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Preparation and characterization of a series of rodlike binuclear ruthenium polyynediyl complexes capped with
redox-active organometallic fragments [(bph)(PPh3)2Ru]+ (bph ) N-(benzoyl)-N′-(picolinylidene)-hydrazine) or [(Phtpy)-
(PPh3)2Ru]2+ (Phtpy ) 4′-phenyl-2,2′:6′,2′′-terpyridine) have been carried out. The length of the molecular rods is
extended by successive insertion of 2,5-thiophene or 1,4-phenylene spacers in the bridging ligands. Oxidation of
thiophene-containing Ru2

II,II complexes induces isolation of stable Ru2
II,III or Ru2

III,III species. Electrochemical and
UV−vis−NIR spectral studies demonstrate that the polyynediyl bridges with 2,5-thiophene units are more favorable
for metal−metal charge transfer compared with those containing the same number of 1,4-phenylene units. Successive
increase of thiophene spacers in mixed-valence complexes {RuII}−CtC(C4H2S)mCtC−{RuIII} (m ) 1, 2, 3)
induced a smooth transition from almost electronic delocalization (m ) 1) to localization (m ) 3). For binuclear
ruthenium complexes with intramolecular electron transfer transmitted across nine Ru−C and C−C bonds, electronic
conveying capability follows {Ru}−CtC(CtC)2CtC−{Ru} > {Ru}−CtC(C4H2S)CtC−{Ru} > {Ru}−Ct

C(C6H4)CtC−{Ru} > {Ru}−CtC(CHdCH)2CtC−{Ru}. It is revealed that molecular wires capped with electron-
rich (bph)(PPh3)2Ru endgroups are much more favorable for electronic communication than the corresponding
electron-deficient (Phtpy)(PPh3)2Ru-containing counterparts. The intermetallic electronic communication is fine-
tuned by modification of both the bridging spacers and the ancillary ligands.

Introduction

Long-distance communications including electron or en-
ergy transfer between remote metal centers are the most
fundamental aspects of information conveying in molecular
electronics. The controlling and tuning of these communica-
tions are of experimental significance and especially
practical.1-6 Since the discovery of the Creutz-Taube ion

[(NH3)5Ru-pyrazine-Ru(NH3)5]5+,7 it has been well docu-
mented that mixed-valence metal complexes bridged by
conjugated organic ligands and capped with redox-active
organometallic termini allow facile intramolecular electron
transfer to occur along the molecular backbone.8,9 Such linear
organometallic systems with extendedπ-conjugation are
attractive candidates for potential molecular wires, which
might operate as connectors permitting electron flow to occur
between different elements of nanoscale electronic devices
by virtue of the possible charge delocalization along the
conjugated molecular backbones. The current challenge
consists not only in the synthesis of such rodlike molecules
possessing two redox-active termini connected through a
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π-system but also in the evaluation of their electron conduc-
tion capability.10 Electrochemical measurements and spec-
troscopic studies in the near-infrared region are commonly
employed to evaluate the capability of electronic interaction
between remote electro-active organometallic groups and to
access a series of decisive information on the metal-metal
charge-transfer process in the mixed-valence compounds with
extendedπ-delocalization. Relevant studies in recent years
have principally been focused on elucidating the role of
redox-active organometallic groups, judiciously selecting the
conjugated bridging ligands as electron mediators, and fine-
tuning the long-range interactions between remote metal
centers by modifying the electronic effect in the ancillary
ligands.10 In most cases, the mixed-valence complexes can
be categorized according to the classification proposed by
Robin and Day11 and analyzed theoretically using the Hush
model initially established by Hush12 in 1967 and developed
later by others.8,9,13

Among different approaches to construct the wirelike
organometallic entities, compounds with unsaturated carbon
chains spanning two metal-containing components have
received particular attention due to their facile accessibility
and remarkable efficiency for electronic delocalization.10,14-19

These compounds have shown a promising potential for the
development of nanoscopic molecular devices. Particular
efforts have been taken to prepare and characterize polyynediyl

arrays{M}-(CtC)m-{M} (m) 1, 2, 3, etc.),20-32 polyylene-
diyl complexes{M}-(CHdCH)m-{M},33-35 and bimetallic
molecular rods linked byπ-conjugated carbon chains with
both ethynyl and ethenyl.36,37 Very recently, another family
of complexes with the carbon chains containing both ethynyl
and para-substituted phenylene have been described,38,39 in
which theπ-conjugated molecular lengths are extended by
successive insertion of 1,4-phenylene units, inducing a
progressive transition from electronic delocalized class III
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State Electrochem. 2005, 9, 738.

Gao et al.

5652 Inorganic Chemistry, Vol. 46, No. 14, 2007



mixed-valence behavior to weakly coupled class II mixed-
valence systems.

Although the 1,4-diethynylbenzene-CtCC6H4CtC-
unit has been extensively used as aπ-spacer in organic or
organometallic oligomers and polymers,38-40 increasing at-
tention is currently diverted to molecular materials based on
oligothiophene because of their remarkable capability for
electron conduction and charge mobility.41-45 Evidence
indicates that thiophene-containing bridges provided a more
effective conjugated connection between the metal donor and
acceptor moieties than other aromatic linkers such as
phenylene.41 It is anticipated thatR-coupled oligothiophene-
functionalized diethynyls CtC(C4H2S)mCtC (m ) 1, 2, 3)
would be excellent candidates for metal-metal charge
transfer and electronic transportation along the molecular
backbones. By this consideration, a systematic study on a
series of rodlike binuclear ruthenium polyynediyl complexes
capped with redox-active organometallic units [(bph)(PPh3)2-
Ru]+ (bph) N-(benzoyl)-N′-(picolinylidene)-hydrazine) or
[(Phtpy)(PPh3)2Ru]2+ (Phtpy) 4′-phenyl-2,2′:6′,2′′-terpyri-
dine) and connected by CtC(C4H2S)mCtC (m ) 1, 2, 3)
has been carried out, in which the molecular length is

extended by successive introduction of thiophene spacers in
the carbon-rich chains. Chemical oxidation of the Ru2

II,II

complexes by addition of 1 or 2 equiv of ferrocenium
hexafluorophosphate induced isolation of stable Ru2

II,III or
Ru2

III,III species in the solid state. For the purpose of
comparison, the corresponding counterparts with thiophene
spacers replaced by 1,3-butadiynyl, 1,3-butadienyl, or 1,4-
phenylene units are also described herein together with the
corresponding complexes containing 2,5-bis(1,3-butadiynyl)-
thiophene (CtCCtC(C4H2S)CtCCtC) or 1,4-bis(1,3-
butadiynyl)benzene (CtCCtC(C6H4)CtCCtC) as a bridg-
ingligand.Wereportedhereinthepreparationandcharacterization
together with electrochemical and UV-vis-NIR spectro-
scopic investigations of this series of binuclear ruthenium
molecular rods to systematically evaluate their capability for
intramolecular electron transfer.

Results and Discussion

Syntheses and Characterization.The molecular drawings
of [(bph)(PPh3)2Ru]+-containing complexes are depicted in
Scheme 1 and 2 with variations of the substituents in the
auxiliary Schiff bases. A series of [(Phtpy)(PPh3)2Ru]2+-
containing binuclear ruthenium complexes9-17 (Scheme
3) are prepared so as to compare with [(bph)(PPh3)2Ru]+-
containing counterparts. In order to examine the electronic
mediating capability of 2,5-bis(1,3-butadiynyl)thiophene and
1,4-bis(1,3-butadiynyl)benzene, (Phtpy)(PPh3)2Ru-capped di-
nuclear complexes12 and 13 are also synthesized. The
corresponding (bph)(PPh3)2Ru-containing counterparts, how-
ever, were inaccessible although many efforts have been
taken.

Binuclear ruthenium polyynediyl complexes are all pre-
pared by reaction of (bph)(PPh3)2RuCl or [(Phtpy)(PPh3)2-
Ru(acetone)](ClO4)2 with Me3Si-CtC-R-CtC-SiMe3

via fluoride-catalyzed desilylation in the presence of potas-
sium fluoride in refluxed methanol.23,27,37Purification of the
products by alumina column chromatography give Ru2

II,II

products in reasonable yields except for1, in which the
Ru2

II,III complex [1]+ with mixed-valence is also isolated
during chromatographic separation. As electron-rich character
in the endgroup (bph)(PPh3)2Ru affords a considerably low
redox potential, Ru2II,III and Ru2III,III species with thiophene
spacers are accessible by stepwise oxidation of neutral Ru2

II,II

complexes. Thus, controlled oxidation of thiophene-contain-
ing compounds1-3 by addition of 1 and 2 equiv of
ferrocenium hexafluorophosphate induces isolation of stable
solid species [1a]+-[3a]+ (Ru2

II,III ) and [1b]2+-[3b]2+

(Ru2
III,III ), respectively.

The compounds are all characterized by microanalysis,
ESI-MS spectrometry, and1H and31P NMR spectroscopies.
Microanalytical data coincide well with the calculated values.
For [(bph)(PPh3)2Ru]+-containing compounds1-8, positive
ion ESI-MS reveals that molecular ion fragments [M]+, [M
- PF6]+, and [M - (PF6)2]2+ occur as the base peaks or
principal peaks with high abundance for the neutral Ru2

II,II ,
monocationic Ru2II,III , and dicationic Ru2III,III species, respec-
tively. For [(Phtpy)(PPh3)2Ru]2+-containing complexes9-17,
molecular ion peaks [M- (ClO4)2]2+ are observed in high
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abundance. The31P NMR spectra show one singlet for PPh3

donors in all of the complexes, indicating the equivalence
of P donors in a wirelike diruthenium complex on the NMR
time scale. It is intriguing that with stepwise oxidation of
the Ru2II,II centers, the P signals show a gradual shift to high-
field, in which chemical shifts of the P donors in a series of
species with different valences follow Ru2

II,II > Ru2
II,III >

Ru2
III,III .27

Crystal Structure. The structures of2‚2H2O‚2C2H4Cl2,
4‚Et2O, and6 were determined by X-ray crystallography.
Selected bonding lengths and angles are presented in Tables

S1, S2, and S3 (Supporting Information) for2, 4, and 6,
respectively. ORTEP drawings of2, 4, and6 are depicted
in Figure 1.

The rodlike binuclear ruthenium array2, 4, or 6 consists
of two (bph)(PPh3)2Ru endgroups linked by a diacetylide-
containing carbon chain through Ru-C σ-bonding. The RuII

centers are six-coordinated to exhibit an elongated octahedral
geometry built by CN2OP2 donors, in which the two axially
bonded PPh3 are trans-oriented. The related bonding param-
eters including Ru-Npy, Ru-Nimine, Ru-Oamide, and Ru-P
distances together with the trans and cis angles around the
RuII octahedron are comparable to those found in the
precursor complex (bph)(PPh3)2RuCl.46 The bph serves as a
tridentate ligand to afford two five-membered chelating rings.
The N-N, N-C, and C-O distances in thedN-NdC(O)-
fragment imply the presence of an enolate form for the amide
group. The Ru-C lengths (2.023(2)-2.037(4) Å) and Ru-
CtC angles (171.0(2)-176.7(4)°) are in the normal ranges
as those found in other RuII acetylide complexes.22,23,27,37

Complex2 is centrosymmetric with the inversion center
at the midpoint of the C6-C6A bond. The equatorial plane
of the RuII coordinating octahedron forms a dihedral angle
of 25.7° with the thienyl plane in the bridging ligand. The
two symmetry-related thienyl rings in the bridging ligand
CtC(C4H2S)2-CtC are coplanar and antioriented. The

(46) Raveendran, R.; Pal, S.Polyhedron2003, 24, 57.

Scheme 1

Scheme 2
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Ru1‚‚‚Ru1A separation across the bridging 5,5′-diethynyl-
2,2′-bithiophene is 15.3 Å, similar to the Pt‚‚‚Pt distance in
thebinuclearPtII complextrans-[{(Et3P)2PhPt}2(CtC(C4H2S)2-
CtC)].44aThe CtC length (1.201(8) Å), however, is slightly
shorter than that (1.25(3) Å) in the binuclear PtII complex,44a

ascribed probably to the better back-donation capability for
the RuII centers in2.

The C8-bridged binuclear complex4 has no symmetry in
the molecule. The dihedral angle between the least-square
plane defined by the bph ligand in one end and that in the
other end is 84.6°, suggesting that the equatorial planes of
the Ru1 and Ru2 centers are nearly perpendicular to each
other. The Ru1‚‚‚Ru2 distance through a bridging C8 chain
is 12.765 Å which is slightly shorter than the sum of the
bond distances (13.027 Å) in the Ru-CtC-CtC-CtC-
CtC-Ru array, indicating that the rod is somewhat dis-
torted. The Ru-CtC and CtC-C angles (169.9(3)-
179.3(3)°), however, deviate more obviously from 180° than
those (<5° from 180° in general) reported in other C8-bridged
ruthenium complexes reported by Ren et al.,30a inducing a
more distinct deviation from linearity in the Ru-CtC-Ct
C-CtC-CtC-Ru array. As depicted in Figure 1b, the
accumulation of the bend results in a dramatic concave
carbon chain.20g,47bSimilar curvature has been observed in
some Pt-capped compounds with the bridging C8 chain
described by Gladysz et al.48

Complex 6 is also centrosymmetric with the inversion
center at the midpoint of the C6-C6A bond. The least-square

plane defined by the bph ligand forms a dihedral angle of
73.5° with the biphenyl plane in the 4,4′-diethynylbiphenyl
ligand. The two symmetry-related phenyl rings in the 4,4′-
biphenyl spacer are coplanar, indicating that the steric
interaction between the 3,5- and the 3′,5′-hydrogen atoms
of the 4,4′-biphenyl spacer is insignificant.49 The Ru1‚‚‚Ru1A
distance through the bridging 4,4′-diethynylbiphenyl is 16.5
Å, comparable to the intermetallic separations reported in
the binuclear FeII and MnII complexes linked by 4,4′-
diethynylbiphenyl.26d,38a,c

Redox Properties.The redox properties of compounds
1-17 in 0.1 M (Bun

4N)(PF6) dichloromethane solutions have
been investigated by cyclic and differential pulse voltam-
metry. The electrochemical data are presented in Table 1,
and the plots of the cyclic voltammogram (CV) and the
differential pulse voltammogram (DPV) for compounds1-3
are depicted in Figure 2. The precursor compound (bph)-
(PPh3)2RuCl displays a reversible metal-centered oxidation
wave atE1/2 ) 0.060 V (against Fc+/Fc) together with an
irreversible bph ligand-based reduction wave at-1.30 V.46

The ligand-centered reduction process is also detected in the
binuclear ruthenium complexes1-17with the potential range
from -1.30 to-1.91 V as listed in Table 1.

The CV and DPV in binuclear ruthenium complexes1-17
are featured by two successive reversible redox waves A and
B (Table 1) in the potential region from-0.70 to 0.37 V,
originating most likely from successive oxidation of Ru2

II,II

to Ru2
II,III and then Ru2II,III to Ru2

III,III , respectively. It has
been demonstrated that the wave separation or potential
difference (∆E1/2 ) E1/2(B) - E1/2(A)) between waves A and
B is a critical measure to evaluate electronic delocalization

(47) (a) Bruce, M. I.; Halet, J.-F.; Guennic, B. L.; Skelton, B. W.; Smith,
M. E.; White, A. H. Inorg. Chim. Acta2003, 350, 175. (b) Coat, F.;
Paul, F.; Lapinte, C.; Toupet, L.; Costuas, K.; Halet, J.-F.J.
Organomet. Chem.2003, 683, 368.

(48) Stahl, J.; Bohling, J. C.; Bauer, E. B.; Peters, T. B.; Mohr, W.; Martı´n-
Alvarez, J. M.; Hampel, F.; Gladysz, J. A.Angew. Chem., Int. Ed.
2002, 41, 1871.

(49) (a) Chao, H.-Y.; Lu, W.; Li, Y.; Chan, M. C. W.; Che, C.-M.; Cheung,
K.-K.; Zhu, N.J. Am. Chem. Soc. 2002, 124, 14696. (b) Liu, L.; Poon,
S.-Y.; Wong, W.-Y.J. Organomet. Chem. 2005, 690, 5036.
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along the molecular backbones in Ru2
II,III mixed-valence

species.10 Moreover, the∆E1/2 values is correlated to the
comproportionation constantKc in the reaction Ru2II,II +
Ru2

III,III h Ru2
II,III and to the thermodynamic stability of the

Ru2
II,III mixed-valence species.50

In complexes1-3 with diethynyloligothiophene Ct
C(C4H2S)mCtC (m ) 1, 2, 3) as a connector, the∆E1/2

values are 0.345, 0.170, and 0.100 V with the corresponding
Kc being 6.80× 105, 748, and 49, respectively. A consider-
ably large Kc in 1 is indicative of a strong electronic
communication transmitted through the 2,5-diethynylth-
iophene bridge. A successive insertion of two and three
thiophene units into the diynediyl in2 and3, respectively,
induces a progressive reduction of the∆E1/2 values. Even
so, a weak but appreciable electronic interaction is still
operative along the molecular backbone in3 with the Ru‚‚
‚Ru separation close to 19.2 Å. In addition, another irrevers-
ible or quasireversible redox wave with higher potential is observed at 0.70, 0.59, and 0.44 V for1, 2, and 3,

respectively, ascribed tentatively to oxidation of the thiophene
ligands.42,43It is noteworthy that the potential and reversibility(50) Richardson, D. E.; Taube, H.Inorg. Chem. 1981, 20, 1278.

Figure 1. ORTEP drawing of (a)2, (b) 4, and (c)6 with atom labeling
scheme showing 30% thermal ellipsoids. Phenyl rings on the phosphorus
atoms are omitted for clarity.

Table 1. Electrochemical Data for Compounds1-17a

compound E1/2(A) E1/2(B) ∆E1/2
b Kc

c Ethienyl
d Epc

e

(bph)(PPh3)2RuCl -0.060 -1.30
1 -0.630 -0.285 0.345 6.80× 105 0.70 -1.46
1-N(CH3)2 -0.690 -0.320 0.370 1.80× 106 0.85 -1.50
1-NO2 -0.585 -0.245 0.340 5.60× 105 0.52 -1.47
2 -0.480 -0.310 0.170 748 0.59 -1.35
3 -0.360 -0.260 0.100 49 0.44 -1.38
4 -0.380 -0.020 0.360 1.22× 106 -1.42
5 -0.520 -0.195 0.325 3.12× 105 -1.49
6 -0.325 -0.220 0.105 60 -1.38
7 -0.405 -0.265 0.140 233 -1.44
8 -0.635 -0.385 0.250 1.68× 104 -1.45
9 -0.175 0.070 0.245 1.39× 104 1.00 -1.62
10 -0.060 0.070 0.130 158 0.661-1.58
11 -0.068 0.002 0.070 15 0.61 -1.55
12f 0.105 0.220 0.125 130 0.94 -1.56
13f 0.205 0.290 0.085 27 -1.64
14 0.030 0.250 0.220 5.24× 103 -1.59
15 0.145 0.235 0.090 33 -1.60
16 0.070 0.365 0.295 9.70× 104 -1.63
17g -0.185 -0.020 0.165 616 -1.91

a Potential data in volts vs Fc+/Fc are from single scan cyclic voltam-
mograms recorded at 25°C in 0.1 M dichloromethane solution of
(Bu4N)(PF6). Detailed experimental conditions are given in the Experimental
Section.b ∆E1/2 ) E1/2(B) - E1/2(A) denotes the potential difference between
redox processes A and B.c The comproportionation constants,Kc, were
calculated by the formulaKc ) exp(∆E1/2/25.69) at 298 K.50 d Oxidation
potential of the thienyl in the bridging ligand.e Irreversible reduction of
the chelating ligand.f Ruthenium-based redox processes are quasireversible.
g The data is from ref 37.

Figure 2. Cyclic and differential pulse voltammograms (CV and DPV)
of compounds1-3 in 0.1 M (Bu4N)(PF6)-dichloromethane solution. The
scan rate is 100 mV s-1 for CV and 20 mV s-1 for DPV.
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of the thiophene-centered oxidation depend strongly on the
length of the oligothiophene spacers. With extension of the
conjugation length by increasing thiophene units in the
diethynyloligothiophenes, the oxidation potential is lowered
progressively together with better reversibility.42

The ∆E1/2 values in5-7 are 0.325, 0.105, and 0.140 V
with the correspondingKc being 3.12× 105, 60, and 233,
respectively, suggesting that successive insertion of 1,4-
phenylene moieties into diynediyl induces a rapid decay of
electronic communication from5 to 6.38a,cInterestingly, the
∆E1/2 value in 7 with 2,7-diethynylfluorene is obviously
larger than that in6 with 4,4′-diethynylbiphenyl, demonstrat-
ing distinctly that the rigid fluorene spacer is more favorable
for electron transfer than the free rotatable 4,4′-biphenyl unit
although the two symmetry-related 1,4-phenylene groups of
6 are coplanar in the solid state as revealed by X-ray
crystallography (vide supra).

Although 1, 4, 5, and 8 contain different types of
polyynediyl bridges, the electronic interactions are mediated
across the same nine bonds from one Ru center to the other.
Since the∆E1/2 andKc values (Table 1) are4 > 1 > 5 > 8,
electronic conduction capability for a series ofπ-conjugated
carbon chains follows the sequence CtC-(CtC)2-CtC
> CtC(C4H2S)CtC > CtC(C6H4)CtC > CtC-(CHd
CH)2-CtC. Similarly, by comparison of the∆E1/2 andKc

values in2, 6, and7, it is found that electronic interactions
through the same 13 bonds between two Ru centers in
molecular wires accord with2 > 7 > 6. This verifies
unambiguously that insertion of 2,5-thiophene units into
diynediyl is more favorable for electronic communication
than that of the same number of 1,4-phenylene moieties.

For (Phtpy)(PPh3)2Ru-containing species9-17, successive
insertion of one (9), two (10), or three (11) thiophene units
to diethynyl induces a gradual decrease of the∆E1/2 with
0.245 V (9) > 0.130 V (10) > 0.070 V (11) in the same
trend as observed in1-3. Likewise, introducing one (14)
or two (15) 1,4-phenylene groups to diethynyl results in
reducing the∆E1/2 from 0.220 V in14 to 0.090 V in15. By
comparison of the∆E1/2 in 9, 10, or 12 with those in the
corresponding counterparts14, 15, or 13, it is distinctly
demonstrated that 2,5-thiophene as a spacer is more favorable
than 1,4-phenylene for metal-metal communication, agree-
ing well with the conclusion made from [(bph)(PPh3)2Ru]+-
containing complexes mentioned above. By comparison of
the ∆E1/2 (Table 1) in9, 14, 16, and 1737 with electronic
interaction transmitted across nine Ru-C and C-C bonds,
it is further confirmed that the electron conveying capability
for a series of bridging ligands is CtC-(CtC)2-CtC >
CtC(C4H2S)CtC > CtC(C6H4)CtC > CtC-(CHd
CH)2-CtC. For 10, 12, 13, and15 with electronic com-
munication mediated across 13 Ru-C and C-C bonds, the
∆E1/2 values are10 ≈ 12 > 13 ≈ 15, implying that the
electron mediating capability for the bridging ligands is Ct
C(C4H2S)2CtC ≈ (CtC)2(C4H2S)(CtC)2 > (CtC)2(C6H4)-
(CtC)2 ≈ CtC(C6H4)2CtC. As a result, it appears that the
electron mediating effect by insertion of two 2,5-thiophene/
1,4-phenylene units to diethynyl is nearly the same as that

by introducing one 2,5-thiophene/1,4-phenylene spacer to bis-
(1,3-butadiynyl).

With careful examination of the electrochemical data listed
in Table 1, it is intriguing to note that for two series of Ru2

complexes with the same bridging CtCRCtC diynediyl but
different ancillary chelating ligands, the∆E1/2 and Kc of
[(bph)(PPh3)2Ru]+-containing complexes are significantly
higher than those of the corresponding [(Phtpy)(PPh3)2Ru]+-
containing counterparts. This reveals distinctly that electron-
rich bph is much more favorable for metal-metal electronic
communication than electron-deficient Phtpy, possibly due
to better energy matching of the dπ orbitals of the Ru center
with the π* orbitals of the electron-rich bph. Additionally,
it is noteworthy that the∆E1/2 is tunable finely by modifying
the substituent of phenyl (Scheme 2) in the Schiff base bph.
As shown in Table 1, the∆E1/2 of 1 (0.345 V) is larger than
that of1-NO2 (0.340 V) with electron-withdrawing-NO2

but smaller than that of1-N(CH3)2 (0.370 V) with electron-
donating-N(CH3)2. This reveals unambiguously that elec-
tronic communication is enhanced in some measure by
introducing an electron-donating substituent to the phenyl
of bph whereas reduced by an electron-attracting group.

IR Spectra. Theν(CtC) stretching frequency in diyndiyl
ligands is frequently useful to assess the rate of intramo-
lecular electron transfer and the degree of electronic delo-
calization in the Ru2II,III mixed-valence complexes.20,38 As
shown in Figure 3, the IR spectra in the Ru2

II,III mixed-
valence complex [1a]+ revealed two distinct CtC stretching
bands, while only a singleν(CtC) stretching frequency is
observed in the corresponding neutral Ru2

II,II complex1 and
dicationic Ru2III,III species [1a]+. The observation of two
separate vibrational bands (Table S4, Supporting Informa-
tion) for the Ru2II,III mixed-valence complexes implies that
the systems are not in the ideal cases with the odd electron
fully delocalized along the rodlike backbone on the very rapid
IR time scale (10-13 s),38 probably due to the different
electronic environment of the two acetylide bonds in the
rodlike array RuII-CtC(C4H2S)mCtC-RuIII . Therefore,
unobserved averaging of the CtC vibrational modes for the
Ru2

II,III complexes relative to the Ru2
II,II and Ru2III,III species

suggests that the mixed-valence complexes are not fully
delocalized in the time scale of the IR spectrometry, and
the electron transfer from the RuII to the RuIII center is taking
place at a rate constant of<1013 s-1.43a Furthermore, with

Figure 3. IR spectra of1, [1a]+, and [1b]2+ in solid states, showing the
ν(CtC) frequencies.
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stepwise one-electron oxidation of the neutral Ru2
II,II com-

plexes into monocationic Ru2
II,III and dicationic Ru2III,III

species (Figure 3), a gradual lowering of the stretching
frequency for the CtC triple bonds demonstrates unambigu-
ously a progressive increasing contribution from the cumu-
lenic form.23d,e,27,37

UV-vis-NIR Spectra. The UV-vis-NIR absorption
spectral data for Ru2II,II complexes1-17 and some Ru2II,III

and Ru2III,III species are summarized in Table S5 (Supporting
Information). For the purpose of comparison, the absorption
spectra of1-3, [2]p+ (p ) 0, 2; 1, [2a]+; or 2, [2b]2+),
[1a]+-[3a]+, and [1b]2+-[3b]2+ are depicted in Figure 4.

Intense absorption bands in the UV region for Ru2
II,II

complexes1-17 originate primarily from ligand-centered
π f π* transitions due to bph/Phtpy, PPh3, and polyynediyl
ligands. The broad absorptions in the visible region for Ru2

II,II

complexes originate likely from dπ(Ru) f π*(bph/Phtpy)
MLCT (metal-to-ligand charge transfer) transitions. For
thiophene-containing complexes1-3 (Figure 4a) or9-11
(Figure S4, Supporting Information), intense absorption
bands due to the thiophene-basedπ f π* transitions are
observed in the range of 380-550 nm. As shown in Figure
4a and Figure S4 (Supporting Information), with the increase
of thiophene units in the bridging ligands, not only is the

energy of the transition red-shifted progressively but also
the molar extinction coefficient is enhanced significantly.42a,b

Upon successive oxidation of thiophene-containing Ru2
II,II

complexes1-3 into Ru2
II,III species [1a]+-[3a]+ and Ru2III,III

species [1b]2+-[3b]2+, while the low-energy absorptions due
to dπ(Ru) f π*(bph) MLCT transition attenuate gradually
in intensity, a new band with lower energy occurs in the
visible to near-infrared region (Figure 4b), assigned tenta-
tively to a ligandf RuIII LMCT (ligand-to-metal charge
transfer) transition induced by oxidation of RuII into RuI-

II.20,23,27,37Similar low-energy absorptions due to thiophene
ligandf MIII LMCT transitions have also been observed in
other RuIII or FeIII complexes with conjugated oligothiophene
ligands.41,42 As shown in Figure 4b, the newly produced
LMCT band shows a remarkable red shift from the mono-
cationic Ru2II,III complex [2a]+ (λ ) 762 nm,ε ) 14 760
M-1 cm-1) to dicationic Ru2III,III species [2b]2+ (λ ) 900
nm, ε ) 28 540 M-1 cm-1) with the intensity enhanced
significantly. By comparison of the absorption bands of the
LMCT transitions for a series of dicationic Ru2

III,III complexes
[1b]2+-[3b]2+ (Figure 4c), it is found that with the increase
of thiophene units in the bridging ligands CtC(C4H2S)mCt
C, the absorption maxima shift significantly to the lower
energy region with the intensity enhanced dramatically. This

Figure 4. UV-vis-NIR spectra in dichloromethane: (a) (bph)(PPh3)2RuCl (black),1 (red),2 (green), and3 (blue); (b)2 (green), [2a]+ (red), and [2b]2+

(blue); (c) Ru2III,III complexes [1b]2+ (red), [2b]2+ (green), and [3b]2+ (blue), showing the LMCT bands; (d) Ru2
II,III mixed-valence species [1a]+ (red), [2a]+

(green), and [3a]+ (blue), showing the IVCT bands.
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reveals unambiguously that the energy maxima of these
LMCT transitions are correlated to the length of the
oligothiophene groups, in which the absorption is red-shifted
and the intensity is enhanced with an extension ofπ-con-
jugation in the bridging ligands.42a,b As suggested by Wolf
et al.,42a,bthe absorption maximum of a charge-transfer band
is correlated to the difference in electrochemical potentials
between oligothiophene (donor) and metal (acceptor) for the
LMCT transition in RuIII complexes. A smaller difference
in donor and acceptor oxidation potentials usually induces a
larger oscillator strength and lower absorption maximum for
the LMCT transitions. As the oxidation potential differences
between oligothiophene (donor) and ruthenium (acceptor)
are 0.988, 0.903, and 0.705 V for1, 2 and3, respectively, it
is reasonable that with successive extension of the oligoth-
iophene spacer in1-3, the LMCT peak strength is enhanced
progressively whereas the absorption energy is lowered
gradually.

The most significant absorption feature in a series of
Ru2

II,II , Ru2
II,III , and Ru2III,III species is the appearance of NIR

absorption induced by RuII f RuIII intervalence charge
transfer (IVCT) transitions in the Ru2

II,III mixed-valence
complexes, which are absent in the Ru2

II,II complexes and
disappear entirely in the Ru2

III,III species as indicated in Figure
4b for 2, [2a]+, and [2b]2+. Analyses of these IVCT
absorptions (Table 2) give a series of decisive information
on charge distribution and electronic delocalization in the
monocationic Ru2II,III mixed-valence complexes [1a]+-[8a]+.
Figure 4d depicts the visible to near-infrared absorption
spectra of thiophene-containing mixed-valence species [1a]+-
[3a]+ measured in dichloromethane. Interestingly, with
successive insertion of 2,5-thiophene units in the bridging
ligands, IVCT bands of [1a]+-[3a]+ are gradually red-shifted
in absorption position, increasingly broadened in shape, and
progressively weakened in intensity. As found in many other
mixed-valence compounds,22a,35,38a,43athe NIR spectra of
[1a]+-[3a]+ exhibit a relative sharp IVCT absorption band
together with a higher energy shoulder, induced probably

by HOMO-1 to SOMO (singly occupied molecular orbital)
transition.20a,23a,38

For [1a]+, an intense IVCT absorption occurs atλmax )
1549 nm with a molar extinction coefficientε ) 25 400
cm-1 M-1. Solvent independence of the IVCT absorption
maximum λmax in the solvents such as dichloromethane,
acetonitrile, acetone, and methanol with a wide range of
polarity is indicative of an average solvation (Figure S5,
Supporting Information). The observed half-width∆ν1/2

(1310 cm-1) is significantly narrower than the one (2910
cm-1) calculated by the equation∆ν1/2 ) [2310(νmax - ν0)]1/2

according to Hush theory.12 Consequently, in view of the
considerably large∆E1/2 (0.345 V) andKc (6.80× 105), a
high molar extinction coefficientε (25 400 cm-1 M-1) of
the IVCT band, solvent independence of the IVCT absorption
λmax, and the narrow half-width (∆ν1/2), but being not fully
delocalized in the time scale of the IR spectrometry, it is
concluded that [1a]+ is probably close to valence-untrapped
and classified tentatively as class II-III mixed-valence
complex.8,9,12 On the contrary, [3a]+ is unstable in acetoni-
trile, acetone, and methanol, and its IVCT band in dichlo-
romethane is quite broad and relatively weak (ε ) 5150 cm-1

M-1). The observed half-width∆ν1/2 (3900 cm-1) of the
IVCT band is much broader than that (2630 cm-1) predicted
by Hush theory.12 These features together with a small∆E1/2

(0.100 V) and low comproportionation constant (Kc ) 49)
indicate that [3a]+ is typical of a valence-trapped system and
can be classified as a class II mixed-valence complex8,9 with
weak electronic coupling between the RuII and RuIII centers.
For [2a]+, however, the IVCT features together with its
stepwise redox potential difference∆E1/2 are intermediate
to those of [1a]+ and [3a]+, implying that the mixed-valence
behavior is between class II-III and class II with partial
electronic delocalization.8 Consequently, both the IVCT
absorption and electrochemical features in the Ru2

II,III

mixed-valence complexes [1a]+-[3a]+ demonstrate unam-
biguously that a progressive transition from almost electronic
delocalization (class II-III) to localization (class II) occurs
according to the sequence [1a]+ f [2a]+ f [3a]+. As
indicated in Table 2, the electronic coupling constants
calculated by the equationVab ) {[(2.05 × 10-2)-
(νmaxεmax∆V1/2)1/2]/R} (for class II mixed-valence complex)
or Vab

′ ) νmax/2 (for class III mixed-valence complex)21d,23d

are reduced dramatically according to the sequence [1a]+ >
[2a]+ > [3a]+ with successive insertion of thiophene units
to the bridging ligands.

Similarly, as inferred from both electrochemical and IVCT
spectral data, a transition from almost electronic delocaliza-
tion to localization occurs also in [5a]+ f [6a]+ with a
successive increase of 1,4-phenylene units in the bridging
ligands.38a [5a]+ exhibits strong IVCT absorptions that are
independent of the solvents such as dichloromethane, ac-
etonitrile, acetone, and methanol. The observed half-width
∆ν1/2 (1210 cm-1 in dichloromethane) of the IVCT band is
much narrower than that (2440 cm-1) predicted by Hush
theory. [6a]+, however, is unstable in other solvents except
dichloromethane, and its IVCT absorption (ε ) 3100 cm-1

M-1) is significantly weaker than that of [5a]+ (ε ) 18 100

Table 2. Visible-Near-Infrared Spectral Data for Ru2
II,III

Mixed-Valence Complexes [1a]+-[8a]+ in Dichloromethane at 298 K

compound
λmax
(nm)

εmax
(cm-1 M-1)

νmax
(cm-1 )

∆νobsd
(cm-1)a

∆νcalcd
(cm-1)b

Vab
(eV)c

Vab′
(eV)d

[1a]+ 1549 25400 6455 1310 2910 0.102 0.399
[2a]+ 2092 19900 4780 1430 2810 0.061 0.296
[3a]+ 2661 5150 3758 3900 2630 0.036 0.233
[4a]+ 1575 23600 6349 1180 2820 0.083 0.393
[5a]+ 1930 18100 5181 1210 2440 0.070 0.321
[6a]+ 3078 3100 3248 2950 2350 0.027 0.201
[7a]+ 3015 2000 3316 3310 2250 0.024 0.205
[8a]+ 1562 10300 6402 1580 3180 0.066 0.396

a ∆Vobsd is the observed half-width of IVCT band.b ∆Vcalcd is the
calculated half-width from the equation∆ν1/2 ) [2310(νmax - ν0)]1/2 by
Hush’s theoretical analysis, whereν0 is estimated from the difference in
the redox potentials∆E1/2. c Vab ) {[(2.05 × 10-2)(νmaxεmax∆V1/2)1/2]/R}
from Hush’s theoretical analysis for a weakly coupling system of class II
mixed-valence compounds, whereεmax, νmax, and ∆V1/2 are the molar
extinction coefficient, the absorption maximum in wavenumbers, and the
observed bandwidth at half-maximum height in wavenumbers, respectively;
the metal-metal distancesR are 11.5, 15.3, 19.2, 12.8, 12.2, 16.5, 15.9,
and 12.4 Å in [1a]+-[8a]+, respectively.d Vab′ ) νmax/2 for electronically
delocalized class III mixed-valence compounds.
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cm-1 M-1). As presented in Table 2, the coupling constant
Vab or Vab′ of 5 is much higher than that of6.

For Ru2
II,III mixed-valence complexes [4a]+, [5a]+, and

[8a]+ with intramolecular electron-transfer mediated across
nine Ru-C and C-C bonds from RuII to RuIII centers,
intense and solvent-independent IVCT absorptions are
observed with the band maxima at 1575 (ε ) 23 600 cm-1

M-1), 1930 (ε ) 18 100 cm-1 M-1), and 1562 nm (ε )
10 300 cm-1 M-1), respectively. As listed in Table 2, the
half-widths∆ν1/2 are much narrower than those calculated
by Hush theory. These features together with the considerably
large∆E1/2 andKc values suggest that they are likely class
II-III or intermediate between class II-III and class II
mixed-valence complexes.

Magnetic Susceptibility.The room-temperature magnetic
moments of [Ru2II,III ]+ species [1a]+, [2a]+, and [3a]+ are
1.78, 1.82, and 1.87µB at 300 K, respectively, and
demonstrated unambiguously that they are typical of a single
unpaired electron. Variable-temperature magnetic suscepti-
bilities were measured on powdered samples of [1b]2+-
[3b]2+ (Figure S6). The effective magnetic moments are 2.84,
2.69, and 2.60µB for [1b]2+, [2b]2+, and [3b]2+ at 300 K,
respectively, indicating that the compounds have two un-
paired electrons although the values are a little higher than
those expected for the spin-only values of two unpaired-
electron species. For [1b]2+, the value ofµeff decreased
slightly with decreasing temperature (1.98µB at 35 K). Below
35 K, theµeff decreased rapidly and reached 1.25µB at 2 K.
Similar behavior is observed for [2b]2+ and [3b]2+. As
[1b]2+-[3b]2+ with different lengths of bridging ligands
exhibit similar temperature-dependent magnetic behavior, the
decrease ofµeff with a decrease of temperatures is likely due
to considerably large RuIII spin-orbit splitting of the2T2g

ground term instead of the pure spin coupling.51

Conclusions

Designed syntheses of a series of wirelike ruthenium-
capped polyynediyl complexes have been achieved by
reaction of (bph)(PPh3)2RuCl or [(Phtpy)(PPh3)2Ru(acetone)]-
(ClO4)2 with Me3Si-CtC-R-CtC-SiMe3 via fluoride-
catalyzed desilylation. Controlling the oxidation of bis-
(ethynyl)oligothiophene connected diruthenium Ru2

II,II

complexes induces the isolation of stable monoanionic
[Ru2

II,III ]+ and dianionic [Ru2III,III ]2+ species in the solid state,
respectively. With stepwise oxidation of thiophene-containing
Ru2

II,II complexes into [Ru2II,III ]+ and [Ru2III,III ]2+ species,
while the MLCT absorption attenuates and disappears
gradually, lower energy LMCT absorption occurs, intensifies,
and red-shifts progressively. It is revealed that the energy
maxima of these LMCT transitions are correlated to the
length of the oligothiophene groups, in which the absorption
is red-shifted and the intensity is enhanced with an extension
of π-conjugation in the bridging ligands by increasing
thiophene spacers. From UV-vis-NIR spectral studies, it
is demonstrated unambiguously that with successive insertion

of thiophene groups in the bis(ethynyl)oligothiophene ligands,
intramolecular electron transfer is reduced progressively with
a smooth transition from almost electronic delocalization to
localization. It is intriguing that (bph)(PPh3)2Ru-containing
wirelike species are much more favorable for electronic
communication than that of (Phtpy)(PPh3)2Ru-containing
ones. Tuning intramolecular electron transfer by modification
of the ancillary ligands indicates that introducing an electron-
donating substituent favors intermetallic electronic com-
munication whereas an electron-withdrawing one attenuates
intermetallic electronic communication. In a series of mixed-
valence diruthenium complexes with intramolecular electron
transfer mediated across nine Ru-C and C-C bonds, the
conveying capability for the bridging ligands is CtC(Ct
C)2CtC > CtC(C4H2S)CtC > CtC(C6H4)CtC > Ct
C(CHdCH)2CtC.

Experimental Section

General Materials. All operations were performed under argon
atmosphere using Schlenk techniques and vacuum-line systems.
Solvents were dried by standard methods and distilled prior to use
except that those for UV-vis-NIR spectral measurements were
of spectroscopic grade. The reagents ruthenium(III) chloride hydrate,
picolinaldehyde, benzoylhydrazine, triphenylphosphine (PPh3), 1,4-
bis(ethynyl)benzene (HCtC(C6H4)CtCH), and ferrocenium hexaflu-
orophosphate ((Cp2Fe)(PF6)) were commercially available (Alfa
Aesar). The compounds (bph)(PPh3)2RuCl (bph ) N-(benzoyl)-
N′-(picolinylidene)hydrazine),46 4′-phenyl-2,2′:6′,2′′-terpyridine
(Phtpy),52a [(Phtpy)(PPh3)2RuCl]-(ClO4),52b 2,5-bis(trimethylsilyl-
ethynyl)thiophene (Me3SiCtC(C4H2S)CtCSiMe3),44a, 5,5′-bis-
(trimethylsilylethynyl)-2,2′-bithiophene (Me3SiCtC(C4H2S)2Ct
CSiMe3),44a,b5,5′′-bis(trimethylsilylethynyl)-2,2′:5′,2′′-terthiophene
(Me3Si-CtC(C4H2S)3CtCSiMe3),44a(E)-Me3SiCtC-CHdCH-
CtCSiMe3,53 1,8-bis(trimethylsilanyl)octa-1,3,5,7-tetrayne (Me3-
SiCtCCtCCtC-CtCSiMe3),54 4,4′-bis(trimethylsilyethynyl)-
biphenyl (Me3SiCtC(C6H4)2CtCSiMe3),55 and 2,7-
bis(trimethylsilyethynyl)fluorene (Me3SiCtC(C6H3CH2C6H5)-Ct
CSiMe3)56 were prepared by the procedures described in literature
procedures. 2,5-Bis[(trimethylsilyl)-1,3-butadiynyl]thiophene (Me3-
SiCtCCtC(C4H2S)CtCCtCSiMe3) and 1,4-bis[(trimethylsilyl)-
1,3-butadiynyl]benzene (Me3SiCtCCtC(C6H4)CtCCtCSiMe3)
were synthesized by Pd(PPh3)2Cl2/CuI-catalyzed cross-coupling
reactions of 1,4-dibromobenzene or 2,5-dibromothiophene with an
excess of trimethylsilylbutadiyne (Me3SiCtCCtCH), analogous
to the Sonogashira coupling reactions.55 Compound17was reported
in ref 37.

{(bph)(PPh3)2Ru}2{CtC(C4H2S)CtC} (1) and [{(bph)-
(PPh3)2Ru}2{CtC-(C4H2S)-CtC}](PF6) ([1a](PF6)). To 60 mL
of methanol were added (bph)(PPh3)2RuCl (300 mg, 0.34 mmol),
2,5-bis(trimethylsilylethynyl)thiophene (47 mg, 0.17 mmol), and
potassium fluoride (25 mg, 0.42 mmol) with stirring. After the
solution was refluxed for 1 day, the solvents were removed in vacuo,

(51) Bai, L. X.; Liu, X.; Wang, W. Z.; Liao, D. Z.; Wang, Q. L.Z. Anorg.
Allg. Chem. 2004, 630, 1143.

(52) (a) Constable, E. C.; Lewis, J.; Liptrot, M. C.; Raithby, P. R.Inorg.
Chim. Acta1990, 178, 47. (b) Sullivan, B. P.; Calvert, J. M.; Meyer,
T. J. Inorg. Chem. 1980, 19, 1404.

(53) Walker, J. A.; Bitler, S. P.; Wudl, F.J. Org. Chem. 1984, 49, 4733.
(54) Eastmond, R.; Johnson, T. R.; Walton, D. R. M.Tetrahedron1972,

28, 4601.
(55) (a) Tohda, Y.; Sonogashira, K.; Hagihara, N.Synthesis1977, 777.

(b) Sonogashira, K.; Tohda, Y.; Hagihara, N.Tetrahedron Lett.1975,
16, 4467.

(56) Lewis, J.; Raithby, P. R.; Wong, W.-Y.J. Organomet. Chem. 1998,
556, 219.
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and the residue was dissolved in dichloromethane. After filtration,
the solution was chromatographed on a basic alumina column. The
brown band was eluted with dichloromethane to give the neutral
product1. Elution of the blue band with dichloromethane afforded
the mixed-valence compound [1a](PF6) by addition of a methanol
solution of ammonium hexafluorophosphate.

1. Yield: 21%. Anal. Calcd for C106H82N6O2P4Ru2S: C, 69.57;
H, 4.52; N, 4.59. Found: C, 69.31; H, 4.32; N 4.45. ESI-MS:m/z
(%) 1830 (100) [M]+, 1567 (8) [M - PPh3]+, 588 (20) [(bph)-
(PPh3)Ru]+. IR spectrum (KBr, cm-1): ν 2047 m (CtC). 1H NMR
spectrum (CDCl3, ppm): δ 7.72 (s, 2H, HCdN), 7.53-7.20 (m,
78H, C5H4N and C6H5), 6.84 (s, 2H, C4H2S). 31P NMR spectrum
(CDCl3, ppm): δ 30.8 (s).

[1a](PF6). Yield: 41%. Anal. Calcd for C106H82F6N6O2P5Ru2S:
C, 64.47; H, 4.19; N, 4.26. Found: C, 64.26; H, 4.22; N 4.27. ESI-
MS: m/z (%) 1974 (1) [M]+, 1830 (100) [M- (PF6)]+, 588 (20)
[(bph)(PPh3) Ru]+. IR spectrum (KBr, cm-1): ν 2029 m (CtC),
1966 s (CtC), 839 s (PF6). 31P NMR spectrum (CDCl3): δ 28.3
(s), -144.6 (septet,PF6).

[{(bph)(PPh3)2Ru}2{CtC(C4H2S)CtC}](PF6)2 ([1b](PF6)2).
To a dichloromethane (20 mL) solution of1 (95 mg, 0.052 mmol)
was added ferrocenium hexafluorophosphate (33 mg, 0.10 mmol)
with the color changing from brown to green. After being stirred
at room temperature for 1 h, the solution was concentrated to 3
mL by evaporation of the solvent. Diethyl ether was added to the
concentrated solution to precipitate the product which was washed
with diethyl ether three times to give the pure compound. Yield:
76%. Anal. Calcd for C106H82F12N6O2P6Ru2S: C, 60.06; H, 3.90;
N, 3.96. Found: C, 60.24; H, 4.04; N, 4.07. ESI-MS:m/z (%) 915
(100) [M - (PF6)2]2+, 850 (90) [(bph)(PPh3)2Ru]+. IR spectrum
(KBr, cm-1): ν 1923 m (CtC), 838 s (PF6). 31P NMR spectrum
(CH2Cl2): δ 23.7 (s),-144.6 (septet,PF6).

{(bph-N(CH3)2)(PPh3)2Ru}2{CtC(C4H2S)CtC} (1-N(CH3)2).
This compound was prepared by the same procedure as that of1
except using (bph-N(CH3)2)(PPh3)2RuCl instead of (bph)(PPh3)2-
RuCl. The product was purified on a neutral alumina column by
chromatography to collect the second brown band using dichlo-
romethane-n-hexane (1:2) as an eluent. Yield: 35%. Anal. Calcd
for C110H92N8O2P4Ru2S: C, 68.95; H, 4.84; N, 5.85. Found: C,
69.01; H, 4.88; N, 5.74. ESI-MS:m/z (%) 1916 (100) [M]+, 1653
(35) [M - PPh3]+, 1392 (10) [M - (PPh3)2]+, 893 (10) [(bph-
N(CH3)2)(PPh3)2Ru]+, 631 (80) [(bph-N(CH3)2)(PPh3)Ru]+. IR
spectrum (KBr, cm-1): ν 2034 m (CtC). 1H NMR spectrum
(CDCl3, ppm): δ 7.74 (s, 2H, HCdN), 7.48-7.26 (m, 76H, C5H4N
and C6H5), 6.45 (s, 2H, C4H2S), 2.98 (s, 12H, CH3). 31P NMR
spectrum (CH2Cl2): δ 32.4 (s).

{(bph-NO2)(PPh3)2Ru}2{CtC(C4H2S)CtC} (1-NO2). This
compound was prepared by the same procedure as that of1 except
using (bph-NO2)(PPh3)2RuCl instead of (bph)(PPh3)2RuCl. The
product was purified on a neutral alumina column by chromatog-
raphy to collect the second brown band using dichloromethane-
n-hexane (1:2) as an eluent. Yield: 48%. Anal. Calcd for
C106H80N8O6P4Ru2S: C, 66.31; H, 4.20; N, 5.84. Found: C, 66.45;
H, 4.27; N, 5.80. ESI-MS:m/z (%) 1920 (100) [M]+, 1658 (5) [M
- PPh3]. IR spectrum (KBr, cm-1): ν 2038 m (CtC). 1H NMR
spectrum (CDCl3, ppm): δ 7.98 (s, 2H, HCdN), 7.53-6.86 (m,
76H, C6H4N and C6H5), 6.77 (s, 2H, C4H2S). 31P NMR spectrum
(CH2Cl2): δ 32.6 (s).

{(bph)(PPh3)2Ru}2{CtC(C4H2S)2CtC} (2). This compound
was prepared by the same procedure as that of1 except using 5,5′-
bis(trimethylsilylethynyl)-2,2′-bithiophene instead of 2,5-bis(trim-
ethylsilylethynyl)thiophene. The product was purified on a neutral
alumina column by chromatography to collect the second brown

band using dichloromethane-n-hexane (1:2) as an eluent. Yield:
48%. Anal. Calcd for C110H84N6O2P4Ru2S2: C, 69.10; H, 4.43; N,
4.40. Found: C, 69.39; H, 4.29; N, 4.64. ESI-MS:m/z (%) 1913
(100) [M]+, 850 (60) [(bph)(PPh3)2Ru]+, 588 (30) [(bph)(PPh3)-
Ru]+. IR spectrum (KBr, cm-1): ν 2038 w (CtC). 1H NMR
spectrum (CDCl3, ppm): δ 7.72 (s, 2H, HCdN), 7.53-7.18 (m,
78H, C5H4N and C6H5), 7.10 [d, 2H,3J(H4H3) or (H4′H3′)) 8 Hz,
H4,4′], 6.82 [d, 2H,3J(H3H4) or (H3′H4′)) 8 Hz, H3,3′]. 31P NMR
spectrum (CDCl3): δ 32.8 (s).

[{(bph)(PPh3)2Ru}2{CtC(C4H2S)2CtC}](PF6) ([2a](PF6)).
To a dichloromethane (20 mL) solution of2 (100 mg, 0.052 mmol)
was added ferrocenium hexafluorophosphate (17 mg, 0.052 mg)
with stirring at room temperature for 1 h. Diethyl ether was added
to the concentrated solution to precipitate the deep brown product
which was filtrated, washed with diethyl ether, and dried in vacuo.
Yield: 95%. Anal. Calcd for C110H84F6N6O2P5Ru2S2: C, 64.23;
H, 4.12; N, 4.09. Found: C, 64.57; H, 4.28; N, 3.89. ESI-MS (m/
z): 1912 (95) [M- PF6]+, 588 (32) [(bph)(PPh3)Ru]+. IR spectrum
(KBr, cm-1): ν 1974 s (CtC), 1936 s (CtC), ν 838 s (PF6). 31P
NMR spectrum (CH2Cl2): δ 28.5 (s),-144.6 (septet,PF6).

[{(bph)(PPh3)2Ru}2{CtC(C4H2S)2CtC}](PF6)2 ([2b](PF6)2).
The synthetic procedure of this compound is the same as that of
[1b](PF6)2 using2 instead of1. Yield: 87%. Anal. Calcd for C110H84

F12N6O2P6Ru2S2: C, 60.00; H, 3.85; N, 3.82. Found: C, 60.36; H,
3.90; N, 3.92. ESI-MS (m/z): 956 (100) [M]2+, 693 (40) [M -
2PPh3]2+, 588 (10) [(bph)(PPh3)Ru]+. IR spectrum (KBr, cm-1):
ν 1910 m (CtC), 838 (PF6). 31P NMR spectrum (CH2Cl2): δ 24.0
(s), -144.6 (septet,PF6)

{(bph)(PPh3)2Ru}2{CtC(C4H2S)3CtC} (3). This compound
was prepared by the same procedure as that of1 except using 5,5′′-
bis(trimethylsilylethynyl)-2,2′:5′,2′′-terthiophene instead of 2,5-bis-
(trimethylsilylethynyl)thiophene. The product was purified on a
neutral alumina column by chromatography to collect the second
red band using dichloromethane-n-hexane (1:2) as an eluent.
Yield: 57%. Anal. Calcd for C114H86N6O2P4Ru2S3: C, 68.66; H,
4.35; N, 4.21. Found: C, 69.01; H, 4.34; N, 3.92. ESI-MS(m/z):
1994 (100) [M]+, 1732 (20) [M- PPh3]+ 1470 (10) [M- (PPh3)2]+

850 (30) [(bph)(PPh3)2Ru]+, 588 (40) [(bph)(PPh3)Ru]+. IR spec-
trum (KBr, cm-1): ν 2033 s (CtC). 1H NMR spectrum (CDCl3,
ppm): δ 7.69 (s, 2H, HCdN), 7.62-7.06 (m, 78H, C5H4N and
C6H5), 7.12 (s, 2H, H3′,4′), 7.07 [d, 2H,3J(H4H3) or (H4′′H3′′)) 7.5
Hz, H4,4′′], 6.83 [d, 2H,3J(H3H4) or (H3′′H4′′)) 7.5 Hz, H3,3′′]. 31P
NMR spectrum (CDCl3): δ 33.1 (s).

[{(bph)(PPh3)2Ru}2{CtC(C4H2S)3CtC)}](PF6) ([3a](PF6)).
Synthetic procedure of this compound is the same as that of
[2a](PF6) using 3 instead of2. Yield: 83%. Anal. Calcd for
C114H86F6N6O2P5Ru2S3: C, 64.01; H, 4.05; N, 3.93. Found: C,
63.94; H, 4.25; N, 4.05. ESI-MS (m/z): 1994 (5) [M- PF6]+, 882
(100) [{(bph)(PPh3)RuCtC(C4H2S)3CtC}]+, 588 (45) [(bph)-
(PPh3)Ru]+. IR spectrum (KBr, cm-1): ν 2028 w (CtC), 1974 m
(CtC), 838 (PF6). 31P NMR spectrum (CH2Cl2): δ 28.1 (s),-144.6
(septet,PF6).

[{(bph)(PPh3)2Ru}2{CtC(C4H2S)3CtC)}](PF6)2 ([3b](PF6)2).
Synthetic procedure of this compound is the same as that of
[1b](PF6)2 using 3 instead of1. Yield: 77%. Anal. Calcd for
C114H86F12N6O2P6Ru2S3: C, 59.95; H, 3.80; N, 3.68. Found: C,
60.44; H, 3.81; N, 3.77. ESI-MS (m/z): 997 (100) [M]2+, 588 (65)
[(bph)(PPh3)Ru]+. IR spectrum (KBr, cm-1): ν 1923 m (CtC),
839 s (PF6). 31P NMR spectrum (CH2Cl2): δ 23.7 (s),-144.6
(septet,PF6).

{(bph)(PPh3)2Ru}2(CtCCtCCtCCtC) (4). This compound
was prepared by the same procedure as that of1 except using 1,8-
bis(trimethylsilanyl)octa-1,3,5,7-tetrayne instead of 2,5-bis(trim-
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ethylsilylethynyl)thiophene. The product was purified on a neutral
alumina column by chromatography to collect the first modena band
using dichloromethane-n-hexane (1:2) as an eluent. Yield: 35%.
Anal. Calcd for C106H80N6O2P4Ru2: C, 70.89; H, 4.49; N, 4.68.
Found: C, 70.83; H, 4.28; N, 4.54. ESI-MS (m/z): 1796 (100)
[M] +, 850 (5) [(bph)(PPh3)2Ru]+. IR spectrum (KBr, cm-1): ν 2106
m (CtC), 1943 m (CtC). 1H NMR spectrum (CDCl3, ppm): δ
7.59 (s, 2H, HCdN), 7.47-6.83 (m, 78H, C5H4N and C6H5). 31P
NMR spectrum (CDCl3): δ 31.4 (s).

[{(bph)(PPh3)2Ru}2(CtCCtCCtCCtC)](PF6) ([4](PF6)).
The synthetic procedure of this compound is the same as that of
[2a](PF6) using 4 instead of2. Yield: 91%. Anal. Calcd for
C106H80F6N6 O2P5Ru2: C, 65.60; H, 4.15; N, 4.33. Found: C, 65.11;
H, 4.12; N, 4.27. ESI-MS (m/z): 1796 (100) [M- PF6]+, 1533
(56) [M - PF6 - (PPh3)]+. IR spectrum (KBr, cm-1): ν 2075 m
(CtC), 1893 m (CtC). 31P NMR spectrum (CH2Cl2): δ 28.2 (s),
-144.8 (septet,PF6).

{(bph)(PPh3)2Ru}2{CtC(C6H4)CtC} (5). (bph)(PPh3)2RuCl
(300 mg, 0.34 mmol), 1,4-bis(ethynyl)benzene (22 mg, 0.17 mmol),
and triethylamine (1 mL) were added to 60 mL of methanol with
stirring, and the solution was refluxed for 1 day. The solvent was
removed in vacuo, and the residue was chromatographed on a
neutral alumina column. The brown product was collected as the
second band using dichloromethane-n-hexane (1:2) as an eluent.
Yield: 85%. Anal. Calcd for C108H84N6 O2P4Ru2: C, 71.12; H,
4.64; N, 4.61. Found: C, 71.54; H, 4.51; N, 4.73. ESI-MS (m/z):
1824 (100) [M]+, 1562 (3) [M - PPh3]+, 588 (5) [(bph)(PPh3)-
Ru]+. IR spectrum (KBr, cm-1): ν 2056 m (CtC). 1H NMR
spectrum (CDCl3, ppm): δ 7.72 (s, 2H, HCdN), 7.59-7.16
(m, 82H, C5H4N, C6H5 and C6H4). 31P NMR spectrum (CDCl3): δ
33.0 (s).

[{(bph)(PPh3)2Ru}2{CtC(C6H4)CtC}](PF6) ([5a](PF6)). This
compound was prepared by the same procedure as that of [2a](PF6)
using6 instead of2. Yield: 93%. Anal. Calcd for C108H84F6N6O2P5-
Ru2‚1/2CH2Cl2: C, 64.79; H, 4.26; N, 4.18. Found: C, 64.23; H,
4.47; N, 4.32. ESI-MS (m/z): 1824 (20) [M- PF6]+, 588 (100)
[(bph)(PPh3)Ru]+. IR spectrum (KBr, cm-1): ν 2044 w (CtC),
1973 s (CtC), 839 (PF6). 31P NMR spectrum (CH2Cl2): δ 28.5
(s), -144.7 (septet,PF6).

{(bph)(PPh3)2Ru}2{CtC(C6H4)2CtC} (6). This compound
was prepared by the same procedure as that of1 except using 4,4′-
bis(trimethylsilyethynyl)biphenyl instead of 2,5-bis(trimethylsilyl-
ethynyl)thiophene. The product was purified on a neutral alumina
column by chromatography to collect the second brown band using
dichloromethane-n-hexane (1:2) as an eluent. Yield: 71%. Anal.
Calcd for C114H88N6O2P4Ru2‚H2O: C, 71.39; H, 4.73; N, 4.38.
Found: C, 71.11; H, 4.59; N, 4.29. ESI-MS (m/z): 1900 (100)
[M] +, 1639 (25) [M - PPh3]+ 588 (40) [(bph)(PPh3)Ru]+. IR
spectrum (KBr, cm-1): ν 2057 m (CtC). 1H NMR spectrum
(CDCl3, ppm): δ 7.79 (s, 2H, HCdN), 7.58-6.83 (m, 86H, C5H4N,
C6H5 and C6H4). 31P NMR spectrum (CDCl3): δ 32.7 (s).

{(bph)(PPh3)2Ru}2{CtC(C6H3CH2C6H3)CtC} (7). This com-
pound was prepared by the same procedure as that of1 except
using 2,7-bis(trimethylsilyethynyl)fluorene instead of 2,5-bis(tri-
methylsilylethynyl)thiophene. The product was purified on a neutral
alumina column by chromatography to collect the second brown
band using dichloromethane-n-hexane (1:2) as an eluent. Yield:
62%. Anal. Calcd for C115H88N6O2P4Ru2: C, 72.24; H, 4.64; N,
4.40. Found: C, 72.68; H, 4.53; N, 4.19. ESI-MS (m/z): 1912 (50)
[M] +, 588 (100) [(bph)(PPh3)Ru]+. IR spectrum (KBr, cm-1): ν
2043 (CtC). 1H NMR spectrum (CDCl3, ppm): δ 7.71 (s, 2H,
HCdN)), 7.66-7.13 (m, 84H, C5H4N, C6H5 and C6H4), 4.09 (s,
2H, CH2). 31P NMR spectrum (CDCl3): δ 33.1 (s).

{(bph)(PPh3)2Ru}2(3E,5E-CtCCHdCHCHdCHCtC) (8).
This compound was prepared by the same procedure as that of1
except using (3E,5E)-Me3SiCtC-CHdCH-CHdCH-CtCSiMe3

instead of 2,5-bis(trimethylsilylethynyl)thiophene. The product was
purified on a neutral alumina column by chromatography to collect
the second brown band using dichloromethane-n-hexane (2:1) as
an eluent. Yield: 57%. Anal. Calcd for C106H84N6O2P4Ru2‚1/2CH2-
Cl2: C, 69.43; H, 4.65; N, 4.56. Found: C, 69.72; H, 4.73; N,
4.71. ESI-MS (m/z): 1800 (100) [M]+, 588 (35) [(bph)(PPh3)Ru]+.
IR spectrum (KBr, cm-1): ν 2017 m (CtC), 1636 m (CdC). 1H
NMR spectrum (CDCl3, ppm): δ 7.64 (s, 2H, HCdN), 7.46-7.24
(m, 78H, C5H4N, C6H5), 6.97 (m, 2H, CtC-CHdCH-CHdCH-
CtC), 6.65 (m, 2H, CtC-CHdCH-CHdCH-CtC). 31P NMR
spectrum (CDCl3): δ 34.1 (s).

[{(bph)(PPh3)2Ru}2{3E,5E-CtCCHdCHCHdCHCtC}]-
(PF6) ([8a](PF6)). This compound was prepared by the same
procedure as that of [2a](PF6) using8 instead of2. Yield: 87%.
Anal. Calcd for C106H84N6 F6O2P5Ru2: C, 65.46; H, 4.35; N, 4.32.
Found: C, 66.01; H, 4.30; N, 4.41. ESI-MS (m/z): 1800 (67) [M
- PF6]+, 850 (100) [(bph)(PPh3)2Ru]+. IR spectrum (KBr, cm-1):
ν 1956 (CtC), 840 (PF6). 31P NMR spectrum (CH2Cl2): δ 27.8
(s), -144.8 (septet,PF6).

[{(Phtpy)(PPh3)2Ru}2(CtC(C4H2S)CtC)](ClO4)2 (9). [(Phtpy)-
(PPh3)2RuCl](ClO4) (150 mg, 0.14 mmol) and silver perchlorate
(30.0 mg, 0.14 mmol) were dissolved in acetone (50 mL). After
the solution was stirred under reflux for half an hour, it was cooled
to room temperature and filtered to remove the silver chloride
precipitate. To the brown filtrate were added 2,5-bis(trimethylsi-
lylethynyl)thiophene (20.0 mg, 0.07 mmol) and potassium fluoride
(10 mg, 0.17 mmol). The solution was then stirred under reflux
for 1 day to become deep brown. The product was purified by
chromatography on a neutral alumina column using dichlo-
romethane-acetone (10:1) as an eluent to collect the second band.
Yield: 80%. Anal. Calcd for C122H92Cl2N6O8P4Ru2S: C, 66.63;
H, 4.22; N, 3.82. Found: C, 66.45; H, 4.30; N, 3.88. ESI-MS:m/z
(%) 1065 (40) [{(Phtpy)(PPh3)2Ru CtC(C4H2S)CtC}]+, 1000
(100) [M - (ClO4)2]2+, 673 (50) [{(Phtpy)(PPh3)Ru}]+. IR spectrum
(KBr, cm-1): ν 2042 m (CtC), 1089 s (ClO4). 1H NMR spectrum
(CD3CN, ppm): δ 8.81 (d, 4H,J ) 7.5 Hz, tpy(66′′)), 8.01 (d, 4H,
J ) 7.5 Hz, tpy(33′′)), 7.81 (d of d, 4H,J ) 11.5 Hz,J′ ) 7.5 Hz,
tpy(44′′)), 7.69 (s, 4H, tpy(3′5′)), 7.62-7.09 (m, 70H, C6H5, and
4H, tpy (55′′)), 7.0 (s, 2H, C4H2S). 31P NMR spectrum (CD3CN):
δ 27.1 (s).

[{(Phtpy)(PPh3)2Ru}2(CtC(C4H2S)2CtC)](ClO4)2 (10).This
compound was prepared by the same procedure as that of9 except
for using 5,5′-bis(trimethylsilylethynyl)-2,2′-bithiophene instead of
2,5-bis(trimethylsilylethynyl)thiophene. Yield: 74%. Anal. Calcd
for C126H94Cl2N6O8P4Ru2S2: C, 66.34; H, 4.15; N, 3.68. Found:
C, 66.58; H, 4.07; N, 3.59. ESI-MS:m/z (%) 1147 (20) [{(Phtpy)-
(PPh3)2Ru CtC(C4H2S)2CtC}]+ 1041 (100) [M- (ClO4)2]2+, 673
(20) [{(Phtpy)(PPh3)Ru}]+. IR spectrum (KBr, cm-1): ν 2040 m
(CtC), 1088 s (ClO4). 1H NMR spectrum (CD3CN, ppm): δ 9.06-
7.15 (m, 90H, tpy and C6H5), 7.03 [d, 2H,3J(H4H3) or (H4′H3′) )
6 Hz, H4,4′], 6.88 [d, 2H,3J(H3H4) or (H3′H4′)) 6 Hz, H3,3′]. 31P
NMR spectrum (CD3CN): δ 28.1 (s).

[{(Phtpy)(PPh3)2Ru}2(CtC(C4H2S)3CtC)](ClO4)2 (11).This
compound was prepared by the same procedure as that of9 except
for using 5,5′′-bis(trimethylsilylethynyl)-2,2′:5′,2′′-terthiophene in-
stead of 2,5-bis(trimethylsilylethynyl)thiophene. Yield: 77%. Anal.
Calcd for C130H96Cl2N6O8P4Ru2S3: C, 66.07; H, 4.09; N, 3.56.
Found: C, 66.12; H, 4.05; N, 3.61. ESI-MS:m/z (%) 1229 (15)
[(Phtpy)(PPh3)2Ru(CtC(C4H2S)3CtC)]+, 1082 (100) [M -
(ClO4)2]2+, 673 (50) [{(Phtpy)(PPh3)Ru}]+. IR spectrum (KBr,
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cm-1): ν 2040 m (CtC), 1087s (ClO4). 1H NMR spectrum (CD3-
CN, ppm): δ 8.78-7.04 (m, 90H, tpy and C6H5), 6.98 (s, 2H,
H3′H4′), 6.92 [d, 2H,3J(H4H3) or (H4′′H3′′)) 6 Hz, H4,4′′], 6.69 [d,
2H, 3J(H3H4) or (H3′′H4′′)) 6 Hz, H3,3′′]. 31P NMR spectrum (CD3-
CN): δ 28.4 (s).

[{(Phtpy)(PPh3)2Ru}2(CtC-CtC(C4H2S)CtC-CtC)]-
(ClO4)2 (12).This compound was prepared by the same procedure
as that of9 except for using 2,5-bis[(trimethylsilyl)-1,3-butadiylth-
iophene instead of 2,5-bis(trimethylsilylethynyl)thiophene. Yield:
59%. Anal. Calcd for C126H92Cl2N6O8P4Ru2S: C, 67.35; H, 4.13;
N, 3.74. Found: C, 67.22; H, 4.17; N, 3.81. ESI-MS:m/z (%)
1024 (100) [M- (ClO4)2]2+, 673 (45) [{(Phtpy)(PPh3)Ru}]+. IR
spectrum (KBr, cm-1): ν 2137 m (CtC), 2001 m (CtC), 1090 s
(ClO4). 1H NMR spectrum (CD3CN, ppm): δ 9.03-7.13 (m, 90H,
tpy and C6H5), 7.0 (s, 2H, C4H2S). 31P NMR spectrum (CD3CN):
δ 29.3 (s).

[{(Phtpy)(PPh3)2Ru}2(CtC-CtC(C6H4)CtC-CtC)]-
(ClO4)2 (13).This compound was prepared by the same procedure
as that of9 except for using 1,4-bis[(trimethylsilyl)-1,3-butadiyl]-
benzene instead of 2,5-bis(trimethylsilylethynyl)thiophene. Yield:
53%. Anal. Calcd for C128H94Cl2N6O8P4Ru2: C, 68.60; H, 4.23;
N, 3.75. Found: C, 69.05; H, 4.35; N, 3.79. ESI-MS:m/z (%)
1021 (100) [M- (ClO4)2]2+, 673 (25) [{(Phtpy)(PPh3)Ru}]+. IR
spectrum (KBr, cm-1): ν 2151 m (CtC), 2003 m (CtC), 1089 s
(ClO4). 1H NMR spectrum (CD3CN, ppm): δ 9.04-7.15 (m, 94H,
tpy, C6H5 and C6H4). 31P NMR spectrum (CD3CN): δ 29.4 (s).

[{(Phtpy)(PPh3)2Ru}2(CtC(C6H4)CtC)](ClO4)2 (14). [(Phtpy)-
(PPh3)2RuCl](ClO4) (150 mg, 0.14 mmol) and silver perchlorate
(30.0 mg, 0.14 mmol) were dissolved in acetone (50 mL). After
the solution was stirred under reflux for half an hour, it was cooled
to room temperature and filtered to remove the silver chloride
precipitate. To the brown filtrate were added 1,4-bis(ethynyl)-
benzene (10.0 mg, 0.07 mmol) and triethylamine (1 mL). The
solution was then stirred under reflux for 1 day to give a red brown
residue by removing the solvent in vacuo. The product was purified
by chromatography on a neutral alumina column using dichlo-
romethane-acetone (10:1) as an eluent to collect the second band.
Yield: 85%. Anal. Calcd for C124H94Cl2N6O8P4Ru2: C, 67.91; H,
4.32; N, 3.83. Found: C, 68.23; H, 4.41; N, 3.72. ESI-MS:m/z
(%) 997 (60) [M - (ClO4)2]2+, 797 (75) [{(Phtpy)(PPh3)RuCt
C(C6H4)CtC}]+ 673 (100) [{(Phtpy)(PPh3)Ru}]+. IR spectrum
(KBr, cm-1): ν 2063 m (CtC), 1091 s (ClO4). 1H NMR spectrum
(CD3CN, ppm): δ 9.17-7.15 (m, 94H, tpy, C6H5 and C6H4) 31P
NMR spectrum (CD3CN): δ 29.2(s).

[{(Phtpy)(PPh3)2Ru}2(CtC(C6H4)2CtC)](ClO4)2 (15). This
compound was prepared by the same procedure as that of9 except
for using 4,4′-bis(trimethylsilyethynyl)biphenyl instead of 2,5-bis-
(trimethylsilylethynyl)thiophene. Yield: 67%. Anal. Calcd for
C130H98Cl2N6O8P4Ru2: C, 68.81; H, 4.35; N, 3.70. Found: C, 69.01;
H, 4.38; N, 3.75. ESI-MS:m/z (%) 1035 (100) [M- (ClO4)2]2+,
1135 (10) [{(Phtpy)(PPh3)2Ru}(CtC(C6H4)2CtC)]+, 673 (15) [{-
(Phtpy)(PPh3)Ru}]+. IR spectrum (KBr, cm-1): ν 2060 m (CtC),
1087 s (ClO4). 1H NMR spectrum (CD3CN, ppm): δ 9.17-7.13
(m, 98H, tpy, C6H5 and C6H4). 31P NMR spectrum (CD3CN): δ
29.2 (s).

[{(Phtpy)(PPh3)2Ru}2(CtCCtCCtCCtC)](ClO4)2 (16).This
compound was prepared by the same procedure as that of9 except
for using 1,4-bis(trimethylsilylethynyl)-1,8-octadiyne instead of 2,5-
bis(trimethylsilylethynyl)thiophene. Yield: 52%. Anal. Calcd for
C122H90Cl2N6O8P4Ru2: C, 67.68; H, 4.19; N, 3.88. Found: C, 68.01;
H, 4.25; N, 3.80. ESI-MS:m/z (%) 983 (60) [M - (ClO4)2]2+,
1031 (10) [{(Phtpy)(PPh3)2Ru}(CtCCtCCtCCtC)]+, 673 (100)
[{(Phtpy)(PPh3)Ru}]+. IR spectrum (KBr, cm-1): ν 2110 s (Ct
C), 1951 s (CtC),1086 s (ClO4). 1H NMR spectrum (CD3CN,
ppm): δ 9.03-6.93 (m, 90H, tpy and C6H5). 31P NMR spectrum
(CD3CN): δ 29.3 (s).

Crystal Structural Determination. Crystals coated with epoxy
resin or sealed in capillaries with mother liquors were measured
on a Rigaku Mercury CCD diffractometer. Reflection data were
collected at room temperature by theω scan technique using
graphite-monochromated Mo KR (λ ) 0.710 73 Å) radiation. An
absorption correction by multiscan was applied to the intensity data.
The structures were solved by direct method, and the heavy atoms
were located from E-map. The remaining non-hydrogen atoms were
determined from the successive difference Fourier syntheses. The
non-hydrogen atoms were refined anisotropically, whereas the
hydrogen atoms were generated geometrically with isotropic thermal
parameters. The structures were refined onF2 by full-matrix least-
squares methods using the SHELXTL-97 program pack-
age.57 Crystallographic data for2, 4, and6 were summarized in
Table 3.

Physical Measurements.Elemental analyses were performed
on a Perkin-Elmer model 240C automatic instrument. The elec-
trospray mass spectra (ESI-MS) were recorded on a Finnigan LCQ
mass spectrometer using dichloromethane-methanol as the mobile

(57) Sheldrick, G. M.SHELXL-97, Program for the Refinement of Crystal
Structures; University of Göttingen: Göttingen, Germany, 1997.

Table 3. Crystallographic Data for2‚2H2O‚2C2H4Cl2, 4‚Et2O, and6

2‚2H2O‚2C2H4Cl2 4‚Et2O 6

empirical formula C114H96Cl4N6O4P4Ru2S2 C110H90N6O3P4Ru2 C57H44N3OP2Ru
temp, K 293(2) 293(2) 293(2)
space group P1h P1h P21/n
a, Å 10.330(4) 11.783(2) 12.903(4)
b, Å 13.537(5) 18.919(4) 18.013(5)
c, Å 19.439(6) 22.607(5) 20.338(5)
R, deg 81.008(8) 109.165(2)
â, deg 82.970(9) 96.648(3) 96.855(5)
γ, deg 82.577(7) 96.144(2)
V, Å3 2648.0(15) 4671.3(17) 4693(2)
Z 1 2 4
Fcalcd, g cm-3 1.346 1.329 1.344
µ, mm-1 0.541 0.448 0.446
radiation (λ, Å) 0.710 73 0.710 73 0.710 73
R1(Fo)a 0.0671 0.0419 0.0613
wR2(Fo)b 0.2043 0.0863 0.1476
GOF 1.106 1.050 1.113

a R1 ) ∑|Fo - Fc|/(∑Fo). b wR2 ) ∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)]1/2.
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phase. The UV-vis-NIR spectra were measured on a Perkin-Elmer
Lambda 900 UV-vis-NIR spectrometer. The IR spectra were
recorded on a Magna 750 FT-IR spectrophotometer using KBr
pellets. The1H and31P NMR spectra were measured on a Varian
UNITY-500 spectrometer with SiMe4 as the internal reference and
85% H3PO4 as the external standard. The cyclic voltammogram
(CV) and differential pulse voltammogram (DPV) were made with
a potentiostat/galvanostat model 263A in dichloromethane solutions
containing 0.1 M (Bu4N)(PF6) as the supporting electrolyte. The
CV was performed at a scan rate of 100 mV s-1. The DPV was
measured at a rate of 20 mV s-1 with a pulse height of 40 mV.
Platinum and glassy graphite were used as the counter and working
electrodes, respectively, and the potential was measured against a
Ag/AgCl reference electrode. The potential measured was always
referenced to the half-wave potentials of the ferrocenium/ferrocene
couple (E1/2 ) 0).
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