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Bis-alkynyl Diruthenium Compounds with Built-in Electronic Asymmetry:
Toward an Organometallic Aviram–Ratner Diode
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Introduction

Three decades have passed since the publication of the
seminal proposal of molecular rectification based on the
donor–(saturated bridge)–acceptor (D-s-A) assembly by
Aviram and Ratner (AR Ansatz).[1] This proposal ushered
in the era of molecular electronics, during which many pro-
totypes of molecular electronic devices have been realized.[2]

Early demonstrations of electrical rectifications by both the
donor–(p-bridge)–acceptor (D-p-A) and D-s-A were based
on the measurements on LB films.[3,4] Diode-like behavior
was reported for the SAMs (self assembled monolayer) of
thiophene–thiazole diblock oligomers,[5] in which the donor
and acceptor segments are directly bonded. Single-molecule
rectifications have been documented recently based on the
STM studies of azafullerene (C59N)[6] and substituted gra-
phenes,[7] and the mechanically controlled break junction
measurement of an unsymmetrical oligo(phenylene ethyny-
lene).[8] Notably, all of the above-mentioned studies were
based on organic donor–bridge–acceptor diads.

There has been intense interest in the use of inorganic–or-
ganic hybrid molecules as both molecular wires and other

active components of molecular electronic devices.[9,10] Nota-
bly, prototypes of single-molecule transistor have been real-
ized based on mono-,[11] di-,[12] and trimetallic complexes.[13]

In a broader scope, facile electron/hole transfer within
metal–s-alkynyl scaffolds have been demonstrated in bulk
with metal centers including Fe,[14] Re,[15] Fe/Re,[16] Mn,[17]

and Ru,[18] revealing the potential of metal–s-alkynyl mole-
cules in molecular electronics. Further demonstrating the
potential of organometallics in molecular electronics, a
recent report revealed that [HS ACHTUNGTRENNUNG(C6H4C�C)2-Fc-(C�
CC6H4)2SH] exhibits the near quantum conductance, which
is two orders of magnitude higher than that of the corre-
sponding OPE (OPE=oligo(phenyleneethynylene)) without
ferrocene, namely HS ACHTUNGTRENNUNG(C6H4C�C)4ACHTUNGTRENNUNG(C6H4)SH.[19] We are inter-
ested in the synthesis of linear conjugated molecules based
on alkynyl adducts on a diruthenium paddlewheel core, and
their utility as the active species in molecular electronic de-
vices.[20] Voltammetric and spectroelectrochemical data ob-
tained for these compounds indicate facile charge delocali-
zation across both the carbon-rich bridges and the dirutheni-
um units.[21–23] Demonstrating the promise of Ru2–alkynyl
species as molecular wires, STM (scanning tunneling micro-
scopy) studies of [Ru2(ap)4-s-(C�CC6H4)2S�] embedded in
an alkane thiol matrix revealed a significantly improved mo-
lecular conductance relative to that of an OPE of similar
length.[24]

Previously, we reported a series of symmetrical [Ru2-
ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CAr)2] compounds, in which DMBA is N,N’-di-
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methylbenzamidinate and Ar is phenyl bearing electron
donor or acceptor substituent; the influence of these sub-
stituents on the electronic properties of these diruthenium
species were investigated.[25] In this contribution, we de-
scribe the synthesis of both symmetric [Ru2 ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�
CAr)2] (1–3) and unsymmetric [(ArC�C)Ru2 ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�
CAr’)] type compounds (4–7), and the electronic asymmetry
in the latter type of compounds that may render the func-
tion of single-molecule rectifier.

Results and Discussion

Synthesis : During the early studies of symmetric [Ru2-
ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CY)2]-type compounds (Y=aryl or SiR3), the
bis-alkynyl species was obtained from the anion metathesis
reaction between [Ru2ACHTUNGTRENNUNG(dmba)4Cl2] and LiC�CY.[26,27] It was
soon discovered that [Ru2ACHTUNGTRENNUNG(dmba)4X2] (X=NO3 or BF4)
reacts with an unactivated alkyne HC�CR in the presence
of Et3N at room temperature and in an ambient atmos-
phere.[25,28] The use of unactivated alkyne proved to be ad-
vantageous in the high yield synthesis of compounds con-
taining strong electrophilic functional groups, such as NO2

and CN, and the insensitivity of the reaction toward air/
moisture enabled easy monitoring of reaction progress.
However, the original protocol had shortcomings, including
the use of terminal acetylenes in large excess (>5 equiv)
and extended reaction time (overnight). To further improve
this reaction, efforts were focused on searching for organic
bases as the substitute of triethylamine. The reaction be-
tween [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(NO3)2] and phenylacetylene was utilized
as the benchmark reaction for the screening. As shown by
the data in Table 1, use of Et2NH resulted in the fastest con-
sumption of [Ru2 ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(NO3)2], while reactions with bulki-
er bases required significantly longer reaction times.

Under the optimized conditions, new symmetric [Ru2-
ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CAr)2] compounds were successfully prepared

with Ar as 2,5-dimethoxy �4-nitrophenyl (1), 4-dimethyla-
minophenyl (2), and 4-pyridyl (3). Compound 3 was also
prepared from the reaction between [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(NO3)2]
and 4-ethynylpyridine hydrochloride in the presence of
either potassium tert-butoxide or Et2NH.

The synthesis of an unsymmetrical compound [(FcC�
C)Ru2ACHTUNGTRENNUNG(dmba)4(C�C-C�CFc)] was accomplished recently in
our laboratory,[21] for which [Ru2ACHTUNGTRENNUNG(dmba)4Cl2] was treated
with a mixture of LiC�CFc and LiC�C-C�CFc; the desired
unsymmetrical compound was separated from the symmetric
by-products by column chromatography. This approach
could be problematic for the preparation of compounds
such as trans-[(4-NO2PhC�C)Ru2ACHTUNGTRENNUNG(dmba)4(C�CPh-4-NMe2)]
(6), because of the potential interaction between n-BuLi
and the nitro group.[25] On the other hand, the weak base
protocol is compatible with electrophilic functional groups
and appears ideal for the synthesis of compound 6. Thus,
the reaction between [Ru2ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] and a mixture of
4-Me2NC6H4C�CH and 4-O2N-C6H4C�CH in the presence
of diethyl amine yielded three products as indicated in
Scheme 1. The distribution of the three products was depen-

dent on the ratio of two acetylenes, and a 1:3 molar ratio of
4-Me2NC6H4C�CH and 4-O2N-C6H4C�CH was found to be
optimal for the maximum yield of compound 6. Attempts to
separate 6 from two symmetric compounds, however, were
hampered by both the poor solubility and similarity in polar-
ity of three compounds. To overcome these problems, a
modified ligand 2,5-dimethoxy-4-nitrophenylethyne was in-
voked and the presence of methoxy substituents greatly im-
proved the solubility.[29, 30] Thus, the reaction of [Ru2ACHTUNGTRENNUNG(dmba)4-
ACHTUNGTRENNUNG(NO3)2], 4-Me2NC6H4C�CH, and the new acetylene resulted
in a mixture of compounds 1, 2, and 7, and the desired com-
pound 7 was separated from the symmetrical compounds 1
and 2 by silica column chromatography in a yield of 26%.
Other unsymmetric compounds 4 and 5 were similarly pre-
pared and purified in moderate yields.

Aryleneethynyls (ArC�C-) are the most common ligands
for metal–alkynyl compounds.[9,31,32] While hundreds of

Table 1. Base dependence of alkynylation reactions.[a]

Et2NH iPr2NH Et3N iPr2EtN

HC2Ph 2equiv 2equiv 2equiv 2equiv
ACHTUNGTRENNUNG[Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] 1equiv 1equiv 1equiv 1equiv
reaction time [h] 1 3 18 30

[a] Conditions: 0.01 mmol [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2], 0.1 mmol of base, 5 mL
of THF, 25 8C. Progress of the reaction was monitored by TLC (solvent:
THF/hexane=1:2, v/v).

Scheme 1.
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structural examples of bis-aryleneethynyl compounds can be
found in the Cambridge Structure Database, asymmetric
compounds of the trans-[ArC�C-(MLn)-C�CAr’]-type are
rare.[33–35] These asymmetric examples are dominated by
mononuclear Pt or Ru species, for which it is possible to
prepare trans-[ArC�C-(MLn)-Cl] first and subsequently dis-
place the Cl ligand with C�CAr’.[33] A more exotic approach
involves the photolytic activation of trans-[ArC�C-(FeLn)-
CH3] in the presence of HC�CAr’.[35] As demonstrated in
our early study,[26] the alkynylation of [Ru2 ACHTUNGTRENNUNG(dmba)4Cl2] does
not proceed in a stepwise fashion. The weak-base-assisted
“self-assembly” developed here, though seemingly cumber-
some, may be suitable for the preparation of the asymmetric
bis-alkynyl species from trans-[Cl-(MLn)-Cl] compounds
that do not undergo stepwise alkynylation.

Molecular structures : Both the symmetric and unsymmetric
[(ArC�C)-Ru2 ACHTUNGTRENNUNG(dmba)4-(C�CAr’)] compounds are Ru2

III,III

species and have a diamagnetic ground state; this facilitates
their characterization by 1H NMR spectroscopy. Compounds
1–7 are all highly crystalline and molecular structures of 1,
2, 4, 5 and 7 were determined by single-crystal X-ray diffrac-
tion techniques. Structural plots of compounds 1, 2, 4, 5 and
7 are shown in Figures 1 and 2, and selected bond lengths
and angles are collected in Tables 2 and 3.

It is clear from Tables 2 and 3 that the Ru�Ru bond
lengths in all five compounds are within a narrow range of
2.4405(9)–2.4640(7) N. These distances are similar to those
previously reported for the [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CY)2]-type com-
pounds (Y=Ar, Fc, SiR3, and C�CSiR3),

[21,23,25–27] and con-
sistent with the existence of a Ru�Ru single bond. The Ca�
Cb bond lengths in all compounds except 1 are very close to
1.20 N, the value expected for a C�C bond in metal acetyl-
ACHTUNGTRENNUNGides.[31,36] A quick glance of structural data of symmetric

compounds 1 and 2 reveals that there is a significant struc-
tural distortion of the Ru2 coordination sphere from an ide-
alized paddlewheel motif in both compounds (Figure 1).

This distortion in compound 1 is very pronounced: the var-
iation among Ru�N bond lengths is as large as 0.21 N and
the Ru�Ru�C bond angle deviates from linearity by about
188. In comparison, the distortion in compound 2 is more
subtle. Such a structural distortion is universal among

Table 2. Selected bond lengths [N] and angles [8] for molecules 1, 2, 4,
and 5.

1 2 4 5

Ru1�Ru2 2.4583(3) 2.4405(9) 2.4542(6) 2.4640(7)
Ru1�C1 2.031(8) 1.985(9) 1.988(6) 2.01(1)
Ru2�C3 1.930(7) 1.978(9) 1.992(5) 1.98(2)
Ru1�N1 2.143(7) 1.986(7) 2.099(5) 1.95(1)
Ru1�N3 1.975(7) 2.076(7) 2.015(4) 2.15(1)
Ru1�N5 1.935(9) 2.061(6) 1.989(5) –
Ru1�N7 2.128(7) 2.035(7) 2.055(5) –
Ru2�N2 2.045(7) 2.057(7) 1.986(4) 2.09(1)
Ru2�N4 2.104(7) 2.002(7) 2.047(4) 2.03(1)
Ru2�N6 2.104(8) 2.013(7) 2.111(4) –
Ru2�N8 2.002(7) 2.082(7) 2.011(4) –
C1�C2 1.12(1) 1.19(1) 1.194(8) 1.19(2)
C3�C4 1.29(1) 1.21(1) 1.194(7) 1.24(2)

Ru2-Ru1-C1 161.7(2) 173.3(3) 168.2(2) 158.1(3)
Ru1-Ru2-C3 158.6(2) 171.9(2) 168.2(2) 162.9(5)
Ru1-C1-C2 178.4(9) 178.8(9) 177.0(6) 168(1)
Ru2-C3-C4 171.0(6) 176.2(8) 175.3(6) 179(2)
Ar�Ar’ dihedral
angle

1.7 86.5 89.2 0

Table 3. Selected bond lengths [N] and angles [8] for molecules 7.

Molecule A Molecule B

Ru1�Ru2 2.4506(6) Ru3�Ru4 2.4408(7)
Ru1�N1 2.060(4) Ru3�N11 2.045(4)
Ru1�N3 1.984(5) Ru3�N13 2.033(5)
Ru1�N5 2.004(4) Ru3�N15 2.010(4)
Ru1�N7 2.097(5) Ru3�N17 2.042(5)
Ru2�N2 2.019(4) Ru4�N12 2.033(4)
Ru2�N4 2.121(5) Ru4�N14 2.044(5)
Ru2�N6 2.042(4) Ru4�N16 2.050(4)
Ru2�N8 1.986(4) Ru4�N18 2.032(5)
Ru1�C1 1.996(6) Ru3�C57 1.970(6)
Ru2�C3 1.988(5) Ru4�C59 1.995(6)
C1�C2 1.190(6) C57�C58 1.169(7)
C3�C4 1.194(6) C59�C60 1.157(7)
N�O (NO2) 1.163(8) N�O (NO2) 1.161(7)
N�C (NMe2) 1.409(8) N�C (NMe2) 1.428(8)
C1-Ru1-Ru2 166.8(2) C57-Ru3-Ru4 178.1(2)
C3-Ru2-Ru1 166.9(2) C59-Ru4-Ru3 177.0(2)
Ar�Ar’ dihedral angle 66.7 15.6

Figure 1. Structural plots of molecules 1 (top) and 2 (bottom); hydrogen
atoms are omitted for clarity.
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Ru2
III–bis-alkynyl complexes,[20,37] and is attributed to a

second-order Jahn-Teller effect.[38]

Molecular structures of asymmetric compounds 4, 5, and
7 (Figure 2) closely resemble those of the symmetric com-
pounds, especially in terms of geometric parameters associ-
ated with the Ru�Ru, Ru�Ca, and Ru�N bonds. These
compounds also display notable structural distortions origi-
nating from second-order Jahn-Teller effects. One can safely
conclude that the donor/acceptor substitution on the phenyl
acetylide moiety does not result in a significant structural
perturbation in the coordination sphere of Ru2 unit. Copla-
narity of aromatic rings in conjugated molecules such as
OPVs (oligo(phenylenevinylene)) and OPEs (oligo(phenyle-
neethynylene)) is often taken as the structural evidence of

extended conjugation.[39] To evaluate the conjugation along
ArC�C-Ru2-C�CAr linkage, the dihedral angles between
two aryls in trans-deposition were calculated and are also
listed in Tables 2 and 3. From Table 2 it can be seen that
compounds containing 4-NO2 substituents, namely 1 and 5,
exhibit coplanar conformation, while those containing 4-
NMe2 substituents (2 and 4) adopt orthogonal conformation.
Intuitively, these conformational preferences appear to be
consistent with the electron-rich nature of {Ru2 ACHTUNGTRENNUNG(dmba)4}
core, which transmits hyper-conjugation more readily be-
tween electron-poor aromatic rings than between electron-
rich ones. However, two crystallographically independent
molecules of compound 7 exhibit very different Ar–Ar’ di-
hedral angles, implying that the observed conformations
also depend on crystal-packing forces.

Electrochemistry : In keeping with the aim of unimolecular
rectifier, we are keen to explore the electronic structures of
compounds 1–7, especially the asymmetric species, by using
voltammetric measurements. Both the cyclic and differential
pulse voltammograms (CVs and DPVs) of all compounds,
except 6, were recorded in THF. The DPV plots are provid-
ed in Figure 3, and potential data for all observed couples
are collected in Table 4 along with those of known com-
pounds [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CPh)2] and [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�
CPhNO2)2] for the purpose of comparison.[25] Similar to the
previously studied [Ru2 ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CY)2]-type com-
pounds,[25–27] all compounds studied here exhibit the Ru2-
based 1e� oxidation (A) and reduction (B), and both are re-
versible in general. Compared with the symmetric com-
pound [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(C�CPh)2], new compounds bearing ac-
ceptor substituent on one or both phenylacetylide ligands

Figure 2. Structural plots of molecules 4 (top), 5 (middle), and 7
(bottom); hydrogen atoms are omitted for clarity. Figure 3. DPVs of compounds 1–5 and 7 recorded in THF.
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(1, 3, and 5) display anodically shifted couples, and those
bearing donor substituent display cathodically shifted cou-
ples (2 and 4). The availability of data for both E(A) and
E(B) enables the estimation of HOMO–LUMO gap (Eg)
based on the relationship: Eg=E(A)�E(B),[40,41] and the es-
timated HOMO–LUMO gaps range from 1.44 to 1.61 V
(Table 4).

In addition to the Ru2-based couples, a number of ligand-
center redox couples were also observed in the substituted
species. Compound 1 exhibits several reduction couples in
the cathodic region beyond the couple B, and couple C is at-
tributed to the reduction of NO2. Further reduction results
in the degradation of diruthenium species through the disso-
ciation of the acetylide ligand, and the related couples are
marked with a “*” in Figure 3. We were perplexed initially
to note that the electrode potentials of couples A, B, and C
in 1, a species bearing two 4-NO2 groups, are very close to
those of corresponding couples in 5, a compound containing
only one 4-NO2 group. Careful perusal of literature revealed
that an ortho-methoxy group is a moderate electron donor
(Hammett constant s=�0.37),[42] and its presence partially
offsets the electron-withdrawing effect of the 4-NO2 sub-
stituent (s=0.81). Compound 4 exhibits one NMe2-based
oxidation (D), while compound 2 displays a stepwise oxida-
tion of NMe2 substituents (D and E) indicative of an elec-
tronic coupling between two 4-NMe2 groups across the
[C6H4C�C-Ru2ACHTUNGTRENNUNG(dmba)4-C�CC6H4] fragment. The most at-
tractive of all is the voltammetric behavior of 7: it displays
concurrently an NMe2 oxidation and a NO2 reduction in ad-
dition to the Ru2-based A and B couples.

Prior studies from groups of Lapinte[43,44] and Ren[25] re-
vealed that both the electrode potentials and optical transi-
tion energy of {M-C�C-ArX} species exhibit a linear de-
pendence on the Hammett constant of aryl-substituent X.
Electrode potentials for all compounds except 3 were ana-
lyzed by the use of the Equation (1) for which the composite
Hammett constants �sX are also listed in Table 4, and 1 is
the reactivity constant.

EðXÞ ¼ EðHÞ þ 1ð
X

sXÞ ð1Þ

The resultant plots are shown in Figure 4. The potentials
of oxidation couple A yield a good linear fit and a stronger
substituent dependence (1=114 mV), while the potentials

of reduction couple B yield a
less satisfactory fit and a
weaker substituent dependence
(1=93 mV). The reactivity con-
stants estimated herein are in
good agreement with those
from our early study,[25,38,40, 45]

but significantly smaller than
the constant determined for the
oxidation of [Cp*Fe ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(C�

CArX)] (157 mV; dppe=1,2-bis(diphenylphosphino)-
ethane),[43] reflecting better conjugation between the metal
center and the phenylacetylide ligand in the latter series.

Ramification of voltammetric data and future directions : As
pointed out in the original proposal of Aviram and Ratner,[1]

and numerous subsequent experimental and theoretical
studies,[3,46] the key to a significant current rectification is
the proper alignment of energy levels within the molecule
and with the Fermi levels of both the source and drain elec-
trodes. Hence the underlying question is whether the vol-
tammetric characteristics of unsymmetric compounds qualify
D-Ru2-A species as a prototype of a unimolecular diode. An
experimental energy level diagram of compound 7 is shown
in Figure 5; it was constructed by aligning orbital energy
levels with the peak positions in the DPV of 7 and plotted
with a vertical potential scale. When molecules like 7 are
sandwiched between a pair of electrodes with the donor-end
attached to the source electrode and the acceptor-end to the
drain electrode, an electron is injected into the LUMO+1

Figure 4. Linear free-energy relationships between the electrode poten-
tials of Ru2-based couples and the sum of Hammett constants.

Table 4. Electrode potentials [V] for compounds 1–5 and 7.

E(A) E(B) Eg
[a] E(C) E(D) E(E) �sX

1 0.60 �0.89 1.49 �1.28 – – 1.08
2 0.32 �1.16 1.48 – 0.71 0.90 �1.66
3 0.69 �0.92 1.61 – – – –
4 0.39 �1.10 1.49 – 0.78 – �0.83
5 0.60 �0.94 1.54 �1.24 – – 0.81
7 0.44 �1.00 1.44 �1.33 0.81 – �0.29
ACHTUNGTRENNUNG[Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(C�CPh)2][b] 0.52 �1.10 1.62 – – – 0
ACHTUNGTRENNUNG[Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(C�CPhNO2)2]

[b] 0.69 �0.87 1.56 �1.29 – – 1.62

[a] HOMO–LUMO gap Eg=E(A)�E(B). [b] Taken from reference [25].
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upon matching the electrochemical potential of the drain
electrode (mD).

[47] Further migration of the injected electron
through the LUMO, HOMO, and HOMO�1, and to the
source electrode completes the current flow of electrons
from the drain to the source and is energetically downhill.
On the reversal of potential bias, a much higher bias voltage
would be required to inject an electron into the lowest occu-
pied MO on 4-NMe2-C6H4. Hence, the current level in the
negative bias should remain very low.

Although the D-Ru2-A compounds reported herein do
not conform to the donor–(saturated bridge)–acceptor archi-
tecture outlined in the Aviram–Ratner ansatz, the energetic
alignment of frontier orbitals does reveal the potential for
rectification. We noted that in most of the literature exam-
ples of unimolecular rectification, such as thiophene–thia-
zole diblock oligomers,[5] molecular structures also signifi-
cantly deviate from the donor–(saturated bridge)–acceptor
paradigm. Of course, the Ru2 compounds reported herein
cannot be directly incorporated into nano junctions because
of the lack of thiol-capping groups. Currently, we are pursu-
ing analogues of compound 7 with orthogonally protected
thiols on both ends. In addition, recent efforts from many
groups around the world have resulted in an extended array
of diruthenium compounds similar to those reported here.[48]

It is possible to realize other types of D-Ru2-A assembly on
the basis of these established examples.

Experimental Section

[Pd ACHTUNGTRENNUNG(PPh3)2Cl2] and 4-ethynylpyridine hydrochloride were purchased from
Aldrich; diethylamine, potassium tert-butoxide, and PhC�CH were pur-
chased from ACROS; trimethylsilylacetylene was purchased from GFS,
and silica gel was purchased from Merck. [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2],

[28] 4-
Me2NC6H4C�CH, and 4-O2NC6H4C�CH were prepared according to the
literature.[30, 49] The nitration of 1,5-diiodo-1,4-dimethoxybenzene[50] yield-
ed 4-O2N-2,5-(MeO)2C6H4I,

[29] which was converted to 4-O2N-2,5-
(OMe)2C6H2C�CH by the Sonogashira reaction.[30,49] THF was distilled
over Na/benzophenone under an N2 atmosphere prior to use. 1H NMR

spectra were recorded on a Bruker AVANCE300 NMR spectrometer.
Vis/NIR spectra were obtained with a Perkin–Elmer Lambda-900 UV/
Vis/NIR spectrophotometer in THF. Cyclic voltammograms were record-
ed in 0.2m (n-Bu)4NPF6 solution on a CHI620 A voltammetric analyzer
with a glassy-carbon working electrode (diameter=2 mm), a Pt-wire aux-
iliary electrode, and a Ag/AgCl reference electrode. The concentration of
diruthenium species was always 1.0 mm. The ferrocenium/ferrocene
couple was observed at 0.586 V (vs. Ag/AgCl) under experimental condi-
tions.

Synthesis of [Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H2-2,5-(OMe)2-4-NO2)2] (1): 4-O2N-2,5-
(OMe)2C6H2C�CH (0.136 g, 0.66 mmol), and Et2NH (20 mL) were added
to a suspension of [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] (0.200 g, 0.22 mmol) in THF
(70 mL). The reaction mixture was stirred at room temperature for 1 h.
Upon the solvent removal, the residue was purified by column chroma-
tography, and eluted with THF/hexanes (1:2, v/v) to afford a reddish
solid 0.150 g (56%). Rf=0.50 (THF/hexanes, 1:2, v/v); 1H NMR
(400 MHz, CDCl3): d=7.35–7.33 (m, 15H; aromatic), 6.98 (s, 7H; aro-
matic), 6.73 (s, 2H; aromatic), 3.74 (s, 6H; CH3O-), 3.62 (s, 6H; CH3O-),
3.24 ppm (s, 24H; MeN-); Vis/NIR: lmax (e)=819 (2,020), 506 (20,600),
437 nm (17700 m

�1 cm�1); MS-FAB: m/z (%): 1205 [M++H]; cyclic vol-
tammogram: A, E1/2=0.566 V, DEp=0.101 V, ibackward/iforward=0.996; B,
E1/2=�0.910 V, DEp=0.076 V, ibackward/iforward=0.866; elemental analysis
calcd (%) for C56H60N10O8Ru2·H2O (1221.29): C 55.07, H 5.12, N 11.47;
found C 54.66, H 4.91, N 11.42.

Synthesis of [Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NMe2)2] (2): 4-Me2NC6H4C�CH
(0.096 g, 0.66 mmol), and Et2NH (20 mL) were added to a suspension of
[Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] (0.200 g, 0.22 mmol) in THF (60 mL). The reaction
mixture was stirred at room temperature for 2 h. Upon the solvent re-
moval, the residue was purified by column chromatography, and eluted
with THF/hexanes (1:2, v/v) to afford a reddish solid 0.130 g (55%). The
sample was authenticated by comparison of the Rf value (0.75 in THF/
hexanes, 1:2, v/v) with literature.[25]

Synthesis of [Ru2 ACHTUNGTRENNUNG(dmba)4(C�C-4-C5H4N)2] (3): A mixture of [Ru2-
ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] (0.300 g, 0.32 mmol), 4-ethynylpyridine hydrochloride
(0.137 g, 0.98 mmol), and potassium tert-butoxide (0.110 g, 0.98 mmol) in
THF (200 mL) was stirred under argon at room temperature overnight.
The reaction mixture changed from dark green to dark red during the
process of the reaction. Use of Et2NH (10 mL) in place of potassium tert-
butoxide gave the same result. The reaction mixture was filtered through
a plug of silica gel. Upon the solvent removal, the residue was purified
by recrystallization from THF and hexane to obtain reddish solid 0.240 g
(75%). Rf=0.60 (THF/hexanes, 1:1, v/v); 1H NMR (300 MHz, CDCl3):
d=8.30 (d, J=6 Hz, 4H; aromatic), 7.44–7.38 (m, 12H; aromatic), 6.90
(d, J=14 Hz, 8H; aromatic), 6.88 (d, J=14 Hz, 4H; aromatic), 3.24 ppm
(s, 24H; MeN-); Vis/NIR: lmax (e)=839 (2320), 500 nm (9990 m

�1 cm�1);
MS-FAB: m/z (%): 997 [M++H]; cyclic voltammogram: A, E1/2=

0.616 V, DEp=0.056 V, ibackward/iforward=0.687; B, E1/2=�0.996 V, DEp=

0.063 V, ibackward/iforward=0.950; elemental analysis calcd (%) for
C50H52N10Ru2·H2O (1013.17): C 59.27, H 5.37, N 13.82; found: C 59.75, H
5.43, N 13.62.

Synthesis of [(4-Me2NC6H4C�C)Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(C�CC6H5)] (4): To a sus-
pension of Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2 (0.183 g, 0.20 mmol) and THF (60 mL) was
added a THF solution containing a mixture of 4-Me2NC6H4C�CH
(0.073 g, 0.60 mmol), C6H5C�CH (0.022 mL, 0.20 mmol) and Et2NH
(20 mL). The reaction was stirred at room temperature and the progress
of the reaction was monitored by TLC. Upon the completion of the reac-
tion, the solvent was removed. The residue was purified by column chro-
matography and eluted with THF/hexanes (1:3, v/v) to yield a trace
amount of 2, 0.065 g of 4 (30% based on Ru), and 0.060 g of [Ru2-
ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(C�CC6H5)2] (30% based on Ru). Data for 4 : Rf=0.66 (THF/
hexanes, 1:2, v/v); 1H NMR (400 MHz, CDCl3): d=7.47–7.39 (m, 12H;
aromatic), 7.18–7.12 (m, 5H; aromatic), 7.06–7.02 (m, 10H; aromatic),
6.61 (d, J=9 Hz, 2H; aromatic), 3.31 (d, J=1 Hz, 24H; MeN-), 2.89 ppm
(s, 6H; MeN-); Vis/NIR: lmax (e)=892 (1830), 502 (12300), 394 nm
(7370 m

�1 cm�1); MS-FAB: m/z (%): 1038 [M++H]; cyclic voltammo-
gram: A, E1/2=0.372 V, DEp=0.061 V, ibackward/iforward=0.706; B,E1/2=

�1.117 V, DEp=0.061 V, ibackward/iforward=0.471; elemental analysis calcd

Figure 5. Experimental energy level diagram of compound 7.
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(%) for C54H59N9Ru2·THF·2H2O (1144.38): C 60.87, H 6.25, N 11.02;
found: C 60.64, H 6.02, N 10.81.

Synthesis of [(C6H5C�C)Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NO2)] (5): A solution
of 4-O2NC6H4C�CH (0.029 g, 0.20 mmol), C6H5C�CH (0.055 mL,
0.50 mmol), and Et2NH (20 mL) in THF (60 mL) was added to a suspen-
sion of [Ru2ACHTUNGTRENNUNG(dmba)4ACHTUNGTRENNUNG(NO3)2] (0.183 g, 0.20 mmol) and THF (60 mL). The
mixture was stirred at room temperature and the progress of the reaction
was monitored by TLC. Upon the completion of the reaction, the solvent
was removed. The residue was purified by column chromatography and
eluted with EtOAC/hexanes (1:5, v/v) to yield 0.020 g of [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(C�
CC6H5)2] (10% based on Ru), 0.070 g of 5 (34% based on Ru), and
0.060 g of [Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NO2)2] (28% based on Ru). Data for
5 : Rf=0.40 (EtOAc/hexanes, 1:2, v/v); 1H NMR (400 MHz, CDCl3): d=
8.05 (d, J=9 Hz, 2H; aromatic), 8.49–8.41 (m, 12H; aromatic), 7.15 (d,
J=7 Hz, 6H; aromatic), 7.03–7.699 (m, 9H; aromatic), 3.29 ppm (s, 24H;
MeN-); Vis/NIR: lmax (e)=877 (2680), 510 (28800), 460 (27400), 426 nm
(24100 m

�1 cm�1); MS-FAB: m/z (%): 1040 [M++H]; cyclic voltammo-
gram: A, E1/2=0.570 V, DEp=0.114 V, ibackward/iforward=0.286; B, E1/2=

�0.966 V, DEp=0.110 V, ibackward/iforward=0.374; elemental analysis calcd
(%) for C52H53N9O2Ru2·1.5H2O·EtOAc (1153.30): C 58.32, H 5.59, N
10.93; found: C 58.71, H 5.57, N 10.45.

Synthesis of [(4-Me2NC6H4C�C)Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NO2)] (6): A
solution of 4-Me2NC6H4C�CH (0.073 g, 0.60 mmol), 4-O2NC6H2C�CH
(0.029 g, 0.20 mmol), and Et2NH (20 mL) in THF (80 mL) was added to
a suspension of [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] (0.183 g, 0.20 mmol) and THF
(60 mL). The mixture was stirred at room temperature and the progress
of the reaction was monitored by TLC. The reaction was stirred at room
temperature for an hour, and TLC analysis indicated the consumption of
the starting material and also the following distribution of the products:
trace amount of compound 2 ((Rf=0.75 in THF/hexanes, 1:2, v/v), 40%
of compound 6 (Rf=0.70), and 40% of [Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NO2)2]
(Rf=0.65). Attempted separation of the three products failed due to
both the poor solubility and similar polarity of three compounds (Rf=

0.70 for compound 6, 0.65 for [Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H4-4-NO2)2], and 0.70
for compound 2 in THF/hexanes, 1:2, v/v).

Synthesis of [(4-Me2NC6H4C�C)Ru2 ACHTUNGTRENNUNG(dmba)4(C�CC6H2-2,5-(OMe)2-4-
NO2)] (7): A solution of 4-Me2NC6H4C�CH (0.044 g, 0.30 mmol), 4-O2N-
2,5-(OMe)2C6H2C�CH (0.020 g, 0.10 mmol), and Et2NH (20 mL) in THF
(50 mL) was added to a suspension of [Ru2 ACHTUNGTRENNUNG(dmba)4 ACHTUNGTRENNUNG(NO3)2] (0.092 g,

0.10 mmol) and THF (60 mL). The mixture was stirred at room tempera-
ture and the progress of the reaction was monitored by TLC. Upon the
solvent removal, the residue was purified by column chromatography,
and eluted with EtOAc/hexanes (1:5, v/v) to afford a trace amount of
compound 2, 0.030 g of compound 7 (26% based on Ru), and 0.030 g of
compound 1 (27% based on Ru). Data for 7: Rf=0.62 (EtOAc/hexanes,
1:2, v/v); 1H NMR (300 MHz, CDCl3): d=7.35–7.33 (m, 13H; aromatic),
7.08–7.02 (m, 10H; aromatic), 6.75 (s, 1H; aromatic), 6.64 (d, J=7 Hz,
2H; aromatic), 3.85 (s, 3H; CH3O-), 3.73 (s, 3H; CH3O-), 3.00 (s, 24H;
MeN-), 2.82 ppm (s, 6H; MeN-); Vis/NIR: lmax (e)=883 (2080), 510
(24500), 427 nm (18400 m�1 cm�1) nm; MS-FAB: m/z (%): 1142 [M+

+H]; cyclic voltammogram: A, E1/2=0.415 V, DEp=0.059 V, ibackward/
iforward=0.878; B, E1/2=�1.015 V, DEp=0.072 V, ibackward/iforward=0.577; ele-
mental analysis calcd (%) for C56H62N10O4Ru2·3EtOAc (1405.61): C
58.10, H 6.17, N 9.96; found C 58.16, H 6.17, N 9.56.

Structure determination : Single crystals were obtained by slow evapora-
tion of solutions of 1 or 2 in hexanes/THF, by evaporation of a solution
of 4 in hexanes/ethyl acetate, and by slow diffusion of hexanes into a so-
lution of 5 in benzene or 7 in toluene/THF. X-ray intensity data were
measured at 300 K on a Bruker SMART1000 CCD-based X-ray diffrac-
tometer system with MoKa radiation (l=0.71073 N). Data were mea-
sured by omega scans of 0.38 per frame such that a hemisphere (1271
frames) was collected. The frames were integrated with the Bruker
SAINT software package[51] by using a narrow-frame integration algo-
rithm, which also corrects for the Lorentz and polarization effects. Ab-
sorption corrections were applied with SADABS. Structures were solved
and refined with the Bruker SHELXTL (Version 5.1) software pack-
age.[52] The positions of all non-hydrogen atoms were revealed by direct
methods. All non-hydrogen atoms are refined anisotropically and the hy-
drogen atoms were put in calculated positions and riding mode. Each
structure was refined to convergence by least squares method on F2,
SHELXL-93, incorporated in SHELXTL.PC V 5.03. Crystallographic
data are given in Table 5. CCDC-642082–642086 (for compounds 1, 2, 4,
5, and 7, respectively) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre viawww.ccdc.cam.ac.uk/data_
request/cif.

Table 5. Crystallographic data for compounds 1, 2, 4, 5, and 7.

1·4THF 2 4 5·3C6H6 7·0.5THF

formula C72H92N10O12Ru2 C56H64N10Ru2 C54H59N9Ru2 C70H71N9O2Ru2 C58H62N10O4.5Ru2

Mr 1491.7 1079.31 1036.24 1272.5 1173.32
T [K] 300(2) 300(2) 300(2) 300(2) 300(2)
crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group P1 P21/n P21/n Cm P1̄
crystal dimensions [mm] 0.36T0.27T0.10 0.24T0.10T0.02 0.43T0.41T0.03 0.39T0.36T0.04 0.47T0.23T0.05
a [N] 12.1538(5) 12.0797(7) 10.0612(5) 11.4214(7) 14.8241(6)
b [N] 12.9209(6) 17.673(1) 46.289(2) 18.692(1) 20.7087(9)
c [N] 13.2864(6) 28.057(2) 11.6366(6) 15.607(1) 21.8769(9)
a [8] 91.826(1) 68.589(1)
b [8] 98.977(1) 98.693(1) 110.021(1) 105.648(1) 78.475(1)
g [8] 114.853(1) 71.275(1)
V [N3]/Z 1859.0(1) 5920.8(6) 5091.9(5) 3208.3(4) 5895.5(4)
Z 1 4 4 2 4
1calcd [gcm

�3] 1.332 1.211 1.352 1.317 1.322
m [mm�1] 0.471 0.551 0.637 0.522 0.565
q range [8] 1.75–25.00 1.75–25.00 1.76–25.00 2.15–24.99 1.69–25.00
reflections measured 9861 30661 26727 8440 31565
unique reflections (Rint) 7905 (0.012) 10437 (0.109) 8943 (0.054) 5037 (0.029) 20551 (0.034)
data/restraints/parameters 7905/3/824 10437/0/613 8943/0/586 5037/2/395 20551/0/1317
goodness-of-fit on F2 1.02 1.01 1.00 1.01 1.01
final R indices [I>2s(I)] R1=0.029/wR2=0.069 R1=0.069/wR2=0.172 R1=0.058/wR2=0.122 R1=0.037/wR2=0.082 R1=0.049/wR2=0.096
R indices (all data) R1=0.039/wR2=0.072 R1=0.165/wR2=0.204 R1=0.102/wR2=0.137 R1=0.056/wR2=0.087 R1=0.133/wR2=0.113
max/min D1 [eN�3] 0.39/�0.33 1.15/�0.40 0.39/�0.37 1.17/�0.37 0.68/�0.35
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