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Enhancing the Properties of Ruthenium Dyes by Dendronization
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A family of dendrimers comprising [cis-di(thiocyanato)-({4,4'-dicarboxy}-2,2-bipyridyl)-(4,4'-
divinyl-2,2’-bipyridine)]ruthenium(II) cores, first-generation biphenyl-based dendrons and 2-ethyl-
hexyloxy surface groups have been prepared. The dendrimers differ in the number of surface groups
attached to the dendrons. The dendrimers were found to be more thermally stable than the
corresponding simple complex, [cis-di(thiocyanato)-(bis{4,4’-dicarboxy}-2,2'-bipyridyl)Jruthenium
(IT) (N3), and to aggregate less in solution. The dendrimers were found to bind to titanium dioxide
substrates via the two carboxyl groups on the bipyridyl unit. Importantly, the dendrimers were found
to be significantly less susceptible to desorption. N3 desorbed rapidly from the titanium dioxide
substrates while the dendrimers were still mostly adsorbed even after a day under the same
conditions. The dendrimers all formed efficient devices with the best having an efficiency of 6.3 +
0.1%, which compares favorably to N3 with an efficiency of 6.9 £ 0.1% in the same device

configuration.

Introduction

Since their initial report,! ruthenium(II) complexes
have proven to be the workhorse dyes for photoelectro-
chemical cells (PECs).? The best of the ruthenium(II) dyes
have comprised two bipyridyl ligands and two isothio-
cyanate coligands.® For use in PECs, one of the bipyridyl
ligands of the dye has typically had one or more moieties
that bind to the inorganic wide band gap semiconductor
photoanode, usually titanium dioxide. The titanium di-
oxide is nanoporous and provides a large surface area for
photon harvesting. It also has an electron affinity suitable
for separating the exciton formed on the dye. For the
ruthenium(Il) complexes, there have been many studies
on the effect of the structure on each of the steps in the
generation of electricity from an absorbed photon includ-
ing the rates of the different processes and methods for
enhancing light absorption.* Although it is hard to make
exact comparisons between published results because of
different cell sizes, measurement set-ups, and statistically
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relevant data, it is clear that PECs containing ruthenium
(IT) dyes can reliably give global efficiencies in the range
5—10%. However, in spite of the impressive efficiencies,
there have been fewer reports on device failure mechan-
isms;’ nor are there very long-lived PECs operating under
maximum power.® In the development of long lifetime
organic light-emitting diodes, it has been found that
different failure mechanisms become apparent or come
into play as the lifetime of the device increases. In terms of
the ruthenium(Il) complexes used in PECs, there are
potential weak points in the materials that can be ad-
dressed even at this early stage, such as thermal, binding,
and electrochemical and photochemical (including effects
of aggregation) stability.

In the development of OLED materials, it has been
found that the dendronisation of small molecule metal
complexes can lead to materials with enhanced properties
including high thermal stability, control over intermole-
cular interactions, high photoluminescence quantum
yields and efficient solution processed devices.” We were
therefore interested in determining whether the dendro-
nisation of the ruthenium(II) complexes used in dye-
sensitized solar cells could lead to improvement in the
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materials properties that may in the future lead to effi-
cient and more long-lived devices. In this manuscript we
report the synthesis of a family of first generation ruthe-
nium(Il) complex cored dendrimers that contain biphe-
nyl-based dendrons and differ in the number of surface
groups (Figure 1). We compare the physical and photo-
physical properties of the dendrimers with N3 and a
simple distyryl substituted complex that has essentially
the same chromophore as the dendrimers.

Results and Discussion

Synthesis. The first step in the syntheses of the com-
plexes was to form the elaborated bipyridyl ligands. All
the ligands were prepared by a Horner—Emmons Wittig
reaction between the bipyridyl-bisphosphonate 1 and the
requisite “benzaldehyde” using potassium z-butoxide as
the base (Scheme 1). Under these conditions, the simple
distyryl-substituted bipyridyl ligand 3 was formed from 2
in a 93% yield, and the first-generation dendronized
ligand 5 with four surface groups was formed in a yield
of 92% from the previously reported first-generation
benzaldehyde 4.® For the dendronized ligand with eight
and twelve surface groups, the first-generation aldehyde-
focused dendrons had to be formed first. This was
achieved by reaction of the di-® and trialkoxy'® boronic
acids with 3,5-dibromobenzaldehyde under Suzuki con-
ditions. The first-generation dendron with four surface
groups, 6, was formed in an 81% yield, whereas that
containing six surface groups, 8, was isolated in a 78%
yield. 6 and 8 were then coupled with 1 under the standard
conditions to give the dendronized ligands 7 and 9 with
eight and twelve surface groups in the excellent yields of
87 and 95%, respectively.

The formation of the ruthenium(II) complexes fol-
lowed the method reported for the synthesis of N3
derivatives.'' The procedure involves the sequential sub-
stitution of the ligands of {RuCl(p-cymene)},. In the first
step, the starting complex was treated with the most
sterically hindered bipyridyl ligand for four hours at
80 °Cin N,N-dimethylformamide. The intermediate com-
plex was then reacted with 4,4'-dicarboxy-2,2’-bipyridine
for 4 h at around 150—160 °C. Finally, an excess of
ammonium isothiocyanate was added and the reaction
was then left for a further 4 h at 150 °C. The crude product
was isolated as the tetra-n-butylammonium salt before
being completely transformed back to the acid by treat-
ment with dilute nitric acid. Because of the poor solubility
of the compounds in the aqueous acid, we found that it
was sometimes necessary to repeat the acidification pro-
cess. We found that it was possible to follow the progress
of the removal of the tetra-n-butylammonium unit by 'H
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NMR. Under these conditions, the distyryl-containing
complex 10 and the dendrimers with four 11, eight 12, and
twelve 13 surface groups were isolated in yields of 72, 63,
54, and 30% respectively. The decrease in yields across
the series most probably relates to the increase in steric
compression with the more highly substituted bipyridyl
ligands. The structures of the materials were consistent
with their spectra, and in particular, the observed and
calculated isotopic distributions for the molecular
weights of the materials were the same, with the mass
spectrum of 13 shown in Figure 2 by way of an example.

Physical Properties. We first studied the positive effect
of dendronization on the thermal properties of the mate-
rials by thermal gravimetric analysis. N3 (Figure 3) and
10 are thermally stable and were found to have a 5%
weight loss at 320 and 315 °C, respectively. All the
dendrimers were stable to higher temperatures, with 11,
12, and 13 (Figure 3) having 5% weight losses at 347, 339,
and 351 °C, respectively.

The next step in understanding the enhancement of
properties given by the dendritic architecture was the
effect on the stability of the dye attachment to the
titanium dioxide. All the dyes were adsorbed onto the
transparent titanium dioxide and their infrared spectra
(ATR mode) collected before and after adsorption. The
infrared spectra of the materials before adsorption all
show similar features with carbonyl stretches of the
carboxylic acids in the range of 1712—1729 cm™' and
absorptions due to the isothiocyanates near 2100cm ™. In
the carboxylic acid O—H stretching region there does
appear to be a difference between the dendritic and
nondendritic materials. For N3 (Figure 4) and 10, the
hydroxyl stretches appear to cover a broader range of
wavenumbers, suggesting that there is more hydrogen
bonding in the solid state for these materials when
compared to the dendritic materials (the infrared spec-
trum of 12 in shown in Figure 4). Hydrogen bonding can
lead to aggregation; the effect of aggregation will be
discussed further in the section on the absorption proper-
ties of the materials. The fingerprint region of the infrared
spectra of N3 and 12 as neat materials and on titanium
dioxide are shown in Figure 5. The key difference between
the two spectra is that for N3 there is still a carbonyl
stretch that is due to the carboxylic acid moieties not
bound to the titanium substrate.'” In contrast, in the
spectrum of 12, there is no carbonyl stretch on the
substrate corresponding to a free carboxylic acid, indicat-
ing that both carboxyl groups are involved in the binding
to the titanium dioxide. The infrared spectrum of N3
bound to titanium dioxide has been studied in detail and it
has been shown to coordinate to the titanium dioxide
through bidentate or bridging coordination rather than
monodentate modes.'?> The absorptions at 1380 and
1620 cm ™' have been assigned as the symmetric and
asymmetric stretches of the —CO, groups respectively.
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Figure 1. Structures of the materials used in this study. R = 2-ethylhexyl.

Comparison of panels a and b in Figure 5 shows that the
fingerprint region of N3 and 12 are very similar, indicat-
ing that they are bound to the titanium dioxide in a similar
manner.

The nature of the binding of the ruthenium complexes
(at best an ester) to the titanium dioxide is a potential
weak point for the long-term stability of such dyes in
PECs. That is, such bonding will be susceptible to nu-
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cleophiles such as water, which would be expected to
permeate the device overtime.’***'* This is in fact a
critical issue, as the actual number of dye molecules
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R.; Wang, P.; Zakeeruddin, S. M.; Griitzel, M.; Hinsch, A.; Hore,
S.; Wiirfel, U.; Sastrawan, R.; Durrant, J. R.; Palomares, E.;
Pettersson, H.; Gruszecki, T.; Walter, J.; Skupien, K.; Tulloch,
G. E. Prog. Photovolt.: Res. Appl. 2007, 15, 1-18.
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Scheme 1
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“(i) Potassium t-butoxide, tetrahydrofuran, r.t.; (ii) {RuCl(p-cymene)},, dendronized ligand, N,N’-dimethylformamide, 80 °C, N», 4 h; then,
2,2'-bipyridine-4,4’-dicarboxylic acid, 150-160 °C, 4 h, dark; then excess of NH4NCS, 150 °C, 4 h. R represents the 2-ethlylhexyl.

attached to the titanium dioxide is relatively small. To
show further the potential advantage of the dendritic
materials, we decided to use one of the processes typically
used for calculating the amount of dye adsorbed onto the
titanium dioxide as an accelerated adsorption stability
test. It is well-known that dilute aqueous hydroxide
can strip small molecule ruthenium dyes off titanium
dioxide;'” in this accelerated test, we adsorbed the ruthe-
nium dyes onto transparent titanium substrates and then
treated them with 0.1 Normal aqueous sodium hydroxide
(Figure 6) followed by sequential washes in N,N-

(15) Chen, K.-S.; Liu, W.-H.; Wang, Y.-H.; Lai, C.-H.; Chou, P.-T.;
Lee, G.-H.; Chen, K.; Chen, H.-Y.; Chi, Y.; Tung, F.-C. Adv.
Funct. Mater. 2007, 17, 2964—2974.

dimethylformamide and then acetonitrile. Although aqu-
eous sodium hydroxide could break the bond between the
dyes and the titanium dioxide, it was important to ensure
that the desorbed material was removed and hence the
latter two washes used solvents in which the materials
were soluble. In Figure 6, it can be seen that there is a
direct correlation between the structure of the material
and its propensity to be desorbed. N3 is almost immedi-
ately completely removed from the titanium dioxide (in
around one minute). The simple complex 10 with the two
styryl groups in place of a pair of carboxylic acid groups
was found to be a bit more stable, with 50% being
removed in 10 min. In contrast, Figure 6 shows that the
dendrimers are very much more stable with all the mate-
rials having more than 60% of the dye still adsorbed even
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Figure 2. MALDI-TOF mass spectrum of 13.
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Figure 3. Thermal gravimetric analysis graphs of N3 and 13 showing the
enhanced thermal stability of the dendrimer.

| —N3
? 4
E
3
2
[
5
s
8 |
[ =
[
Q
S
[
<
—12

T T T T T T T T
800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumbers (cm™)

Figure 4. Infrared spectra of neat N3 and 12.
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Figure 5. Infrared fingerprint region of (a) N3 and (b) 12 as neat
materials and attached to a titanium dioxide film.

after 24 h. The greater stability of the dendritic dyes must
be due to the inability of the aqueous hydroxide to
penetrate to the titanium dioxide surface to disrupt the
binding of the dye. The inability of the nucleophiles to
penetrate to the binding sites can be easily understood
from the fact that the surface groups of the dendrimers
provide a lipophilic “shield” for the active group. The
effect of lipophilicity is illustrated in Figure 7, which
shows the wetting of N3, 10, and 11 adsorbed onto
titanium dioxide. It can clearly be seen that the contact
angle for a water droplet increases from N3 to 10 to 11
(16, 55.3, and 137.8°, respectively) and this follows the
same trend observed in the accelerated desorption test,
with 11 being the most stable of the three materials.
Photophysical and Device Properties. The recent design
strategy for many of the newest ruthenium dyes is to have
only one of the bipyridyl ligands with the two carboxylic
acid units, and the other having extended conjugated
“chromophores” attached.” The latter ligands have been
designed to red-shift and maximize the absorption at
longer wavelengths. It is well-known in the OLED field
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Figure 6. (a) Desorption measurements of the dyes. The x-axis is plotted
on a logarithmic scale to highlight the different rates of desorption.
(b) Photos of dye-adsorbed transparent titanium oxide substrates
immersed in 0.1 M aqueous NaOH after 2 min show the rapid desorption
of N3 and the stability of the dendrimers.

that close interaction of chromophores can lead to the
quenching of the luminescence. This is of the same
importance for PEC cells because interactions of the
excited states can lead to their quenching before the
excited electron is transferred to the titanium dioxide.
During the course of this work, we were surprised to
discover that the long wavelength absorption spectrum of
N3 was concentration dependent (see Figure 8a), even at
the very low concentrations used. It was found that the
wavelength of the absorption red-shifted by almost 30 nm
over concentrations ranging from 0.5 x 107> M to 10 x
107> M. The most likely cause for the red shift is aggrega-
tion of the N3 molecules, which occurs even at these low
dilutions. In contrast, the dendrimers showed much less
concentration dependence (Figure 8b shows the spectra
for dendrimer 13 over the same concentration range). The
dendritic nature of 13 means that the ruthenium(II)
complex at the focus is less likely to aggregate because
of steric hindrance, which lends further credence to the
change of absorption for N3 being due to aggregation. A
further interesting feature of the spectra is that the there is

(16) (a)Jang, S.-R.; Lee, C.; Choi, H.; Ko, J. J.; Lee, J.; Vittal, R.; Kim,
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Wu, S.-J.; Li, J. =Y.; Wu, C.-G.; Chen, J.-G.; Ho, K .-C. Adv. Mater.
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Figure 7. Contact angle for water on (a) N3, (b) 10, and (c) 11 adsorbed
onto titanium dioxide.
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Figure 8. UV—visible absorption spectra of (a) N3 and (b) 12 at different
concentrations in N,N'-dimethylformamide.

not a strong red shift in the long wavelength absorption
with the attachment of the “stilbenyl units”. In fact, a
survey of the ruthenium(Il) complexes of this type with
“extended” conjugated ligands shows that there is no
significant red shift in the long wavelength absorption.'®
Our results suggest that any shift is probably due to the
level of aggregation of the complex, which will of course
be dependent on the concentration and solvent used to
record the spectrum.

DSSCs containing the active dyes were prepared and
their performance measured under AMI1.5 conditions
at ~100 mW/cm? (note: the exact power density was
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Figure 9. J—V characteristics of DSSCs containing N3, 10, and 11.

measured using a broadband thermopile detector and the
value was used for the efficiency calculations). The
DSSCs comprised titanium dioxide (that had been pre-
treated with titanium tetrachloride followed by thermal
treatment at ~450 °C for 30 min) with an active area on
the order of 0.20 cm?, the adsorbed dye (from 3 x 10~ M
solutions), an electrolyte solution (0.6 M 1-n-butyl-3-
methylimidiazole iodide, 0.03 M iodide, 0.1 M guanidi-
nium thiocyanate, and 0.5 M -butylpyridine in a 15/85
(v/v) mixture of valeronitrile and acetonitrile), and a
platinum on fluorine tin oxide counter electrode. All
devices using the new materials showed good efficiencies
with the J—V characteristics for N3, 10, and 11 shown in
Figure 9. The efficiencies (averaged over five devices) of
N3, 10, 11, 12, and 13 were 6.94 + 0.12%, 7.19 £ 0.11%,
6.32 £ 0.13%, 5.26 + 0.08%, and 3.69 4+ 0.19% respec-
tively. There are two important points to note from these
device results. First, 10 gives a better device performance
than N3, and second, the improvement in adsorption
stability does not necessarily come at a large cost in terms
of device efficiency, with 10 having a performance only a
little less than N3.

Conclusion

We have developed a new family of dendrimers with
ruthenium(Il) complex cores. The dendrimers have first-
generation biphenyl-based dendrons and differing num-
bers of surface groups. The yields of the dendrimers were
all good, even for the most sterically encumbered material
that had six surface groups per dendron. The dendrimers
were found to aggregate less than their small molecule
counterparts, thus controlling intermolecular interac-
tions that can lead to the quenching of the excited state
when deposited onto a substrate. Most importantly,
in terms of the physical properties required for long-
term device stability, the dendrimers showed superior
thermal properties and less propensity to dye desorption.
The dendrimers can all be used in efficient dye-sensitized
solar cells.
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Experimental Section

General Methods. All commercial reagents were used as
received unless otherwise noted. Tetrahydrofuran was distilled
from sodium and benzophenone under a nitrogen atmosphere
before use. Deactivated silica was formed by adding triethyl-
amine to the silica/solvent slurry before loading onto the column.
After the column was packed, it was washed through with
the solvent mixture in which the sample was loaded. 'H and
3C NMR spectra were recorded using a 300 or 400 MHz
Bruker spectrometer, in deuterated chloroform or dichloro-
methane solution; spH = surface phenyl H, bipyH = bipyridyl
H, G1-bpH = first-generation branch phenyl H, vinylH = vinyl
H. Coupling constants are quoted to the nearest 0.5 Hz. Micro-
analyses were carried out in the Microanalysis Laboratory of the
School of Chemistry and Molecular Biosciences, The University
of Queensland. UV—visible absorption measurements were
recorded with a Cary Varian 5000 UV—vis—NIR spectrophoto-
meter. Infrared spectra were recorded on a Perkin-Elmer Spec-
trum 100 ATR-FT-IR spectrometer. Melting points were mea-
sured in a glass capillary on a BUCHI Melting Point B-545 and
are uncorrected. Thermal gravimetric analysis (TGA) was car-
ried out on a Perkin-Elmer STA6000. Mass spectra were
recorded on an Applied Biosystems Voyager matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) from
2-[(2-E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]mal-
ononitrile (DCTB) in positive reflection mode at the EPSRC
National Mass Spectrometry Centre, Swansea, UK. The trans-
parent titanium dioxide substrates were obtained from DyeSol.
The contact angle measurement of a water droplet on the dye
adsorbed onto titanium dioxide substrates was carried out by
using a Tracker tensiometer (I. T. Concept, France).

4,4'-Bis[ (E)-(3,5-bis{4-[ 2-ethylhexyloxy | phenyl}styryl )-2,2 -
bipyridine 5. Potassium tert-butoxide (0.62 g, 5.5 mmol) was
added to a solution of 1 (1.00 g, 2.2 mmol) and 3,5-bis[4-(2-
ethylhexyloxy)phenyl]benzaldehyde 4° (2.53 g, 4.9 mmol) in
tetrahydrofuran (30 mL). The reaction mixture was stirred for
3 h at room temperature under nitrogen. Water (20 mL) was
added and the tetrahydrofuran was removed. The aqueous
residue was extracted with dichloromethane (2 x 200 mL).
The collected organic layer was washed with brine (100 mL)
and water (2 x 200 mL), dried over magnesium sulfate, and
filtered; the solvent was removed. The residue was purified by
column chromatography over silica (deactivated) using an ethyl
acetate:petroleum ether (40—60) mixture (1:3) as eluent to give 5
(2.36 g,92%). Anal. Calcd for Cg,H0oN,O4: C, 83.6; H, 8.6; N,
2.4. Found: C, 83.6; H, 8.6; N, 2.4. A, (tetrahydrofuran) 284
[log & (dm* mol ™' ecm ™) (5.07)], 324 (4.87), 336sh (4.79). Vinax
956 (trans C=C—H out of plane bend). oy (400 MHz, CDCl;)
8.71(2H,d,J = 5,bipyH), 8.62 (2 H, bs, biyH), 7.69 (6 H, s, G 1-
bpH), 7.64—7.50 (10 H, m, spH and vinylH), 7.44 2 H,dd, J =
1.5,J = 5, bipyH), 7.27 (2 H, d, J = 16.5, vinylH), 7.04 (8 H,
1/2AA’BB’, spH), 3.92 (8 H, m, OCH,), 1.80—1.70 (4 H, m,
CH), 1.60—1.30 (32 H, m, CH,), 0.99—0.92 (24 H, m, CH3). ¢
(100.6 MHz, CDCl3) 159.2, 156.4, 149.5, 145.6, 141.9, 137.0,
133.3,133.0, 128.1, 126.5,125.7,123.7,121.1, 118.2, 1 14.8, 70.5,
39.4,30.5,29.1,23.8, 23.1, 14.1, 11.1. m/z (ES) Anal. Calcd. for
C82H100N204: 1177.7. Found: 1177.8.

3,5-Bis[ 3,4-bis(4-{2-ethylhexyloxy}phenyl) [benzaldehyde 6.
A mixture of 3,5-dibromobenzaldehyde (1.59 g, 6.0 mmol),
3,4-bis(2-ethylhexyloxy)phenylboronic acid® (5.00 g, 13.2 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.09 g, 0.08 mmol),
aqueous potassium carbonate (2 M, 15 mL), and tetrahydro-
furan (30 mL) was refluxed for 14 h under the nitrogen. After the
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solvent was removed, diethyl ether (300 mL) was added and
the organic layer was washed with water (3 x 100 mL). The
organic layer was dried over anhydrous magnesium sulfate and
filtered, and the solvent was removed. The residue was purified
by column chromatography over silica using an ethyl acetate:
light petroleum (40—60) mixture (1:10) as eluent to give 6
(3.73, 81%). Anal. Calcd for Cs5;H,50s5: C, 79.4; H, 10.2.
Found: C, 79.6; H, 10.2. Aax(tetrahydrofuran) 344 [log & (dm?
mol ™' em™") (3.43)], 295 (4.26), 278 (4.38). Vmax 1700 c;1™!. Oy
(400 MHz, CDCl3) 10.15(1 H, s, CHO), 7.98 (3 H, m, G1-bpH),
7202 H,dd,J = 2,J = 8.5, spH), 7.17 (2 H, d, J = 2, spH),
6.99(2H,d,J = 8.5,spH),3.95(8 H,m, OCH,), 1.85—1.75 (4 H,
m, CH), 1.63—1.28 (32 H, m, CH,), 0.98—0.89 (24 H, m, CH3).
m/z (ES) Anal. Calcd. for C5;H730s5: 771.1. Found: 793.6
(M* + Na).

4,4'-Bis[ (E)-(3,5-bis{3,4-bis[ 2-ethylhexyloxy [phenyl}styryl )-
2,2 -bipyridine 7. Potassium zert-butoxide (0.33 g, 2.9 mmol) was
added to a solution of 1 (0.53 g, 1.2 mmol) and 6 (2.00 g,
2.6 mmol) in tetrahydrofuran (30 mL). The reaction mixture was
stirred for 3 h at room temperature under nitrogen. Water
(10 mL) was added and the tetrahydrofuran was removed.
The aqueous residue was extracted with dichloromethane (2 x
200 mL). The combined organic layers were washed with brine
(100 mL) and water (2 x 200 mL), dried over magnesium sulfate,
and filtered; the solvent was removed. The residue was purified
by column chromatography over silica (deactivated) using an
ethyl acetate:petroleum ether (40—60) mixture (1:10) as eluent to
give 7 (1.70 g, 87%). Anal. Calcd for C;14H;4N,Og: C, 81.0; H,
9.8;N, 1.7. Found: C, 80.8; H,9.7; N, 1.5. A ,ax(tetrahydrofuran)
302 [log & (dm® mol ™' em ™) (5.00)], 336sh (4.77). Viax 958 (trans
C=C—H out of plane bend). 6 (400 MHz, CDCl5)8.72 (2 H, d,
J = 5, bipyH), 8.64 (2 H, bs, bipyH), 7.68 (6 H, m, G1-bpH),
7.62(2H,d,J = 16.5, vinylH), 746 2 H,dd, J = 1.5, J = 5,
bipyH), 7.28 (2 H, d, J = 16.5, vinylH), 7.22—7.18 (8 H, m,
spH), 7.01 (4 H, d, J = 8, spH), 4.02—3.91 (16 H, m, OCH,),
1.86—1.77 (8§ H, m, CH), 1.63—1.30 (64 H, m, CH,»), 0.99—0.90
(48 H, m, CH3). d¢ (100.6 MHz, CDCl3) 156.5, 149.8, 149.6,
149.5, 145.8, 142.4, 137.0, 133.8, 133.5, 126.5, 126.2, 124.1,
121.3, 119.6, 118.2, 113.7, 112.8, 71.8, 71.7, 39.7, 39.6, 30.6,
29.2, 29.1, 23.9, 23.1, 14.1, 11.23, 11.17. m/z [MALDI-TOF]
Anal. Calcd for C;4H;64N>Og: 1690.5. Found: 1690.2.

3,5-Bis[ 3,4,5-tris(4-{2-ethylhexyloxy}phenyl) [benzaldehyde 8.
A mixture of 3,5-dibromobenzaldehyde (0.95 g, 3.6 mmol), 3.4,5-
tris(2-ethylhexyloxy)phenylboronic acid'® (4.0 g, 7.9 mmol), tet-
rakis(triphenylphosphine)palladium(0) (0.05 g, 0.05 mmol), aqu-
eous potassium carbonate (2 M, 15 mL), and tetrahydrofuran
(30 mL) was refluxed for 14 h under nitrogen. After the solvent
was removed, diethyl ether (300 mL) was added and the organic
layer was washed with water (2 x 100 mL). The organic layer was
dried over anhydrous magnesium sulfate and filtered, and the
solvent was removed. The residue was purified by column chro-
matography over silica using an ethyl acetate:light petroleum (40—
60) mixture (1:20) as eluent to give 8 (2.86 g, 78%). Anal. Calcd for
C67H]1007I C, 783, H, 11.0. Found: C, 784, H, 10.65. Amax(te-
trahydrofuran) 340 [loge/dm®mol 'em™" (3.54)], 277 (3.50). Oy
(400 MHz, CDCls) 6 (ppm) 10.16 (1 H, s, CHO),7.99 2Hd, J =
1.5,Gl-bpH), 7.95(1 H,dd, J = 1.5, J = 1.5, Gl-bpH), 6.81 (4 H,
s, spH), 3.96—3.86 (12 H, m, OCH,), 1.84—1.71 (6 H, m, CH),
1.61—1.29 (48 H, m, CH»), 0.98—0.89 (486 H, m, CH3). m/z (ES)
Anal. Caled for Cg;H;1005: 1027.6. Found: 1049.8 (M " + Na).

4,4'-Bis[ (E)-(3,5-bis{34,5-tris[ 2-ethylhexyloxy [phenyl}styryl)-
2,2 -bipyridine 9. Potassium fert-butoxide (0.33 g, 2.9 mmol) was
added to a solution of 1 (0.54 g, 1.2 mmol) and 9 (2.70 g, 2.6
mmol) in tetrahydrofuran (30 mL). The reaction mixture was
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stirred for 3 h at room temperature under nitrogen. Water (10
mL) was added and the tetrahydrofuran was removed. The
aqueous residue was extracted with ethylacetate (3 x 100 mL).
The combined organic layers were washed with brine (100 mL)
and water (2 x 200 mL), dried over magnesium sulfate, and
filtered; the solvent was removed. The residue was purified by
column chromatography over silica (deactivated) using an ethyl
acetate:light petroleum (40—60) mixture as eluent (1:10) to give
9 (245 g, 950/0). Anal. Calcd for C|46H228N2012: C, 796, H,
10.4; N, 1.3. Found: C, 79.7; H, 10.6; N, 1.3. A.(tetrahydro-
furan) 288 [log & (dm® mol™! cm™") (5.00)], 324 (4.89), 336sh
(4.79). Vimax 959 (trans C=C—H out of plane bend). dy (400
MHz, CDCl5)8.71 (2H, d, J = 5, bipyH), 8.65 (2 H, bs, bipyH),
7.69 (4 H, bs, Gl-bpH), 7.67—7.60 (4 H, m, G1-bpH and
vinylH), 7.29 (2 H, d, J = 16, vinyH), 6.82 (8 H, s, spH),
3.99-3.87 (24 H, m, OCH,), 1.85—1.72 (12 H, m, CH), 1.67—
1.28 (96 H, m, CH>), 0.99—0.89 (72 H, m, CH3). m/z (ES) Anal.
Calcd for C146H228N2012I 2203.4. Found: 2203.6.

[cis-Di( thiocyanato )- ({44 -dicarboxy}-2,2 -bipyridyl )- (4,4’ -bis-
{(E)-2-phenylethenyl}-2,2 -bipyridine ) Jruthenium(II) 10. {RuCl
(p-cymene)}, (150 mg, 0.25 mmol) and 3 (177 mg, 0.49 mmol)
were dissolved in distilled N, N’-dimethylformamide (50 mL).
The reaction mixture was heated at 80 °C under nitrogen for 4 h
and then 2,2"-bipyridine-4,4'-dicarboxylic acid'” (120 mg, 0.49
mmol) was added; the reaction mixture was heated at 150—160
°C for another 4 h in the dark to avoid isomerization. An excess
of ammonium isothiocyanate (930 mg, 12.25 mmol) was added
to the mixture, which was heated at 150 °C for a further 4 h. The
reaction mixture was cooled to room temperature and the
solvent was removed. Water (20 mL) was added and the
insoluble solid was collected by filtration and washed with
distilled water (2 x 100 mL). The crude complex was dissolved
in a solution of tetra-n-butylammonium hydroxide in methanol
(5 mL). The concentrated solution was purified by column
chromatography using Sephadex LH-20 with methanol as
eluent. The main band was collected and solution concentrated.
Addition of nitric acid (0.1 M, 10 mL) caused a precipitate to
form, which was filtered off. The residue was washed with
distilled water and then dried to give 10 as a black solid (290
mg, 72%). Mp >335 °C. Anal. Calcd for C4oHsNsO4RuS,: C,
58.5; H,3.4;N, 10.2. Found: C, 58.4; H, 3.5; N, 10.2. A;pax(N,N'-
dimethylformamide) 542 [log & (dm® mol™!' cm™") (4.24)], 416
(4.23), 343sh (4.61). Vpax 3500 (br) (—OH), 2093 (—CN), 1712 (-
C=0)cm ™ '. 6y (500 MHz, DMSO-d, at 373K) 9.53 (1 H, d, J =
5.5,bipyH), 9.22 (1 H,d, J = 5.5, bipyH), 9.04 (1 H, bs, bipyH),
8.88 (2 H, bs, bipyH), 8.72 (1 H, bs, bipyH), 8.24 (1 H,d, J = 5.5,
bipyH), 8.04 (1 H,d, J = 5.5, bipyH), 7.96—7.85 (2 H, m, bipyH
&/or vinylH &/or phH), 7.80 (2 H, m, bipyH &/or vinylH &/or
phH), 7.67 (4 H, m, bipyH &/or vinylH &/or phH), 7.59—7.19
(10 H, m, bipyH &/or vinylH &/or phH). m/z (ES) Anal. Calcd
for C4H2sNgO4RUS,: 816.07 (14%), 817.1 (7%), 818.1 (8%),
819.1 (32%), 820.1 (45%), 821.1 (61%), 822.1 (100%), 823.1
(47%), 824.1 (62%), 825.1 (27%), 826.1 (11%). Found: 816.1
(13%), 817.1(7%), 818.1 (7%), 819.1 (34%), 820.1 (43%), 821.1
(66%), 822.1 (100%), 823.1 (49%), 824.1 (64%), 825.1 (26%),
826.1 (13%).

[cis-Di(thiocyanato )-({4,4'-dicarboxy}-2,2-bipyridyl)-(4,4 -
bis-{[3,5-bis(4-{2-ethylhexloxy}phenyl)-( E)-styryl}-2,2'-bipyri-
dine) Jruthenium(II) 11. {RuCl(p-cymene)}, (50 mg, 0.08 mmol)
and 5 (192 mg, 0.16 mmol) were dissolved in distilled N,N'-dimethyl-
formamide (25 mL). The reaction mixture was heated at 80 °C
under nitrogen for 4 h and then 2,2'-bipyridine-4,4'-dicarboxylic acid

(17) Garelli, N.; Pierre Vierling, P. J. Org. Chem. 1992, 57, 3046-3051.



Article

(40 mg, 0.16 mmol) was added and the reaction mixture was heated
at 150—160 °C for another 4 h in the dark to avoid isomerization. An
excess of ammonium isothiocyanate (310 mg, 4.08 mmol) was added
to the mixture, which was heated at 150 °C for a further 4 h. The
reaction mixture was cooled to room temperature and the solvent
was removed. Water (20 mL) was added, and the insoluble solid was
collected by filtration and washed with distilled water (2 x 100 mL).
The crude complex was dissolved in a solution of tetra-n-butylam-
monium hydroxide in methanol (5 mL). The concentrated solution
was purified by column chromatography using Sephadex LH-20
with methanol as eluent. The main band was collected and solution
concentrated. Addition of nitric acid (0.1 M, 10 mL) caused a
precipitate to form, which was filtered. The residue was dissolved
in methanol and precipitated with nitric acid (0.1 M, 10 mL) a further
two times. The residue was finally washed with distilled water and
dried to give 11 as a black solid (170 mg, 63%). Mp >335 °C. Anal.
Calcd for CogH0gNgOgRUS,: C, 70.3; H, 6.6; N, 5.1. Found: C, 70.4;
H, 6.6; N, 5.1. Amax(N,N'-dimethylformamide) 546 [log & (dm®
mol™' ecm™!) (4.26)], 414 (4.29), 343sh (4.64). Vyax 3500 (br)
(—OH), 2100 (—CN), 1719 (—C=0) cm". dy; (500 MHz, DMSO-
d at 373K) 9.55 (1 H, d, J = 5.5, bipyH), 9.26 (1 H, d, J = 5.5,
bipyH), 9.04 (1 H, bs, bipyH), 8.95 (1 H, bs, bipyH), 8.89 (1 H, bs,
bipyH), 8.80 (1 H, bs, bipyH), 8.26 (1 H, d, J = 4.5, bipyH), 8.12
(1H,d,J = 4.5, bipyH), 8.06 (1 H,d, J = 16, vinylH), 7.91 (4 H, m,
G1-bpH), 7.86—7.64 (14 H, m, G1-bpH, vinylH, spH, bipyH), 7.48
(1 H,d,J = 5,bipyH), 743 (1 H, d, J = 16.5, vinylH), 7.38 (1 H, d,
J = 5, bipyH), 7.10 (4 H, 1/2AA’BB’, spH), 7.05 (4 H, 1/2AA’BB’,
spH), 3.99—3.93 (8 H, m, OCH,), 1.79—1.69 (4 H, m, CH), 1.57—
1.29 (32 H, m, CHy), 0.99—0.87 (24 H, m, CH3). m/z [MADI-TOF]
Anal. Calcd. for CosH0sNgOgRuUS;: 1632.7 (10%), 1633.7 (11%),
1634.7(10%), 1635.7 (28%), 1636.7(47%), 1637.7 (65%), 1638.7
(100%), 1639.7 (83%), 1640.7 (78%), 1641.7 (54%), 1642.7 (29%),
1643.7 (13%), 1644.8 (4%). Found: 1632.7 (8%), 1633.7 (11%),
1634.7(8%), 1635.7 (21%), 1636.7(58%), 1637.7 (67%), 1638.7
(100%), 1639.7 (88%), 1640.7 (80%), 1641.7 (52%), 1642.7 (41%)),
1643.7 (12%), 1644.8 (10%).

[cis-Di(thiocyanato )-({4,4'-dicarboxy}-2,2"-bipyridyl )-(4,4'-
bis{[3,5-bis(3,4-di{2-ethylhexloxy}phenyl )-( E)-styryl}-2,2"-bi-
pyridine) Jruthenium(II) 12. {RuCl(p-cymene)}, (50 mg, 0.08
mmol) and 7 (276 mg, 0.16 mmol) were dissolved in distilled N,
N'-dimethylformamide (30 mL). The reaction mixture was
heated at 80 °C under nitrogen for 4 h; 2,2'-bipyridine-4.4'-
dicarboxylic acid (40 mg, 0.16 mmol) was then added and the
reaction mixture was heated at 150—160 °C for another 4 hin the
dark to avoid isomerization. An excess of ammonium isothio-
cyanate (310 mg, 4.08 mmol) was added to the mixture, which
was heated at 150 °C for a further 4 h. The reaction mixture was
cooled to room temperature and the solvent was removed.
Water (20 mL) was added and the insoluble solid was collected
by filtration, and washed with distilled water (2 x 100 mL). The
crude complex was dissolved in a solution of tetra-n-butylam-
monium hydroxide in methanol (5 mL). The concentrated
solution was purified by column chromatography using Sepha-
dex LH-20 with methanol as eluent. The main band was
collected and solution concentrated. Addition of nitric acid
(0.1 M, 10 mL) caused a precipitate to form, which was filtered
off. The residue was dissolved in dimethylsulfoxide (10 mL)
and then nitric acid (0.1 M, 10 mL) was added. The precipitate
was collected at the filter, washed with distilled water and dried
to give 12 as a black solid (190 mg, 54%). Mp > 335 °C. Anal.
Calcd for Cyo3H{72N¢O,RuS,: C, 71.4; H, 8.1; N, 3.9. Found:
C,71.5;H,8.05; N, 3.8. Anax(N, N -dimethylformamide) 545 [log
£ (dm® mol™' cm™") (4.28)], 415 (4.29), 338sh (4.66). Vyax 3500
(br) (—OH), 2100 (—CN), 1726 (—C=0) ecm™". 0y (500 MHz,
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DMSO-d, 373K) 9.55(1 H, d, J = 5.5, bipyH), 9.28 (1 H, d, 1H,
J = 6, bipyH), 9.06 (1 H, bs, bipyH), 8.97 (1 H, bs, bipyH), 8.91
(1 H, bs, bipyH), 8.81 (1 H, bs, bipyH), 8.29 (1 H, d, J = 5,
bipyH), 8.16 (1 H, d, J = 5, bipyH), 8.04 (1 H, d, J = 16.5,
vinylH), 7.92 (2 H, m, Gl-bpH), 7.84—7.64 (8 H, m, Gl-
bpH, vinlyH, bipyH), 7.52—7.25 (11 H, m, vinylH, bipyH, spH),
7.10 (2 H, 1/2AA’BB’, spH), 7.06 (2 H, 1/2AA’BB’, spH), 4.06—
3.92 (16 H, m, OCH,), 1.78—1.66 (8 H, m, CH), 1.58—1.27
(64 H, m, CH,), 0.99—0.83 (48 H, bm, CHj3). m/z [MADI-TOF]
Anal. Calcd for Cio3Hi750NgO,RuS,: 2145.2 (7%), 2146.2
(10%), 2147.2 (11%), 2148.2 (24%), 2149.2 (43%), 2150.2
(65%), 2151.2 (100%), 2152.2 (99%), 2153.2 (92%), 2154.2
(71%), 2155.2 (43%), 2156. Two (22%), 2157.2 (10%). Found:
2145.2 (7%),2146.1 (12%), 2147.2 (11%), 2148.1 (18%), 2149.1
(44%), 2150.1 (57%), 2151.1 (100%), 2152.1 (99%), 2153.1
(83%), 2154.1 (60%), 2155.1 (39%), 2156.1 (18%), 2157.1
(11%).

[cis-Di( thiocyanato )-({4,4'-dicarboxy}-2,2'-bipyridyl )- (4,4’ -bis-
{[3.5-bis(3 4,5-tri { 2-ethylhexloxy}phenyl )-( E )-styryl }-2,2"-bipyr-
idine) Jruthenium(II) 13. {RuCl(p-cymene)}, (40 mg, 0.06 mmol)
and 9 (287 mg, 0.13 mmol) were dissolved in distilled N,N'-
dimethylformamide (25 mL). The reaction mixture was heated
at 80 °C under nitrogen for 4 h and then 2,2’-bipyridine-4,4'-
dicarboxylic acid (32 mg, 0.13 mmol) was added and the
reaction mixture was heated at 150—160 °C for another 4 h in
the dark to avoid isomerization. An excess of ammonium
isothiocyanate (250 mg, 3.26 mmol) was added to the mixture,
which was heated at 150 °C for a further 4 h. The reaction
mixture was cooled to room temperature and the solvent was
removed. Water (20 mL) was added, and the insoluble solid was
collected by filtration and washed with distilled water (2 x 100 mL).
The crude complex was dissolved in a solution of tetra-n-
butylammonium hydroxide in methanol (5 mL). The concen-
trated solution was purified by column chromatography using
Sephadex LH-20 with methanol as eluent. The main band was
collected and solution concentrated. Addition of nitric acid
(0.1 M, 10 mL) caused a precipitate to form, which was filtered
off. The residue was dissolved in dimethylsulfoxide (10 mL) and
then nitric acid (0.1 M, 10 mL) was added. The precipitate
was collected at the filter, washed with distilled water and
dried to give 13 as a black solid (105 mg, 30%). Mp > 335 °C.
Anal. Calcd for C160H236N6O|6RUS21 C, 721, H, 89, N, 3.15.
Found: C, 72.1; H, 8.9; N, 3.2. Ajax(N,N'-dimethylformamide)
545 [log & (dm® mol™' ecm™") (4.31)], 416 (4.30), 337sh (4.66).
Viax 3500 (br) (—OH), 2100 (—CN), 1726 (—-C=0) cm ™ ". oy
(500 MHz, DMSO-d, 373K) 9.56 (1 H, d, J = 5, bipyH), 9.29
(1 H,d,J = 5.5, bipyH), 9.06 (1, H, bs, bipyH), 8.96 (1 H, bs,
bipyH), 8.91 (1 H, bs, bipyH), 8.81 (1 H, bs, bipyH), 8.30 (1 H, d,
IH, J = 5, bipyH), 8.15 (1 H, d, J = 5.5, bipyH), 8.04 (1 H,
d, 1H, J = 16, vinylH), 7.95 (3 H, m, G1-bpH), 7.84—7.74
(5 H, m, G1-bpH, vinylH), 7.71 (2 H, m, bipyH), 7.51 (1 H, d,
J = 6, bipyH), 7.45—7.38 (2 H, m, vinylH and bipyH), 7.03
(4 H, s, spH), 6.96 (4 H, s, spH), 4.05—3.94 (16 H, m, OCH,),
3.91-3.83 (8 H, m, OCH,), 1.78—1.64 (12 H, m, CH), 1.60—
1.25 (96 H, m, CH,), 0.98—0.82 (72 H, m, CHj3). m/z
[MADI-TOF] Anal. Caled for C160H236N6016Ru52: 2657.7
(6%), 2658.6 (10%), 2659.7 (11%), 2660.7 (21%), 2661.6
(38%), 2662.6 (60%), 2663.6 (92%), 2664.6 (100%), 2665.6
(96%), 2666.6 (79%), 2667.6 (56%), 2668.6 (31%), 2669.6
(15%). Found: 2657.7 (4%), 2658.6 (7%), 2659.7 (8%), 2660.7
(19%), 2661.6 (28%), 2662.6 (58%), 2663.6 (94%), 2664.6
(100%), 2665.6 (90%), 2666.6 (75%), 2667.6 (43%), 2668.6
(29%), 2669.6 (15%).
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