF) and overall conversion efficiency (g)
are 1.53 mA/cm2, 430 mV, 0.73 and 0.48%, respectively. At the
same experimental conditions, the films similarly impregnated
with the classical dye N3 were measured for comparison
Table 4
Electrochemical data for compounds L2 and 1–8.

Compound E1/2 (Va) E (Va)

L+/0 L2+/+ Re2+/+

1 – – 1.00b

2 – – 1.00b

3 – – 0.82b

4 – – 0.82b

L2 0.37 0.68 –
5 0.36 0.67 1.08c

6 0.37 0.68 1.08c

7 – – 1.10c

8 – – 1.10c

a V vs. Fc/Fc+.
b E = E1/2.
c E ¼ Eox

p .
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Fig. 7. Photocurrent density–voltage characteristic of photovoltaic device with
complex Re(CO)3(H2dpydt)Cl (3), Re(CO)3(H2dpydt)Br (4), Re(CO)3(H2bpyTTF)Cl (7)
and Re(CO)3(H2bpyTTF)Cl (8) as sensitizers.
(g � 5%). The absorption of these tricarbonyl rhenium(I) complexes
are mainly in the blue and ultraviolet regions, which may lead to
the poor harvesting of solar light reported herein [42].



Table 5
Photovoltaic parameters of the cells sensitized with complexes 3, 4, 7, 8 and N3.a

Sensitizer Jsc (mA/cm2) Voc (mV) FF g (%)

N3 13.41 730 0.51 5.0
Re(CO)3(H2dpydt)Cl (3) 1.25 290 0.67 0.24
Re(CO)3(H2dpydt)Br (4) 1.53 430 0.73 0.48
Re(CO)3(H2bpyTTF)Cl (7) 0.91 260 0.61 0.15
Re(CO)3(H2bpyTTF)Br (8) 0.51 360 0.53 0.10

a These cells are fabricated and tested in the same experimental conditions.
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3. Conclusions

We present here a detailed study on the syntheses and charac-
terizations for rhenium tricarbonyl complexes of bispyridine li-
gands of either 1,3-dithiole or TTF pendant. The photochemical
and electrochemical properties of both the free ligands and Re-
complexes were studied. Very importantly, interesting rhenium
complexes containing free carboxylic acid pendants were pre-
pared, which enabled the incorporation of the new dyes into the
solar cell devices. The performance of the complexes 3, 4, 7 and
8 as photosensitizers in the nanocrystalline TiO2-based solar cell
is relatively poor, which is likely due to the low light-harvesting
efficiency of ReI moiety. The results broaden the field of studies
(especially on applications) on delocalized multi-sulfur ligands
and rhenium(I) carbonyl complexes. More work is currently under-
way to explore new tricarbonyl rhenium complexes with different
polypyridine and multi-sulfur derivatives, and to optimize their
photovoltaic performance.

4. Experimental

4.1. General methods and materials

All reactions were performed under a nitrogen atmosphere
using standard Schlenk line techniques. Re(CO)5X (X = Cl and Br)
and P(OEt)3 were obtained from commercial sources and used
without further purification. Dimethyl 2-(di(2-pyridyl)methy-
lene)-1,3-dithiole-4,5-dicarboxylate (L1) was prepared by the
cross-coupling reaction from dimethyl 1,3-dithiole-2-thione-dicar-
boxylate and di-2-pyidyl ketone. The compounds 4,5-bis(methyl-
oxycarbonyl)-1,3-dithio-2-one (IIa) and 4, 5-[(40-methyl-2,20-
dipyrid-4-yl) ethylenedithio]-1,3-dithiole-2-thione (IIb) were syn-
thesized with the reported procedure [61,62]. 1H NMR spectra
were recorded on a Bruker AM 500 spectrometer. Infrared spec-
troscopy was performed on a Vector22 Bruker Spectrophotometer
(4004000 cm�1) with KBr pellets. UV–Vis spectra were recorded
on a UV-3100 spectrophotometer. Emission spectra were carried
out on AMINCO Bowman Series 2 Luminescence Spectrometer in
a 1-cm quartz cell. Mass spectra were collected using a Bruker
Autoflex II TOF/TOF spectrometer. Elemental analyses for C, H,
and N were measured on a Perkin–Elmer 240C analyzer. Cyclic vol-
tammetry (CV) experiments were performed on a CHI660b electro-
chemistry workstation with a three-electrode system. A glassy
carbon electrode, platinum wire and Ag/AgNO3/acetonitrile
(10 mM) were used as the working, auxiliary, and reference elec-
trode, respectively. CV measurements were made in CH2Cl2 or
DMF solution with 0.1 M tetrabutylammonium perchlorate as sup-
porting electrolyte.

4.1.1. Synthesis of Re(CO)3(Medpydt)Cl (1)
Under a nitrogen atmosphere, Re(CO)5Cl (108 mg, 0.3 mmol)

and L1 (116 mg, 0.3 mmol) were refluxed in 15 mL of toluene for
1.5 h. The obtained mixture was cooled, and the yellow precipitate
was filtered and washed with n-hexane (175 mg, 84%). IR (KBr)
(mmax, cm�1): 2020, 1929, 1896 (mC„O). 1H NMR (500 MHz, CDCl3,
d): 9.15 (d, J = 5.2 Hz, 2H), 7.93 (d, J = 7.1 Hz, 2H), 7.79 (d,
J = 7.6 Hz, 2H), 7.40 (t, 2H), 3.88 (s, 6H). MS (MALDI-TOF): m/z:
657.1 ([M�Cl]+). Anal. Calc. for ReC21H14N2O7S2Cl: C, 36.44; H,
2.04; N, 4.05. Found: C, 36.31; H, 2.02; N, 4.01%.

4.1.2. Synthesis of Re(CO)3(Medpydt)Br (2)
Compound 2 was obtained by a method similar to the prepara-

tion of 1 using Re(CO)5Br instead of Re(CO)5Cl. Yield: 83%. IR (KBr)
(mmax, cm�1): 2017, 1894 (mC„O). 1H NMR (500 MHz, CDCl3, d): 9.27
(d, J = 5.0 Hz, 2H), 7.92 (d, J = 7.7 Hz, 2H), 7.79 (d, J = 7.8 Hz, 2H),
7.39 (t, 2H), 3.88 (s, 6H). MS (MALDI-TOF): m/z: 656.2 ([M�Br]+).
Anal. Calc. for ReC21H14N2O7S2Br: C, 34.24; H, 1.92; N, 3.80. Found:
C, 34.28; H, 1.85; N, 3.74%.

4.1.3. Synthesis of Re(CO)3(H2dpydt)Cl (3)
To a solution of 1 (90 mg, 0.13 mmol) in THF (10 mL), an aque-

ous solution of KOH was added and adjusted to pH 9–10. After the
mixture was stirred for 1 h at room temperature, the solution was
concentrated under vacuum, and then adjusted to pH 3 with acetic
acid. A yellow precipitate was obtained, filtered and dried in vac-
uum to provide 3 (68 mg, 79%). IR (KBr) (mmax, cm�1): 2019,
1911, 1894 (mC„O). 1H NMR (500 MHz, DMSO-d6, d): 8.89 (d,
J = 4.5 Hz, 2H), 8.16 (t, 2H), 8.03 (d, J = 7.5 Hz, 2H), 7.59 (d,
J = 5.5 Hz, 2H). MS (MALDI-TOF): m/z: 629.1 ([M�Cl]+). Anal. Calc.
for ReC19H10N2O7S2Cl: C, 34.36; H, 1.52; N, 4.22. Found: C, 34.22;
H, 1.59; N, 4.17%.

4.1.4. Synthesis of Re(CO)3(H2dpydt)Br (4)
Compound 4 was obtained by a method similar to the prepara-

tion of 3 using 2 instead of 1. Yield: 77%. IR (KBr) (mmax, cm�1):
2018, 1911, 1897 (mC„O). 1H NMR (500 MHz, DMSO-d6, d): 9.01
(d, J = 4.7 Hz, 2H), 8.17 (t, 2H), 8.03 (d, J = 7.7 Hz, 2H), 7.58 (t,
2H). MS (MALDI-TOF): m/z: 629.0 ([M�Br]+). Anal. Calc. for Re-
C19H10N2O7S2Br: C, 32.21; H, 1.42; N, 3.95. Found: C, 32.09; H,
1.47; N, 3.88%.

4.1.5. Synthesis of 4,5-bis(methyloxycabonyl)-40,50-(40-methyl-2,20-
dipyrid-4-ylethylenedithio)-tetrathiafulvalene (MebpyTTF, L2)

A suspension of IIa (281 mg, 1.2 mmol) and IIb (470 mg,
1.2 mmol) in 5 mL of P(OEt)3 under nitrogen was heated to
120 �C and stirred for 3 h. After cooling to room temperature, a
red precipitate was formed. Pure red compound L2 was isolated
after separation by silica gel column chromatography with
CH2Cl2/Et2O (5:1) (170 mg, 24.5%). IR (KBr) (mmax, cm�1): 1719
(mC@O). 1H NMR (500 MHz, CDCl3, d): 8.72 (d, J = 4.5 Hz, 1H), 8.58
(d, J = 4.0 Hz, 1H), 8.50 (s, 1H), 8.31 (s, 1H), 7.38 (s, 1H), 7.24 (s,
1H), 4.78 (d, J = 6.0 Hz, 1H), 3.87 (s, 6H), 3.54 (m, 2H), 2.50 (s,
3H). MS (MALDI-TOF): m/z: 578.1 (M+). Anal. Calc. for
C23H18N2O4S6: C, 47.73; H, 3.13; N, 4.84. Found: C, 47.77; H,
3.04; N, 4.78%.

4.1.6. Synthesis of Re(CO)3(MebpyTTF)Cl (5)
Under a nitrogen atmosphere, Re(CO)5Cl (73 mg, 0.2 mmol) and

L2 (116 mg, 0.2 mmol) were refluxed in 10 mL of toluene for 2 h.
The reaction mixture was concentrated, and pure orange com-
pound 5 was isolated after separation by silica gel column chroma-
tography (145 mg, 82%). IR (KBr) (mmax, cm�1): 2020, 1921, 1875
(mC„O). 1H NMR (500 MHz, CDCl3, d): 9.01 (d, J = 5.5 Hz, 1H), 8.89
(d, J = 4.0 Hz, 1H), 8.21 (s, 1H), 8.03 (s, 1H), 7.49 (d, J = 5.3 Hz,
1H), 7.38 (s, 1H), 4.88 (s, 1H), 3.87 (s, 6H), 3.42 (m, 2H), 2.60 (s,
3H). MS (MALDI-TOF): m/z: 883.9 (M+), 849.0 ([M�Cl]+). Anal. Calc.
for ReC26H18N2O7S6Cl: C, 35.31; H, 2.05; N, 3.17. Found: C, 35.41;
H, 2.08; N, 3.20%.
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4.1.7. Synthesis of Re(CO)3(MebpyTTF)Br (6)
Pure product of 6 was obtained by a method similar to the prep-

aration of 5 using Re(CO)5Br instead of Re(CO)5Cl. Yield: 86%. IR
(KBr) (mmax, cm�1): 2020, 1913, 1894 (mC„O). 1H NMR (500 MHz,
CDCl3, d): 9.03 (d, J = 5.3 Hz, 1H), 8.91 (d, J = 4.9 Hz, 1H), 8.22 (s,
1H), 8.04 (s, 1H), 7.49 (d, J = 4.7 Hz, 1H), 7.38 (d, J = 4.3 Hz, 1H),
4.90 (s, 1H), 3.87 (s, 6H), 3.44 (m, 2H), 2.61 (s, 3H). MS (MALDI-
TOF): m/z: 927.0 (M+). Anal. Calc. for ReC26H18N2O7S6Br: C, 33.62;
H, 1.95; N, 3.02. Found: C, 33.54; H, 1.91; N, 3.00%.

4.1.8. Synthesis of Re(CO)3(H2bpyTTF)Cl (7)
Compound 7 was prepared by a method similar to the prepara-

tion of 3 using 5 instead of 1. Yield: 78%. IR (KBr) (mmax, cm�1):
2017, 1911, 1895 (mC„O). 1H NMR (500 MHz, DMSO-d6, d): 9.01
(d, J = 5.6 Hz, 1H), 8.90 (d, J = 5.5 Hz, 1H), 8.84 (t, 1H), 8.75 (d,
J = 6.2 Hz, 1H), 7.78 (d, J = 5.4 Hz, 1H), 7.61 (d, J = 5.5 Hz, 1H),
5.31 (s, 1H), 3.51 (m, 2H), 2.57 (s, 3H). MS (MALDI-TOF): m/z:
859.4 (M+). Anal. Calc. for ReC24H14N2O7S6Cl: C, 33.66; H, 1.65; N,
3.27. Found: C, 33.53; H, 1.73; N, 3.24%.

4.1.9. Synthesis of Re(CO)3(H2bpyTTF)Br (8)
Compound 8 was synthesized by a method similar to the prep-

aration of 3 using 6 instead of 1. Yield: 75%. IR (KBr) (mmax, cm�1):
2019, 1908 (mC„O). 1H NMR (500 MHz, DMSO-d6, d): 9.03 (d,
J = 5.7 Hz, 1H), 8.90 (d, J = 5.5 Hz, 1H), 8.85 (t, 1H), 8.75 (d,
J = 6.3 Hz, 1H), 7.74 (d, J = 5.4 Hz, 1H), 7.57 (d, J = 5.5 Hz, 1H),
5.31 (s, 1H), 3.51 (m, 2H), 2.64 (s, 3H). Anal. Calc. for Re-
C24H14N2O7S6Br: C, 32.00; H, 1.57; N, 3.11. Found: C, 31.89; H,
1.62; N, 3.03%.

4.2. Crystal structure determination

Crystals of 1 � 2H2O suitable for X-ray structure analysis were
grown from the slow evaporation of a CH2Cl2 solution. For com-
plexes 5 and 6, single crystals were obtained from dichlorometh-
ane/diethyl ether. The data were collected on a Bruker Smart
Apex CCD diffractometer equipped with graphite-monochromated
Mo Ka (k = 0.71073 Å) radiation using x/2h scan mode at 293 K.
The highly redundant data sets were reduced using SAINT and cor-
rected for Lorentz and polarization effects. Absorption corrections
were applied using SADABS supplied by Bruker. The structure was
solved by direct methods and refined by full-matrix least-squares
methods on F2 using SHELXTL-97. All non-hydrogen atoms were
found in alternating difference Fourier syntheses and least-squares
refinement cycles and, during the final cycles, refined anisotropi-
cally. Hydrogen atoms were placed in calculated position and re-
fined as riding atoms with a uniform value of Uiso.

4.3. Preparation of TiO2 films and photoelectrochemical measurements

The photovoltaic properties are preliminarily investigated. The
TiO2 films were prepared using published procedures [63]. Photo-
electrochemical data were measured using a 150 W tungsten hal-
ogen lamp that was focused to give 620 W/m2 at the surface of
the test cell. The applied potential and measured cell current was
measured using a Keithley model 236 digital source meter. The
dye solution was prepared in HPLC ethanol (5 � 10�4 M), and the
electrolyte was composed of 0.5 mmol/L of dimethylhexylimidazo-
lium, 20 mmol/L of iodine (I2), 40 mmol/L of lithium iodide (LiI),
and 500 mmol/L of tert-butylpyridine in acetonitrile.
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