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’ INTRODUCTION

Molecular wires provide the theoretical and technological
foundations of molecular electronic devices and have beenwidely
applied in the development of molecular-level electronic
computers.1 Molecular wires based on conjugated organic mol-
ecules have attracted increasing attention as a result of their easy
functionalization, convenient controllability, and low cost of
organic molecules. Usually, the conjugated organic molecules
have been directly linked to electrode surfaces as the simplest
method for evaluating electron transfer, although this is incon-
venient to perform on a large scale.2 Therefore, as models of
molecular wires, linear conjugated organic molecules with two
redox-active organometallic termini, in which two metal atoms
are linked by a conjugated organic bridge ligand, can be
advantageously applied in investigations of electron transfer by
electrochemical methods.3 Consequently, there have been many
studies on conjugated organometallic molecular wires in recent
years. The electronic interaction between the two redox-active
metal centers mainly depends on the conjugated organic bridge
ligand.4 Previous research in this area has mainly focused on
linear conjugated metal complexes with sp- and sp2-hybridized
organic bridges, such as oligoethynyl-5 and oligovinyl-bridged6

metal complexes.

Polycyclic aromatic hydrocarbons (PAHs), as classical con-
jugated systems, have been widely applied in organic semicon-
ductor materials, such as organic light-emitting diodes (OLEDs),
field-effect transistors (FETs), and solar cells.7 Acenes, as the
simplest PAHs, have been widely used as optical electronic
materials for electronic devices, due to their simple synthesis
and easy functionalization.8 In the field of organometallic mo-
lecular wires, acenes have been applied as organic bridging units,
and their mediation of electron transfer has been investigated.
For example, some research groups have reported naphthylene-
and anthracene-based bimetallic complexes and have studied
their electron-transfer properties.9 Recently, Yip also described
tetracene-based bimetallic complexes.10 However, from a survey
of the literature, we noted that the metal atoms were often
introduced at the active sites of the acene, such as the 1,4-
positions of naphthylene, the 9,10-positions of anthracene, and
the 5,12-positions of tetracene, presumably because of the ease of
synthesis. In contrast, the introduction of metal atoms at the
terminal positions of the acene, such as the 1,5-, 2,6-, and 1,8-
positions of anthracene, is synthetically challenging. Recently,
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ABSTRACT: Four anthracene-based bimetallic ruthenium vinyl
complexes, in which two ruthenium units are attached at
different positions (the 9,10-, 1,5-, 2,6-, and 1,8-positions) of
the anthracene moiety, have been synthesized by treating the
appropriate anthracene-based ethynes with [RuHCl(CO)-
(PPh3)3]. These bimetallic complexes have been thoroughly
characterized by NMR, X-ray diffraction, and elemental analysis.
According to the single-crystal X-ray structures, the 2,6-disub-
stituted ruthenium vinyl complex has a more planar structure
compared with the 9,10-disubstituted complex, possibly because
it has less steric hindrance. Furthermore, we have investigated
the optical electronic properties of these complexes, such as their
UV/vis absorption spectra, fluorescence spectra, and electro-
chemical properties. The optical electronic results indicated that the 2,6-disubstituted ruthenium vinyl complex displayed the
strongest fluorescence emission due to the more planar structure of its organic conjugated bridge, and the electrochemical studies
showed that the two ruthenium centers displayed obvious differences in electronic communication when they are located at different
positions on the anthracene unit, with the 9,10- and 1,8-disubstituted ruthenium vinyl complexes exhibiting better electronic
communication and higher stability of the mixed-valence complex than the 1,5- and 2,6-disubstituted complexes.
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Abru~na reported a series of bipyridine ruthenium complexes
differently substituted at the 1,5-, 2,6-, and 2,7-positions.9b In our
recent work, we reported a series of anthracene quinone based
bimetallic ruthenium vinyl complexes (Scheme 1), in which the
ruthenium atoms were attached at the 1,4-, 1,5-, 2,6-, and 1,8-
positions of the anthracene quinone.11 The electrochemical
properties of these complexes showed that the interaction
between the two metal centers was not very obvious. This
research inspired us to explore the properties of 9,10-, 1,5-,
2,6-, and 1,8-disubstituted anthracene bimetallic ruthenium vinyl
complexes. In the work described herein, we have designed and
synthesized four bimetallic ruthenium vinyl complexes incorpor-
ating anthracene units (Scheme 2), in which the ruthenium
atomswere introduced at the 9,10-, 1,5-, 2,6-, and 1,8-positions of
anthracene through vinyl bridges. These bimetallic complexes
have been thoroughly characterized by NMR, X-ray diffraction,
and elemental analysis. Furthermore, we have investigated their
UV/vis absorption and fluorescence spectra, as well as their
electrochemical properties. Their optical electronic properties
indicated that the 2,6-disubstituted ruthenium vinyl complex
displayed the strongest fluorescent emission, while the electro-
chemical studies showed that two ruthenium centers located at
different positions on the anthracene unit had markedly different
degrees of electronic communication, with the 9,10- and 1,8-dis-
ubstituted ruthenium vinyl complexes exhibiting better electro-
nic communication and greater stability of the mixed-valence
system than the 1,5- and 2,6-disubstituted complexes.

’RESULTS AND DISCUSSION

Syntheses and Characterization. The general synthetic
route for the preparation of anthracene-based bimetal ruthenium
vinyl complexes 1a�d is outlined in Scheme 3. The regioiso-
meric anthracene bromides or iodides 2a�d were selected as
starting materials to perform Sonogashira coupling reactions
with (trimethylsilyl)acetylene in the presence of a Pd/Cu

catalyst. The respective bis[(trimethylsilyl)ethynyl]anthracenes
3a�dwere obtained in yields of 47�85%. After the TMS groups
were removed in methanolic KOH solution, the bis(ethynyl)-
anthracenes 4a�d were obtained in yields of 39�86%. The
bis(ethynyl)anthracenes 4a�d were then reacted with the
ruthenium hydride complex [RuHCl(CO)(PPh3)3] to give
the insertion products [(PPh3)2Cl(CO)Ru]2(μ-CHdCH-ant-
CHdCH), which were not isolated because these five-coordi-
nated complexes are air-sensitive, especially in solution. Thus,
PMe3 was added directly to give the corresponding six-coordi-
nated complexes 1a�d. These complexes were characterized by
1H, 13C, and 31P NMR. Although complexes 1a�d have similar
structures, the resonance signals such as those of the CHdCH
protons in the 1H NMR spectra and of PMe3 in the 31P NMR
spectra displayed obvious differences, which can be attributed
to the differences in substitution positions on the anthracene
moiety. Fortunately, we were able to obtain single-crystal X-ray
structures of the 9,10- and 2,6-disubstituted anthracene bime-
tallic ruthenium vinyl complexes 1a,c.
X-ray Structures of 1a,c. Single crystals of complexes 1a,c

suitable for X-ray analysis were obtained by slow diffusion of
hexane into solutions in dichloromethane and chloroform,
respectively. The single-crystal X-ray structures of complexes
1a,c are depicted in Figures 1 and 2, respectively. The crystal-
lographic details are given in Table 1. Selected bond distances
and angles for 1a,c are presented in Tables 2 and 3, respectively.
According to the crystal structure of complex 1a in Figure 1A, its
C11�C12 and C27�C28 bond lengths are 1.335 and 1.318 Å,
respectively. These bond lengths lie between those of carbon�
carbon single and triple bonds, indicating that they correspond to
carbon�carbon double bonds. Furthermore, we found these
carbon�carbon double bonds to be in a trans configuration. As
shown in Figure 1, two carbon�carbon double bonds are not
coplanar with the anthracene moiety, possibly because of steric
hindrance. The two dihedral angles between the planes defined
by C11�C12�C13 and C28�C27�C20 with respect to the
central benzene ring of the anthracene moiety are 40.76 and
66.80�, respectively, further confirming that the anthracene and
vinyl units are not coplanar, as shown in Figure 1B.
In Figure 2, the C11�C12 and C11a�C12a bond lengths in

complex 1c are both seen to be 1.318 Å, indicating that they
correspond to carbon�carbon double bonds and are in a trans
configuration. At the same time, the Ru1�Ru1a distance in
complex 1c is 15.924 Å, which is longer than that in complex 1a

Scheme 1. Anthraquinone-Based Binuclear Ruthenium
Vinyl Complexes

Scheme 2. Anthracene-Based Binuclear Ruthenium Vinyl Complexes 1a�d
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Scheme 3a

aReaction reagents and conditions: (i) TMSA, Pd(PPh3)4, CuI, toluene or THF/Et3N; (ii) KOH, THF/MeOH; (iii) RuHCl(CO)(PPh3)3, PMe3,
CH2Cl2.

Figure 1. Single-crystal structure of complex 1a: (A) top view; (B) side view; (C) packing view.
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(11.847 Å). According to Figure 2A, complex 1c has a very
symmetrical structure. Furthermore, in comparison with our
reported single-crystal structure of [{Ru(PMe3)2(CO)Cl}2(μ-
CHdCH-Aq-CHdCH-1,5)] (Aq = anthraquinone),11 the core
ligand anthracene has a planar rigid structure; the anthracene and
vinyl units are also coplanar in Figure 2B. Such coplanarity of the
anthracene and vinyl units is favorable for forming strong π�π
interactions between molecules.
UV/vis Absorption and Fluorescence Spectra. Figure 3A

shows the UV/vis absorption spectra of complexes 1a�d in
CH2Cl2 at room temperature. According to the data in Table 4,
the 9,10-, 1,5-, and 1,8-disubstituted ruthenium vinyl complexes
1a,b,d exhibited three very similar absorption bands. However,
the 2,6-disubstituted ruthenium vinyl complex 1c showed a
completely different UV/vis absorption spectrum. For example,
complexes 1a,b,d showed a rather intense electronic transition at
about 275 nm, while the intense electronic transition of complex
1c appeared at 327 nm. Moreover, the absorption maxima of
complex 1c showed obvious red shifts, which indicated that the
2,6-disubstituted complex 1c had more extensive conjugation. In
addition, the other broad absorption bands of complexes 1a�d at
400�500 nm can be attributed to MLCT (metal-to-ligand
charge transfer), which is similar to that for bimetal complexes
of anthraquinone-based bridging ligands.11

Subsequently, the fluorescence properties of complexes 1a�d
were investigated in dichloromethane solution (2 � 10�5 mol/
L) at room temperature. From the fluorescence properties of
complexes 1a�d shown in Figure 3B, it can be seen that the
complexes 1a,b,d displayed very weak fluorescence. In compar-
ison with complexes 1a,b,d, the 2,6-disubstituted ruthenium
vinyl complex 1c showed very strong fluorescence properties
and the highest fluorescence quantum yield, presumably as a

result of its greater conjugation and the coplanarity of the organic
bridge. In general, increasing the molecular rigidity and copla-
narity will increase the fluorescence intensity and improve the
fluorescence quantum yield, which is possibly attributed to an
increase in π-electronic conjugation. Furthermore, the coplanar-
ity of the conjugated anthracene-based vinyl bridge was favorable
for molecular packing, which was in good agreement with the
single-crystal X-ray structure. In Figure 2C, the packing view of
the 2,6-disubstituted ruthenium vinyl complex shows a highly
ordered intermolecular interaction, while no such interaction is
observed in the packing view of the 9,10-disubstituted ruthenium
vinyl complex 1a, as shown in Figure 1C.
The PL efficiency (ΦPL) of complexes 1a�d in CH2Cl2

solutions was measured by using quinine sulfate (ca. 1 � 10�5

M solution in 0.1MH2SO4, assumingΦPL of 0.55) as a standard.
Electrochemical Properties. The interaction between the

two metal centers linked via an anthracene-based vinyl bridge
was examined by electrochemical methods. Cyclic voltammetry
(CV) and square-wave voltammetry (SWV) were used to study
the electrochemical behavior of complexes 1a�d (in 0.1 M
Bu4NPF6 in CH2Cl2). Cyclic and square-wave voltammograms
(CVs and SWVs) for complexes 1a�d are depicted in Figure 4.
As shown in Figure 4A, all of the complexes underwent two
successive single-electron oxidation processes in CH2Cl2 and
exhibited two pairs of independent single-electron oxidation
waves, corresponding to oxidation of RuII,II to RuII,III and
then of RuII,III to RuIII,III, respectively. For complex 1a, the potential
difference ΔE was 393 mV with a corresponding Kc value of
4.57 � 106 when the two ruthenium terminal groups were
attached at the active 9,10-positions of anthracene, which
indicated that electron density can be easily transferred from
one ruthenium center to the other. Furthermore, in comparison

Figure 2. Single-crystal structure of complex 1c: (A) top view; (B) side view; (C) packing view.
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with the 9,10-disubstituted anthracene-based ethynyl bimetallic
ruthenium complexes, the bimetallic ruthenium vinyl complex
1a performed better.9 At the same time, the more extensive π
system of complex 1a led to better electronic interaction between
the ruthenium centers than we have reported for [RuCl(CO)-
(PMe3)3]2(μ-CHdCH-Ar-CHdCH) with 4,40-diethynylphe-
nyl as the spacer (ΔE = 296 mV, Kc = 1.04 � 105).12 However,
when the ruthenium subunits were attached to the two terminal
rings of the anthracene unit, the 1,5- and 2,6-disubstituted
complexes 1b,c showed lower potential differences ΔE (250
mV for complex 1b and 224 mV for complex 1c), while the data
for the 1,8-disubstituted ruthenium complex 1d confirmed that

this bimetallic ruthenium complex displayed better electron
transfer, with a potential difference ΔE of 396 mV, as shown in
Table 5. According to the electrochemical data for complexes
1a�d, we found that the different positions of attachment of the
two ruthenium centers on the anthracene affects electronic
communication, with the 9,10- and 1,8-disubstituted ruthenium
vinyl complexes displaying stronger metal�metal electron trans-
fer and greater stability of the mixed-valence system than the 1,5-
and 2,6-disubstituted complexes, possibly due to the lengths of
the conjugation pathways between the ruthenium centers. In
addition, from electrochemical properties of two bimetal com-
plexes containing different core ligands, we find the following:
(1) anthraquinone-based 1,5-Aq-diRu, 2,6-Aq-diRu, 1,8-Aq-
diRu, ΔE = 75 mV, 2,6-Aq-diRu has no clear sign of peak
separation, 100 mV, respectively; (2) anthracene-based 1,5-
Ant-diRu, 2,6-Ant-diRu, 1,8-Ant-diRu, ΔE = 250, 224, 396 mV,
respectively. We also found that these anthracene-based ruthe-
nium vinyl complexes had better electronic communication in
comparison with the anthracene quinone based ruthenium vinyl
complexes described in our previous report.11 This can be
attributed to two reasons: one is that the electron-withdrawing
carbonyl decreases the electronic interaction between the two
metal centers and the other is that, according to the crystal
structures of two series of bimetal complexes, the rigidity and
coplanarity of the anthracene bridging ligand are stronger than
those of the anthraquinone bridging ligand and lead to increasing
interaction between the two metal centers.
In conclusion, we have designed and synthesized four bime-

tallic ruthenium vinyl complexes containing an anthracene unit,
to which ruthenium subunits were attached at the 9,10-, 1,5-, 2,6-,
and 1,8-positions through vinyl bridges. The UV/vis absorption
spectra, fluorescence spectra, and electrochemical properties of
the complexes have been studied in detail. Their optical electro-
nic properties indicated that the 2,6-disubstituted ruthenium
vinyl complex displayed the strongest fluorescence emission
because of highly ordered intermolecular interactions. The
electrochemical studies showed that different locations of the
two ruthenium centers on the anthracene unit led to obvious
differences in electronic communication, with the 9,10- and 1,8-
disubstituted ruthenium vinyl complexes exhibiting better electro-
nic communication and higher stability of the mixed-valence
system than the 1,5- and 2,6-disubstituted complexes, possibly
due to the lengths of the conjugation pathways between the
ruthenium centers. Therefore, our studies highlight an interesting
difference in the properties of regioisomerically substituted acenes.
In this specific case, our research forms the basis for designing and
constructing larger π-system architectures as organic bridges in
organometallic molecular wires and should be helpful in under-
standing the electron transfer between different sites.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1a

bond length (Å) bond angle (deg)

C(11)�C(12) 1.335(8) C(11)�C(12)�C(13) 130.9(6)

C(12)�C(13) 1.486(8) C(28)�C(27)�C(20) 125.8(6)

C(20)�C(27) 1.489(8) C(12)�C(11)�Ru(1) 130.8(5)

C(27)�C(28) 1.319(8) C(11)�Ru(1)�P(1) 176.60(19)

Ru(1)�C(10) 1.839(9) C(11)�Ru(1)�P(2) 82.74(18)

Ru(2)�C(28) 2.109(6) C(11)�Ru(1)�P(3) 86.39(18)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for 1c

bond length (Å) bond angle (deg)

C(11)�C(12) 1.318(10) C(11)�C(12)�C(13) 126.6(7)

C(12)�C(13) 1.495(10) C(14)�C(15)�C(16) 118.8(6)

C(13)�C(14) 1.369(10) C(12)�C(11)�Ru(1) 132.1(6)

C(14)�C(15) 1.430(9) C(11)�Ru(1)�P(1) 86.5(2)

C(16)�C(19) 1.390(10) C(11)�Ru(1)�P(2) 178.8(2)

Ru(1)�C(11) 2.085(6) C(11)�Ru(1)�P(3) 84.0(2)

Table 1. Crystal Data and Data Collection and Refinement
Parameters for 1a,ca

complex 1a complex 1c

formula C38H68Cl2O2P6Ru2 C42H70Cl14O2P6Ru2
fw 1013.77 1491.24

temp (K) 298(2) 298(2)

cryst syst monoclinic monoclinic

space group P21/c P21/n

a (Å) 17.5343(11) 10.3117(19)

b (Å) 13.9458(9) 12.025(2)

c (Å) 21.0762(13) 27.538(5)

α (deg) 90.00 90.00

β (deg) 109.0590(10) 97.221(4)

γ (deg) 90.00 90.00

V (Å�3) 4871.2(5) 3387.5(11)

Z 4 2

Dcalcd (g cm
�3) 1.382 1.462

F(000) 2088 1508

cryst size (mm) 0.16 � 0.12 � 0.10 0.16 � 0.12 � 0.10

radiation, Mo Kα (Å) 0.710 73 0.710 73

abs coeff (mm�1) 0.956 1.170

θ range (deg) 1.78�25.50 1.85 to 25.01

total no. of rflns 48 568 19 848

no. of indep rflns 9057 (0.1216) 5969 (0.0671)

no. of data/restraints/params 9057/0/469 5969/0/307

final R 0.0732 0.0873

Rw 0.1333 0.1818

R (all data) 0.1315 0.1098

Rw (all data) 0.1512 0.1917

goodness of fit/F2 1.036 1.182

largest diff peak, hole (e Å�3) 1.337, �0.772 0.871, �1.154
a w = 1/[σ2(Fo)

2 + (aP)2 + bP], where P = (Fo
2 + Fc

2)/3.
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’EXPERIMENTAL SECTION

General Materials. All manipulations were carried out at room
temperature under a nitrogen atmosphere using standard Schlenk
techniques, unless otherwise stated. Solvents were predried, distilled, and
degassed prior to use, except those for spectroscopic measurements, which
were of spectroscopic grade. The reagent 9,10-dibromoanthracene (2a)
was commercially available. The starting materials RuHCl(CO)(PPh3)3,

13

1,5-diiodoanthracene (2b),14 2,6-diiodoanthracene (2c),15,16 and 1,8-
diiodoanthracene (2d)17 were prepared by the procedures described in
the literature.
Synthesis of Bis((trimethylsilyl)ethynyl)anthracene. 9,10-

Bis((trimethylsilyl)ethynyl)anthracene (3a).18 To a stirred solution of
9,10-dibromoanthracene (2a; 1.0 g, 3.9mmol), CuI (0.07 g, 0.39mmol),
and Pd(PPh3)4 (0.45 g, 0.39 mmol) in triethylamine (60 mL) and THF
(100 mL) under an argon atmosphere was added (trimethylsilyl)-
acetylene (0.95 g, 9.75 mmol), and the mixture at 60 �C was refluxed
for 20 h. The cold solution was filtered through a bed of Celite. The
filtrate was evaporated under reduced pressure and purified by silica gel
column chromatography (petroleum ether) to give a red solid (0.91 g,
85%). 1H NMR (400 MHz, CDCl3): δ (ppm) 0.42 (s, 18H, SiCH3),
7.60 (dd, J = 3.6 Hz, 4H), 8.57 (dd, J = 3.6 Hz, 4H).

1,5-Bis((trimethylsilyl)ethynyl)anthracene (3b).19 The procedure
for 3b was similar to that for 3a: 2b (1.0 g, 2.32 mmol), CuI (0.046 g,
0.24 mmol), Pd(PPh3)4 (0.28 g, 0.24 mmol), triethylamine (60 mL),
THF (60 mL), (trimethylsilyl)acetylene (0.56 g, 5.8 mmol). Yield: 0.60
g (70%) of a light yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm)
0.39 (s, 18H, SiCH3), 7.44 (t, J = 6.8 Hz, 2H), 7.75 (d, J = 6.8 Hz, 2H),
8.07 (d, J = 8 Hz, 2H), 8.88 (s, 2H).

2,6-Bis((trimethylsilyl)ethynyl)anthracene (3c).19 The procedure
for 3c was similar to that for 3a, with THF being replaced by toluene:
2c (2.0 g, 4.65 mmol), CuI (0.09 g, 0.46 mmol), Pd(PPh3)4 (0.54 g,
0.46 mmol), triethylamine (60 mL), THF (100 mL), (trimethylsilyl)-
acetylene (0.56 g, 11.6 mmol). Yield: 1.02 g (59%) of a light yellow solid.

Figure 3. (A) UV�vis absorption spectrum of compounds 1a�d
in CH2Cl2. (B) Fluorescence spectra of compounds 1a�d (2 �
10�5 mol/L) in CH2Cl2.

Table 4. Absorption Characteristics and Fluorescence
Quantum Yields of Complexes 1a�d in CH2Cl2 (2 �
10�5 mol/L)

complex

absorption λmax (nm)/10
‑4εmax

(cm‑1 M‑1)

emission

λmax (nm) 102ΦPL

1a 244 (5.18), 276 (5.80), 437 (1.94) 545 0.062

1b 245 (3.53), 276 (6.37), 423 (1.35) 486 0.236

1c 264 (1.65), 314 (4.06), 327 (7.02),

348 (1.15) 366 (1.59), 386 (1.97),

420 (0.85), 442 (0.86)

475 0.897

1d 245 (3.49), 274 (5.57), 421 (0.97) 494 0.153

Figure 4. (A) Cyclic voltammograms (CV) of complexes 1a�d in
CH2Cl2/Bu4NPF6 at v = 0.1 V s�1 and (B) square-wave voltammograms
(SWV) of complexes 1a�d at f = 10 Hz.

Table 5. Electrochemical Data for Complexes 1a�d

complex Ep
1 (V)a ip,a/ip,c

b Ep
2 (V)c ΔE (mV)b Kc

d

1a 0.197 0.45 0.580 393 4.57 � 106

1b 0.430 0.62 0.680 250 1.73 � 104

1c 0.374 0.46 0.598 224 6.27 � 103

1d 0.420 0.52 0.816 396 5.15 � 106

a From cyclic or square-wave voltammetry in 0.1MCH2Cl2/n-Bu4NPF6
solutions at a scan rate of 100 mV/s for CV and 10 Hz for SWV.
bAnodic/cathodic peak current ratios. c Peak potential differencesΔE =
Ep

2 � Ep
1. dThe comproportionation constants, Kc, were calculated by

the formula Kc = exp(ΔE1/2/25.69) at 298 K.
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1H NMR (400 MHz, CDCl3): δ (ppm) 0.31 (s, 18H, SiMe3), 7.46 (dd,
J = 7.2 Hz, 2H), 7.91 (dd, J = 8.8 Hz, 2H), 8.14 (s, 2H), 8.30 (s, 2H).
1,8-Bis((trimethylsilyl)ethynyl)anthracene (3d).20 The procedure of

3d was similar to that for 3a, with triethylamine being replaced by
diisopropylamine: 2d (1.5 g, 3.49 mmol), CuI (0.068 g, 0.35 mmol),
Pd(PPh3)4 (0.41 g, 0.35 mmol), diisopropylamine (60 mL), THF
(100 mL), (trimethylsilyl)acetylene (0.85 g, 8.7 mmol). Yield: 0.61 g
(47%) of a yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 0.46 (s,
18H, SiMe3), 7.49 (t, J = 7.6 Hz, 2H), 7.86 (d, J = 6.8 Hz, 2H), 8.04 (d,
J = 8.4 Hz, 2H), 8.48 (s, 1H), 9.39 (s, 1H).
Synthesis of Diethynylanthracene. 9,10-Diethynylanthra-

cene (4a).21 9,10-Bis((trimethylsilyl)ethynyl)anthracene (3a; 0.5 g,
1.35 mmol) was dissolved in a mixture of THF and methanol (30 mL,
1/1, v/v). Potassium hydroxide (0.16 g, 2.84 mmol) was added, and the
reaction mixture was stirred at room temperature for 2 h. The reaction
mixture was diluted with dichloromethane and washed with brine. The
organic layer was dried over Na2SO4, and the solvent was removed in
vacuo. The crude product was purified by chromatography (petroleum
ether/dichloromethane 8/1). Yield: 0.2 g (66%) of a carmine solid. 1H
NMR (400 MHz, CDCl3): δ (ppm) 4.07 (s, 2H, CtCH), 7.61 (dd, J =
3.6 Hz, 4H), 8.60 (dd, J = 3.6 Hz, 4H).
1,5-Diethynylanthracene (4b).22 The procedure for 4b was similar

to that for 4a: 3b (0.33 g, 0.89 mmol), potassium hydroxide (0.12 g, 2.16
mmol), THF (20 mL), methanol (20 mL). The crude product was
purified by chromatography (petroleum ether/dichloromethane 8/1).
Yield: 0.16 g (78%) of a light yellow solid. 1HNMR (400MHz, CDCl3):
δ (ppm) 3.59 (s, 2H, CtCH), 7.45 (t, J = 7.2 Hz, 2H), 7.78 (d, J = 7.2
Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 8.93 (s, 2H).
2,6-Diethynylanthracene (4c).22 The procedure for 4c was similar to

that for 4a: 3c (0.21 g, 0.57 mmol), potassium hydroxide (0.08 g, 1.36
mmol), THF (30 mL), methanol (30 mL). The crude product was
purified by chromatography (petroleum ether/dichloromethane 2/1).
Yield: 0.11 g (86%) of a light yellow solid. 1HNMR (400MHz, CDCl3):
δ (ppm) 3.23 (s, 2H, CtCH), 7.49 (dd, J = 8.8Hz, 2H), 7.95 (dd, J= 8.8
Hz, 2H), 8.19 (s, 2H), 8.35 (s, 2H).
1,8-Diethynylanthracene (4d).21 The procedure for 4dwas similar to

that for 4a: 3d (0.5 g, 1.35 mmol), flaky potassium hydroxide (0.18 g,
3.24 mmol), THF (20 mL), methanol (20 mL). The crude product was
purified by chromatography (pure petroleum ether). Yield: 0.12 g (39%)
of a yellow solid. 1H NMR (400 MHz, CDCl3): δ (ppm) 3.62 (s, 2H,
CtCH), 7.45 (t, J = 7.6Hz, 2H), 7.79 (d, J = 6.8Hz, 2H), 8.03 (d, J= 8.4
Hz, 2H), 8.45 (s, 1H), 9.44 (s, 1H).
General Synthesis of Binuclear Ruthenium Complexes11.

To a suspension of RuHCl(CO)(PPh3)3 (0.42 g, 0.44mmol) in CH2Cl2
(20 mL) was slowly added a solution of the corresponding diethynylan-
thracene (0.05 g, 0.22 mmol) in CH2Cl2 (5 mL). The reaction mixture
was stirred for 30min to give a red solution. Then a 1MTHF solution of
PMe3 (2.2 mL, 2.2 mmol) was added to the red solution. The mixture
was stirred for another 20 h. The solution was reduced to ca. 2 mL under
vacuum. Addition of hexane (30 mL) to the residue produced a yellow
solid, which was collected by filtration, washed with hexane, and dried
under vacuum.
[{Ru(PMe3)2(CO)Cl}2(μ-CHdCH-ant-CHdCH-9,10)] (1a). Yield:

0.120 g, 54%. 1H NMR (400 MHz, CDCl3): δ (ppm) 1.52 (t, J(PH) =
2.4 Hz, 36H, PMe3), 1.54 (d, J(PH) = 3.2 Hz, 18H, PMe3), 7.31 (dd,
J(HH) = 3.6Hz, 4H), 7.52�7.58 (m, 2H, ant-CHd), 7.71�7.78 (m, 2H,
Ru�CHd), 8.60 (dd, J(HH) = 3.2 Hz, 4H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 17.40 (t, J = 14.9 Hz, PMe3), 20.04 (d, J = 20.6 Hz,
PMe3), 123.19, 127.11, 128.67, 133.14, 135.85 (ant-CHd), 170.80 (Ru-
CHd), 202.41 (CO). 31P NMR (160 MHz, CDCl3): δ (ppm) �19.58
(t, J = 22.56 Hz, PMe3), �7.80 (d, J = 22.56 Hz, PMe3). Anal. Calcd for
C38H66Cl2O2P6Ru2: C, 45.02; H, 6.56. Found: C, 45.15; H, 6.67.
[{Ru(PMe3)2(CO)Cl}2(μ-CHdCH-ant-CHdCH-1,5)] (1b). Yield: 0.117

g, 52%. 1H NMR (400 MHz, CDCl3): δ (ppm) 1.46 (t, J(PH) = 3.6 Hz,

36H, PMe3), 1.52 (d, J(PH) = 6.8 Hz, 18H, PMe3), 7.39 (t, J(HH) = 7.6
Hz, 2H), 7.52�7.55 (m, 2H, ant-CHd), 7.56 (d, J(HH) = 6.8 Hz, 2H),
7.80 (d, J(HH) = 8.4 Hz, 2H), 8.26�8.33 (m, 2H, Ru-CHd), 8.34 (s,
2H). 13C NMR (100 MHz, CDCl3): δ (ppm) 16.88 (t, J = 15.7 Hz,
PMe3), 20.23 (d, J = 20.6 Hz, PMe3), 120.18, 122.60, 123.25, 125.34,
128.95, 131.38, 132.11, 138.79 (ant-CHd), 169.91 (Ru-CHd), 202.52
(CO). 31P NMR (160 MHz, CDCl3): δ (ppm) �17.55 (t, J = 22.6 Hz,
PMe3),�5.68 (d, J=22.6Hz, PMe3). Anal. Calcd forC38H66Cl2O2P6Ru2:
C, 45.02; H, 6.56. Found: C, 45.19; H, 6.48.

[{Ru(PMe3)2(CO)Cl}2(μ-CHdCH-ant-CHdCH-2,6)] (1c).Yield: 0.110 g,
50%. 1HNMR (400MHz, CDCl3): δ (ppm) 1.41 (t, J(PH) = 3.6Hz, 36H,
PMe3), 1.48 (d, J(PH) = 7.6 Hz, 18H, PMe3), 6.79�6.82 (m, 2H, ant-
CHd), 7.58 (s, 2H), 7.58 (d, J(HH) = 8.8 Hz, 2H), 7.82 (d, J(HH) = 8.4
Hz, 2H), 8.17 (s, 2H), 8.28�8.34 (m, 2H,Ru-CHd). 13CNMR(100MHz,
CDCl3): δ (ppm) 16.62 (t, J = 15.3 Hz, PMe3), 20.09 (d, J = 21.0 Hz,
PMe3), 121.40, 123.48, 124.81, 127.58, 130.79, 131.95, 135.23, 137.26 (ant-
CHd), 167.30 (Ru�CHd), 202.43 (CO). 31PNMR (160MHz, CDCl3):
δ (ppm) �21.12 (t, J = 21.12 Hz, PMe3),�9.57 (d, J = 22.72 Hz, PMe3).
Anal. Calcd for C38H66Cl2O2P6Ru2: C, 45.02; H, 6.56. Found: C, 44.89;
H, 6.81.

[{Ru(PMe3)2(CO)Cl}2(μ-CHdCH-ant-CHdCH-1,8)] (1d). Yield:
0.048 g, 21%. 1H NMR (400 MHz, CDCl3): δ (ppm) 1.44 (t,
J(PH) = 3.6 Hz, 36H, PMe3), 1.49 (d, J(PH) = 8.8 Hz, 18H, PMe3),
7.39 (t, J(HH) = 7.6 Hz, 2H), 7.56�7.60 (m, 2H, ant-CHd), 7.61 (d,
J(HH) = 7.2 Hz 2H), 7.74 (d, J(HH) = 8 Hz, 2H), 8.35 (s, 1H),
8.44�8.50 (m, 2H, Ru�CHd), 9.40 (s, 1H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 16.92 (t, J = 15.4 Hz, PMe3), 20.15 (d, J = 20.8 Hz,
PMe3), 120.61, 124.44, 125.48, 127.92, 128.79, 130.87, 131.81, 133.68,
139.23 (ant-CHd), 171.46 (Ru�CHd), 201.93 (CO). 31P NMR (160
MHz, CDCl3): δ (ppm)�19.81 (t, J = 22.56 Hz, PMe3),�8.05 (d, J =
22.56Hz, PMe3). Anal. Calcd for C38H66Cl2O2P6Ru2: C, 45.02; H, 6.56.
Found: C, 44.79; H, 6.61.
Crystallographic Details. Single crystals of complexes 1a,c sui-

table for X-ray analysis were obtained by slow diffusion of hexane into a
solution of dichloromethane and chloroform, respectively. Crystals with
approximate dimensions of 0.16 � 0.12 � 0.10 mm3 for 1a and 0.16 �
0.12 � 0.10 mm3 for 1c were mounted on glass fibers for diffraction
experiments. Intensity data were collected on a Nonius Kappa CCD
diffractometer with Mo Kα radiation (0.710 73 Å) at room temperature.
The structures were solved by a combination of direct methods
(SHELXS-97)23 and Fourier difference techniques and refined by full-
matrix least squares (SHELXL-97).24 All non-H atoms were refined
anisotropically. The hydrogen atoms were placed in ideal positions and
refined as riding atoms. Further crystal data and details of the data
collection are summarized in Table 1. Selected bond distances and
angles are given in Tables 2 and 3, respectively.
Physical Measurements. 1H, 13C, and 31P NMR spectra were

collected on a VarianMercury Plus 400 spectrometer (400MHz) or on a
Varian Mercury Plus 600 spectrometer (600 MHz). 1H and 13C NMR
chemical shifts are relative to TMS, and 31P NMR chemical shifts are
relative to 85% H3PO4. Elemental analyses (C, H, N) were performed
with a Vario ElIII Chnso instrument. UV�vis spectra were recorded on a
PDA spectrophotometer by quartz cells with a path length of 1.0 cm.
Fluorescence spectra were taken on a Fluoromax-P luminescence
spectrometer (Horiba Jobin Yvon Inc.). The electrochemical measure-
ments were performed on a CHI 660C potentiostat (CHI USA). A
three-electrode one-compartment cell was used to contain the solution
of complexes and supporting electrolyte in dry CH2Cl2. Deaeration of
the solution was achieved by argon bubbling through the solution
for about 10 min before measurement. The ligand and electrolyte
(n-Bu4NPF6) concentrations were typically 0.001 and 0.1 mol dm�3,
respectively. A 500 μm diameter platinum-disk working electrode, a
platinum-wire counter electrode, and an Ag/Ag+ reference electrode
were used. The Ag/Ag+ reference electrode contained an internal
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solution of 0.01 mol dm�3 AgNO3 in acetonitrile and was incorporated
into the cell with a salt bridge containing 0.1 mol dm�3 n-Bu4NPF6 in
CH2Cl2. All electrochemical experiments were carried out under ambient
conditions.
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