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Abstract: A series of trans-(FcC2n)Ru2(Y-DMBA)4(C2mFc) with n, m ) 1 and 2 and Y-DMBA as
N,N′-dimethylbenzamidinate or N,N′-dimethyl-(3-methoxy)benzamidinate have been synthesized and
characterized. The intramolecular Fc‚‚‚Fc distances, established through single-crystal X-ray diffraction
studies, range from 11.6 to 16.6 Å. Results from both voltammetric and spectroelectrochemical studies
indicate that the (-C2n)Ru2(Y-DMBA)4(C2m-) fragments are among the most efficient mediators of
intramolecular hole transfer. Density-functional calculations offer both the insight on the ground-state
electronic properties and unambiguous assignment for the observed electronic absorptions.

Introduction

Charge transfer (CT) processes are paramount to both
chemistry and biology and have been extensively researched
for the past fifty years.1-4 In addition to the research of intra-
molecular CT processes in bulk media, recent years have wit-
nessed a new thrust to understand CT processes on the nano-
scale,5 especially with respect to active molecules in molecular
electronic devices.6 Linear conjugated molecules, both organic
and inorganic, are among the most thoroughly investigated.
Transition metal complexes containingσ-polyynyl ligand have
been studied in many laboratories as potential molecular
wires.7-14 Notable metal complex units that lead to significant

electronic couplings across polyyn-diyl bridges judged from
voltammetric data include CpRe(P)(NO) (P denotes monoden-
tate phosphines),15-17 CpFe(P)2 and CpFe(PsP) (PsP denotes
bidentate phosphines),18,19 CpRu(P)2,20,21 CpRu(PsP),22 and
MnI(PsP)2 and CpMn(PsP).23,24 Emissive dimetallic com-
pounds bridged by polyyn-diyl, so-called “molecular photonic
wires”, are also known with metal centers such as Re(I), Pt(II),
and Au(I).25-27 Further illustrating the promise of metal-alkynyl
species as molecular wires, severaltrans-PtP2(CtCPh)2 type
compounds were found to be more conductive than the oligo-
(phenyleneethynes) of comparable length.28 Our interests in this
area focus on diruthenium-alkynyl compounds,29,30 and recent
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significant results include the demonstration ofelectronmobility
across both the polyyn-diyl andE-hex-3-ene-1,5-diyn-diyl
linkers between two Ru2 units.31-33 Ultimately, we hope to
succeed in the synthesis of monodisperse oligomers of Ru2-
alkynyl monomers (Scheme 1) and to realize molecular wires
of precisely controlled lengths.

We have shown in previous studies31,32,34that the oligomer
outlined in Scheme 1 can mediate facile charge transfer across
the Ru2 unit and the carbon-rich bridges and therefore possess
the desired properties of a molecular wire. Probing the efficiency
of charge transfer across a metal unit ({M}) is a key element
of purposeful design. One of the commonly invoked techniques
is to attach a pair of identical electroactive reporter groups (X)
at the opposite ends of{M} and use both the free energy of
comproportionation (∆Gc ) F∆Ec, and∆Ec is defined by eqs
1 and 2) and spectroscopic characteristics of the mixed-valence
ion [X-{M}-X](1 to gauge thehole (oxidation) orelectron
(reduction) mobility across{M}:35

Ferrocenes and other metallocenes are among the most
popular choices of reporter groups, and their applications have
been reviewed.35,36 The ferrocenylethynyl group (FcCtC) is
particularly attractive in assessing charge mobility between
metal centers because of theσ- and π-bonding capacity of
ethynyl to a bridging transition metal. The first example of
ferrocenylethynyl as the probe appears to be the study oftrans-
Pt(PR3)2(CtCFc)2 by Osella,37,38 where a∆Ec of 80 mV was
estimated from cyclic voltammetry (CV). Reported concur-
rently by groups of Long39 and Wolf,40,41 trans-Ru(dppm)2-
(CtCFc)2 was shown to have a∆Ec of 220 mV and its mixed
valent cation, [trans-Ru(dppm)2(CtCFc)2]+, was assigned as
a Robin-Day class II species based on its spectral signa-
tures. Yip et al. reported∆Ec values of 110 and 270 mV for
[Cu3(dppm)3(µ3-η1-CtCFc)2]+ andtrans-Pt2(dppm)2(CtCFc)2,

respectively, and the class II assignment for the mixed valent
species in both cases.42,43Adams et al. also documented modest
electronic couplings between two Fc units in various Os-carbo-
nyl clusters bearingπ-bonded Fc(CtC)nFc ligand.44-46 Similar
electronic coupling in Ru-carbonyl clusters was observed by
Bruce et al.47 Very recently, Cotton et al. reported a novel linear
trimetallic species,trans-Co3(dpa)4(CtCFc)2, for which a∆Ec

of 70 mV was indirectly estimated from CV data.48 It is also
worth noting that many compounds containing twoσ-FcCtC
ligands have been reported for which either electrochemistry
was not interrogated or no discernible∆Ec was observed.49-60

In the preceding communication, we established through both
voltammetric and spectroelectrochemical measurements that two
Fc moieties are strongly coupled in thetrans-Ru2(Y-DMBA) 4-
(C2Fc)2 type compounds (Y-DMBA arem-substituted dimeth-
ylbenzamidinates,1a/2a in Scheme 2).34 Described in this
contribution are, in addition to the details about compounds
1a/2a, the syntheses and structural characterizations of both
the symmetric bis-ferrocenylbutadiynyl (FcC4, 1c/2c in Scheme
2) and unsymmetric FcC2/FcC4 adducts (1b/2b) of the Ru2(Y-
DMBA)4 core, the detailed voltammetric and spectroelectro-
chemical investigation of charge transport properties within these
compounds, and a time-dependent density functional (TD-DFT)
calculation of the model compoundtrans-Ru2(NHCHNH)4-
(CtCFc)2 (3) that provides insights on spectral assignment for
compounds1 and2.
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Scheme 1. Ru2-alkynyl oligomers.
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Results and Discussion

Synthesis.Similar to the synthesis of Ru2(DMBA)4(C2R)2
type compounds previously described,61,62 reactions between
Ru2(Y-DMBA) 4Cl2 and 5 equiv of LiC2Fc or LiC4Fc afforded
symmetric compounds Ru2(Y-DMBA) 4(C2Fc)2 (1a/2a) or Ru2(Y-
DMBA)4(C4Fc)2 (1c/2c), respectively, in excellent yields. As
shown in Scheme 3, the synthesis of the unsymmetric com-
pounds1b/2b was effected with a reaction between Ru2(Y-
DMBA)4Cl2 and a mixture of LiC2Fc and LiC4Fc and subse-
quent chromatographic purification to separate the symmetric
compounds1a/2a (trace) and1c/2c (minor) from the desired
products (1b/2b). Similarly, the reaction between Ru2(m-
MeODMBA)4Cl2 and a mixture of LiC2Fc and LiC2SiiPr3 and
the ensuing chromatographic purification resulted in the mono-
Fc compound Ru2(m-MeODMBA)4(C2SiiPr3)(C2Fc) (2d). Com-
pounds1 and 2 are all red crystalline, diamagnetic materials
that display well resolved1H NMR spectra. The formation of
unsymmetric compounds1b/2b was verified by the existence
of two sets of Fc protons in their1H NMR spectra.

Molecular Structures. Although the presence of them-MeO
phenyl substituent greatly enhances the solubility of compounds
2a-2d in organic solvents, it makes the growth of single crystals
of X-ray quality very difficult. On the other hand, the less
soluble compounds1a-1ccrystallized readily and their crystal
structures were determined via single-crystal X-ray diffraction.
The structural plots of compounds1a-1care shown in Figures
1-3, respectively, while the selected bond lengths and angles

are listed in Table 1. The structure of1adisplays basic features
expected for Ru2(DMBA)4-based bis-alkynyl compounds: two
FcCtC ligands occupy the opposite axial positions with the
formation of strongσ(RusC) bonds (ca.1.98 Å). The formation

of strong RusC bonds implies the polarization of the dσ orbital
on Ru centers toward the carbon center, which results in the
loss of σ(RusRu) and the elongation of the RusRu bond
(2.4386(9)-2.4544(9) Å in1a-1c) compared with that of the
parent compound Ru2(DMBA)4Cl2 (2.3224 Å).61 The compari-
son of structural plots and tabulated data for compounds1b

and1c with those of1a revealed that the successive extensions
of the conjugated backbone by one acetylene unit at a time has
a minimal effect on both the RusRu bond lengths and the
coordination environment around the Ru2 core.

Inspection of structural data for1a and1b revealed both a
large variation in Ru-N bond lengths and a significant deviation
from linearity in Ru′-Ru-C angles. These distortions from an
idealizedD4h geometry have been attributed to a second-order
Jahn-Teller effect and documented in many bis-alkynyl com-
pounds of a Ru2(III,III) core.61-64 Interestingly, compound1c

(61) Xu, G.-L.; Campana, C.; Ren, T.Inorg. Chem.2002, 41, 3521.
(62) Hurst, S. K.; Xu, G.-L.; Ren, T.Organometallics2003, 22, 4118.

(63) Lin, C.; Ren, T.; Valente, E. J.; Zubkowski, J. D.J. Chem. Soc., Dalton
Trans.1998, 571.

(64) Xu, G.-L.; Jablonski, C. G.; Ren, T.J. Organomet. Chem.2003, 683, 388.

Scheme 3. Synthetic route to the Fc-capped unsymmetric compounds

Figure 1. ORTEP plot of1a at 30% probability level. Hydrogen atoms
were omitted for clarity.

Figure 2. ORTEP plot of1b at 30% probability level. Hydrogen atoms
were omitted for clarity.

Figure 3. ORTEP plot of1cat 30% probability level. Both hydrogen atoms
and the less populated orientation of the disordered Fc unit were omitted
for clarity.
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has a much narrower range in Ru-N bond lengths and almost
linear Ru′-Ru-C angles despite the disorder of one Fc unit
(see the description of the disorder in Experimental Section).
All three compounds exhibit large N′-Ru′-Ru-N twisting
angles (ca. 20°), which are due to the crowding within each
DMBA bridge. The relative orientation between two Fc moieties
(defined by the Fe-Cω‚‚‚Cω′-Fe′ twisted angle with Cω and
Cω′ as the Fc carbon centers bonded to the acetylene unit) is
also interesting: they are almost trans to each other in1a (162°),
close to orthogonal in1b (104°); and both nearly trans (166°)
and orthogonal (107°) conformers are present due to the
disorder of one of the Fc units (Fe2) in1c. The large varia-
tion in the relative orientation indicates that the observed
Fe-Cω‚‚‚Cω′-Fe′ angles are determined by subtle crystal
packing forces, and the free rotation of the FcC2n moiety around
the Ru-Ru axis in solution renders this parameter less relevant
to Fc‚‚‚Fc charge transfer. Both the edge-edge distance between
two Fc centers (Cω‚‚‚Cω′) and Fe‚‚‚Fe′ distances calculated from
structural data are 11.6 and 14.2, 13.8 and 16.6, and 16.6 and
19.5 Å for compounds1a, 1b, and1c, respectively.

Voltammetric Properties of Compounds 1 and 2.Both the
differential pulse voltammograms (DPV) and cyclic voltam-
mograms (CV) of compounds2a-2d recorded in THF are
shown in Figure 4, while those of compounds1a-1c are
provided in the Supporting Information. Compounds1a/2a
exhibit four one-electron redox couples in the potential window
of -1.5 V to +1.5 V (versus Ag/AgCl): (i) a reduction (A) at
∼ -1.2 V attributed to the Ru2(6+/5+) couple based on the
comparison with the previous study of bis(alkynyl) ad-
ducts;61,62,64and (ii) three oxidations (B-D) between 0.4 and
1.0 V. As elucidated in the preliminary communication34 and
discussed in detail below, the least positive couple (B) is
assigned as the Ru2(7+/6+) couple and the next two (C and

D) are designated as the Fc(+1/0) couples. These assignments
are also illustrated in eq 3 below. The unsymmetric FcC4/FcC2

compound (2b) exhibits a pattern in voltammograms very

Table 1. Selected Bond Lengths (Å) and Angles (deg) for Molecules 1a-1c

1a 1b 1c

Ru1-Ru2 2.4386(9) Ru1-Ru2 2.4538(7) Ru1-Ru2 2.4472(5)
Ru1-N1 2.034(7) Ru1-N1 1.988(5) Ru1-N1 2.034(4)
Ru1-N3 2.107(7) Ru1-N3 2.002(5) Ru1-N3 2.055(4)
Ru1-N5 2.035(6) Ru1-N5 2.119(5) Ru1-N5 2.054(4)
Ru1-N7 1.986(6) Ru1-N7 2.070(7) Ru1-N7 2.058(4)
Ru2-N2 2.007(6) Ru2-N2 2.102(5) Ru2-N2 2.038(4)
Ru2-N4 2.001(7) Ru2-N4 2.067(5) Ru2-N4 2.066(5)
Ru2-N6 2.050(7) Ru2-N6 1.980(5) Ru2-N6 2.036(4)
Ru2-N8 2.118(6) Ru2-N8 2.008(5) Ru2-N8 2.039(5)
Ru1-C1 1.981(8) Ru1-C1 1.977(6) Ru1-C1 1.977(3)
Ru2-C3 1.977(9) Ru2-C13 1.977(6) Ru2-C15A/B 1.945(5)/1.995(4)
C1-C2 1.193(11) C1-C2 1.206(8) C1-C2 1.201(1)
C3-C4 1.197(12) C13-C14 1.194(8) C15A-C16A 1.203(2)
Fe1‚‚‚Fe2 14.21 Fe1‚‚‚Fe2 16.58 Fe1‚‚‚Fe2A/Bb 19.44/19.61
Cω‚‚‚Cω′a 11.58 Cω‚‚‚Cω′a 13.84 Cω‚‚‚Cω′(A/B)a,b 16.58/16.67
C1-Ru1-Ru2 169.9(3) C1-Ru1-Ru2 163.4(2) C1-Ru1-Ru2 178.1(2)
Ru1-Ru2-C3 168.4(3) Ru1-Ru2-C13 169.3(2) Ru1-Ru2-C15A 172.2(5)
N1-Ru1-Ru2 86.17(18) N1-Ru1-Ru2 92.80(13) N1-Ru1-Ru2 86.94(11)
N3-Ru1-Ru2 81.23(18) N3-Ru1-Ru2 89.67(13) N3-Ru1-Ru2 87.25(12)
N5-Ru1-Ru2 86.74(18) N5-Ru1-Ru2 79.27(13) N5-Ru1-Ru2 85.81(11)
N7-Ru1-Ru2 92.73(18) N7-Ru1-Ru2 83.46(13) N7-Ru1-Ru2 85.32(11)
N2-Ru2-Ru1 87.50(18) N2-Ru2-Ru1 80.26(13) N2-Ru2-Ru1 85.94(11)
N4-Ru2-Ru1 92.16(19) N4-Ru2-Ru1 83.99(13) N4-Ru2-Ru1 85.16(12)
N6-Ru2-Ru1 86.10(19) N6-Ru2-Ru1 93.40(14) N6-Ru2-Ru1 87.18(11)
N8-Ru2-Ru1 80.01(17) N8-Ru2-Ru1 89.34(13) N8-Ru2-Ru1 87.42(11)
N1-Ru1-Ru2-N2 19.2(3) N1-Ru1-Ru2-N2 20.6(2) N1-Ru1-Ru2-N2 20.0(2)
N3-Ru1-Ru2-N4 19.7(3) N3-Ru1-Ru2-N4 19.1(2) N3-Ru1-Ru2-N4 21.1(2)
N5-Ru1-Ru2-N6 19.8(3) N5-Ru1-Ru2-N6 21.1(2) N7-Ru1-Ru2-N8 19.2(2)
N7-Ru1-Ru2-N8 21.1(3) N7-Ru1-Ru2-N8 20.5(2) N5-Ru1-Ru2-N6 20.7(2)
Fe1-C51‚‚‚C61-Fe2 161.9 Fe1-C3‚‚‚C17-Fe2 103.6 Fe1-C5‚‚‚C19A/B-Fe2A/B 166.3/107.3

a Cω and Cω denote the Cp carbon atoms covalently bonded to the CtC unit. b A/B denotes two different orientations

Figure 4. Differential pulse voltammograms (DPV, thick lines) and cyclic
voltammograms (CV, thin gray lines) of compounds2a-2d recorded in
0.20 M THF solution of Bu4NPF6.
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similar to that of2a but with all couples positively shifted,
reflecting the addition of an acetylenic unit that is strongly
electron-withdrawing. For the symmetric bis-FcC4 compound
(2c), both theA and D couples exhibit a small but notable
positive shift from that of2b as expected. On the other hand,
the positive shift of the Ru2(7+/6+) couple in2c is so drastic
that it significantly overlaps with the first Fc(+1/0) couple (C)
to yield an apparent 2-e- wave. The “accidental degeneracy”
of B andC couples was also observed for compound1c. For
the mono-Fc compound2d, the potentials of couplesA andB
are very close to those of corresponding couples in2a, while
the potential of coupleC is approximately the average of those
of C and D couples in2a. Gathered in Table 2 are both the
potential data of all compounds (1a-c and2a-d) from DPV
measurements and the calculated potential difference between
C andD couples (∆ED-C) as defined in eq 2.

Electronic Spectroscopy and Structures.As shown in
Figure 5 for compounds2a-2d, electronic absorption spectra
of compounds1 and2 consist of two intense peaks at ca. 510

nm (νmax, 19 600 cm-1) and 910 nm (νmax, 11 000 cm-1), which
are similar to those observed earlier for other Ru2(DMBA)4-
(C2Y)2 (Y ) Ar or SiR3) and Ru2(DMBA)4(C4Y)2 type
compounds.61,62,64 Ferrocenylethyne moieties are known to
absorb weakly in the visible region (ε(448 nm)) 300),65,66but
these transitions are masked by the intense peak around 510
nm in compounds2. The phenomenological assignments of
optical transitions in diruthenium species are often impossible
to make due to the pseudo-degeneracy ofπ*(Ru2) andδ*(Ru2)
orbitals.67 The presence of two ferrocenyl groups further
compounded the issue.

To facilitate a reliable spectral assignment, density-functional
calculations at the B3LYP/LanL2DZ level were performed on
the model compound3 shown in Scheme 4. The computa-
tion was simplified by the replacement of Y-DMBA ligands
with HNC(H)NH-1, which is a reasonable approximation
since the phenyl ring is always orthogonal to the amidinate plane
(N-C-N), and previous studies revealed the absence of
significant electronic effect due to the phenyl ring.62 The key
optimized bond lengths are marked in Scheme 4, and the details
about the optimized structure are provided in the Supporting
Information. Most of the optimized bond lengths around Ru2

agree well with those determined from X-ray studies with the
exception of the Ru-Ru bond length that is about 0.15 Å longer
than the experimental values. Two factors may contribute to
this discrepancy: (i) the DFT (B3LYP) method employed to
optimize the ground-state structure of3 usually underestimates
the weak metal-metal interaction, thus leading to the longer
metal-metal bond length;68,69 (ii) hydrogen atoms were used
in model compound3 to replace both theN-methyl andC-aryl
groups in compounds1 and2, which, especially those on the
nitrogen centers, tend to enhance metal-metal interaction.70

The frontier orbitals and nearby MOs from the DFT calcula-
tions in ascending order of orbital energy are as follows: 76au

(π(Ru2) + π(CtC)); 77ag (π*(Ru2) + π(CtC)); 77au, 78ag,

(65) Yuan, Z.; Stringer, G.; Jobe, I. R.; Kreller, D.; Scott, K.; Koch, L.; Taylor,
N. J.; Marder, T. B.J. Organomet. Chem.1993, 452, 115.

(66) Ferrocenes: Homogeneous Catalysis, Organic Synthesis, Materials Science;
Togni, A.; Hayashi, T., Eds.; VCH Publishers: New York, 1995.

(67) Miskowski, V. M.; Hopkins, M. D.; Winkler, J. R.; Gray, H. B. InInorganic
Electronic Structure and Spectroscopy; Solomon, E. I., Lever, A. B. P.,
Eds.; Wiley: New York, 1999; Vol. 2.

(68) Novozhilova, I. V.; Volkov, A. V.; Coppens, P.J. Am. Chem. Soc.2003,
125, 1079.

(69) Stoyanov, S. R.; Villegas, J. M.; Rillema, D. P.J. Phys. Chem. B2004,
108, 12175.

(70) Pan, O. J.; Zhang, H. X.Inorg. Chem.2004, 43, 593.

Table 2. Electrode Potentials (V) of 1a-c and 2a-d from DPV
Measurements

Ru2
6+/5+

(A)
Ru2

7+/6+

(B)
[Fc−Fc]+1/0

(C)
[Fc−Fc]+2/+1

(D) E(D) − E(C)

1a -1.136 0.324 0.476 0.772 0.296
1b -1.032 0.400 0.609 0.816 0.207
1c -0.932 0.596 (2 e-) 0.864 0.268*
2a -1.072 0.384 0.540 0.852 0.312
2b -1.024 0.452 0.660 0.876 0.216
2c -0.924 0.628(2 e-) 0.900 0.272a

2d -1.144 0.408 0.748 (1-e-) NA

a Calculated from the difference between E(D) and E(B andC).

[Fc-Ru2
III,II -Fc]1- y\z

-e-

A
Fc-Ru2

III,III -Fc y\z
-e-

B

[Fc-Ru2
III,IV -Fc]+

y\z
-e-

C
[Fc-Ru2

III,IV -Fc+]2+ y\z
-e-

D
[Fc+-Ru2

III,IV -Fc+]3+ (3)

Figure 5. Vis-NIR absorption spectra of compounds2a-2d recorded in
THF.

Scheme 4. Model Compound 3a

a Hydrogen atoms (open ends) omitted for the sake of clarity; Some
optimized bond lengths are marked in Å.
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79ag, and 78au (π(FesC)); 79au (π(FesC)); 80ag (π*(Ru2),
HOMO); 80au (δ*(Ru2), LUMO); 81ag (σ*(RusC), LUMO+1).
The calculated HOMO-LUMO gap is 1.84 eV. Although the
low symmetry of3 (Ci) results in an extensive mixing among
valence orbitals that prevents “classical” assignment of MOs
to a single atomic center or a molecular fragment, some salient
features can be observed. First, the order of the aforementioned
MOs reaffirms the previous designation of aπ4δ2π*4 config-
uration for bisalkynyl compounds of a Ru2(III,III) core, and the
large HOMO-LUMO gap is consistent with the diamagnetism
observed.29 Second, four Fc-based MOs lie immediately below
the HOMO (π*(Ru2)), verifying the order of sequential one-
electron oxidations concluded in the previous communication.34

Third, the LUMO+1 is predominantlyσ*(RusC), which
explains the irreversibility of the second reduction observed for
all Ru2(III,III)-bisalkynyl compounds:61,71the second reduction
populates the RusC antibonding orbital and results in the
cleavage of a RusC bond and disintegration of Ru2(III,III)-
bisalkynyl species.

According to the vertical electron transition mechanism in
the absorption process, the optimized ground-state geometry was
kept, while the TD-DFT (B3LYP) was performed to calculate
excited states relevant to electronic absorptions. With respect
to the 1Ag ground state under theCi point symmetry, the
1Agf1Au transitions are dipole-allowed. The tables summarizing
calculated low-lying absorptions and corresponding oscillator
strengths of3 for isolated molecules are provided in the
Supporting Information. From the TD-DFT calculations, a1Au

excited state (mainly contributed by 77ag f 80au) gives rise to
an absorption at 840 nm, which, as illustrated by the elec-
tron density diagrams in Figure 6a, is best ascribed to the
π*[d yz(Ru2)] f δ*[d xy(Ru2)] transition. The blue-shift of the
calculatedλmax from the experimental value (ca. 910 nm) is
attributed to the gas phase calculation, and the correction of
solvent effect would significantly red-shift the calculatedλmax

and yield a better match, as previously demonstrated.70,72,73

Consistent with the conclusion of the filled-filled π-interaction
being dominant in metal-alkynyl compounds,74 theπ*[d yz(Ru2)]
(77ag) orbital contains a substantial contribution ofπ(CtC),
which renders a partial LMCT character to the transition
observed at ca. 910 nm. Although there are many dipole-allowed
transitions of energy close to that of intense absorption at ca.
510 nm, the absorption calculated at 409 nm (shown in Figure
6b) from the L(N)fd*(Ru2), δ(Ru2)fd*(Ru2), andπ(Ru2) +
π(CtC)fs*(Ru-C) mixed transitions is the best candidate on
the basis of its oscillator strength (0.1895).

Spectroelectrochemistry. The spectroelectrochemistry of
compound2a was reported previously.34 Spectroelectrochem-
istry was performed on compounds2d, 2c, and2b in 0.20 M
Bu4NPF6 THF solution, and the spectra of the oxidation products
are shown in Figures 7, 8, and 9, respectively. Spectroelectro-
chemistry to form a given oxidation product yielded absorption
spectra with clean isosbestic points, although the reversibility
was not ideal. For compounds2d and2conly partial reversibility
(ca. 78% recovery) from the fully oxidized form23+ to the
reduced form2 was observed. For2b, while good reversibility

was observed for the first two oxidations, the third oxidation
resulted in complete decomposition of the complex ion.

In Figure 7, the oxidation of2d to 2d+ results in a slight
energy shift and broadening of bands at 20 200 and 11 390 cm-1

and the appearance of new NIR bands centered at approximately
4000 and 5300 cm-1. Further oxidation to2d2+ causes these
NIR bands to disappear, and so we assign these NIR bands to
intervalence transitions of Fc to Ru2

+7.

(71) Ren, T.Organometallics2002, 21, 732.
(72) Pan, Q.-J.; Zhang, H.-X.Organometallics2004, 23, 5198.
(73) Pan, Q. J.; Zhang, H. X.Eur. J. Inorg. Chem.2003, 4202.
(74) Lichtenberger, D. L.; Renshaw, S. K.; Wong, A.; Tagge, C. D.Organo-

metallics1993, 12, 3522.

Figure 6. (a) The single electron transitions with|CI coefficient| > 0.1 in
the TD-DFT calculations for the 840 nm absorption of compound3. (b)
The single electron transitions with|CI coefficient| > 0.1 in the TD-DFT
calculations for the 409 nm absorption of compound3 in the gas phase; CI
coefficients are placed above the respective arrows.
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Figure 8 shows the spectra of2c, 2c+, 2c2+, and2c3+. Because
of the overlap of the redox couples to form2c+ and2c2+ (B +
C in Figure 4), the spectrum labeled2c+ is the result of an
equilibrium mixture of2c+ and2c2+. Nevertheless, it is possible
to say that the formation of2c+ (Fc-Ru7+-Fc) does result in
a low energy NIR band at ca. 4000 cm-1 and that, with the
formation of 2c2+ (Fc-Ru2

7+-Fc+), an additional NIR band
grows in at ca. 6250 cm-1. Oxidation to2c3+ resulted in the
loss of these NIR bands, and so these bands are assigned to the
two possible intervalence transitions, Fc to Ru2

7+ (4000 cm-1)
and Fc to Fc+ (6250 cm-1).

Figure 9 shows the spectral transformation of2b to 2b+ and
2b+ to 2b2+, respectively, while the spectrum of2b3+ could
not be obtained due to its instability. The NIR bands of2b+

(Fca-Ru2
7+-Fcb) closely resemble those of2d+ in Figure 7

and are assigned to intervalence transitions between Fc and
Ru2

7+. The band at 5900 cm-1 for 2b2+ (Fca-Ru2
7+-Fcb

+) is
assigned to a Fc to Fc+ transition, while the band at 4200 cm-1

is a Fc to Ru27+ IVCT transition.

The intervalence transitions of the above complexes were
deconvoluted from the electron absorption band envelope by
assuming a Gaussian band shape, and the resulting spectral data
are compiled in Table 3.

Discussion

The multiple intervalence transitions observed for2d+ were
not anticipated because there is only one donor-acceptor
interaction, and that is between the Fc moiety and Ru2

7+.
However, the asymmetry of the Ru2

7+ coordination sphere, in
which FcCtC andiPr3SiCtC ligands are trans to each other,
is expected to remove the distinction between g and u MO
symmetries and enables the occurrence of two intervalence
excitations. The bandwidths at half-peak height for both bands
(Table 3) are far smaller than that predicted by the Hush model
(∆ν1/2 ) (2310νmax)1/2),75 and this suggests that the extent of
delocalization is sufficient to classify2d+ as a strongly coupled
Class II or perhaps Class III system.76,77

It was suggested in the preceding communication that
compounds2a+ and2a2+ are delocalized with respect to both
Fc-Ru2

7+-Fc and Fc+-Ru2
7+-Fc states.34 This was based not

(75) Hush, N. S.Prog. Inorg. Chem.1967, 8, 391.
(76) Robin, M. B.; Day, P.AdV. Inorg. Chem. Radiochem.1967, 10, 247.
(77) Demadis, K. D.; Hartshorn, C. M.; Meyer, T. J.Chem. ReV. 2001, 101,

2655.

Figure 7. Vis-NIR spectrum of oftrans-(FcC2)Ru2(m-MeODMBA)4-
(C2SiiPr3) (2d) and those of spectroelectrochemcally generated2d+ and
2d2+ in 0.20 M (n-Bu)4NPF6 THF solution.

Figure 8. Vis-NIR spectrum oftrans-Ru2(m-MeODMBA)4(C4Fc)2 (2c)
and those of spectroelectrochemcally generated2c+, 2c2+, and2c3+ in 0.20
M (n-Bu)4NPF6 THF solution.

Figure 9. Vis-NIR spectrum oftrans-Ru2(m-MeODMBA)4(C2Fc)(C4Fc)
(2b) and those of spectroelectrochemcally generated2b+, 2b2+, and2b3+

in 0.20 M (n-Bu)4NPF6 THF solution.

Table 3. Spectral Data for Deconvoluted Gaussian Intervalence
Bandsa of Oxidized 2a-d

compd
band I (Fc to Ru2

7+)
νmax (∆ν1/2, ε)

band II (Fc to Fc+)
νmax (∆ν1/2, ε) reference

2a+ <3800 34
2a2+ <3800 6000 (800, 1000) 34
2b+ b 4040 (310, 2900)

5500 (1530, 3300)
this work

2b2+ 4100 (260, 2200) 6230 (1520, 4200) this work
2c+b 3850 (480, 800)

5560 (1250, 700)
6690 (1780, 1200) this work

2c2+ 3860 (320, 1000) 6680 (1780, 2900) this work
2d+ 4060 (350, 2900)

5250 (1120, 2200)
this work

a νmax and ∆ν1/2 in cm-1 and extinction coefficient (ε) in M-1 cm-1.
b The spectrum of2c+ is a mixture of2c+ and2c2+.
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only on the magnitude of the free energy of comproportionation
(F∆Ec) but also on the characteristics of the intervalence band
that were inconsistentwith a valence-trapped state. This is
illustrated by the data in Table 4, which compares the inter-
valence data for the complexes of this study to that of ferrocene/
ferrocenium type mixed-valence species in the literature.
Calculated Hush model IVCT bandwidths are also included in
Table 4. For complex2a2+, the ferrocene to ferrocenium charge-
transfer band has a bandwidth∆ν1/2 of 800 cm-1 which is far
less than the value of 3720 cm-1 predicted by the Hush model
and considerably less than that of the other complexes in Table
4. That this degree of coupling in2a2+ occurs despite a
separation of 11.6 Å between ferrocene and ferrocenium is
testimony to the effectiveness of both polyyne and Ru2

7+ in
superexchange coupling. Indeed, most of the literature Fc-Fc+

pairs, including 1,1′-biferrocene where two Fc units are merely
1.45 Å apart, have IVCT bandwidths that are about the same
or larger than the values predicted by the Hush model, further
illustrating the proficiency of Ru2(DMBA)4 unit in mediating
electronic coupling.

The bandwidths seen for2b2+ and2c2+ in Table 4 are also
far narrower than that predicted by the Hush model, and this
too is suggestive of a delocalized state. However, for both2b+

and 2c+, two Fc to Ru27+ transitions (Band I in Table 3) are
observed, while, for2a+, only a single transition is seen. As
mentioned above for2d+, asymmetry can lift the distinction
between g and u symmetries of valence MOs and allows two
Fc to Ru27+ transitions, and this rationale certainly applies to
the unsymmetric compound2b+. For the structurally symmetric
2c+, however, the observed electronic asymmetry arises from
a valence-trapped mixed-valence state. If coupling between Fc
and Ru27+ as mediated by a butadiynyl spacer is valence trapped,
it is likely that the mixed-valence states of the oxidation products
of 2b and 2c (Table 3) are also valence trapped albeit very
strongly coupled.

In comparing the mixed-valence ions of the symmetric
compounds2awith 2c, it seems clear that the butadiynyl spacers
attenuated coupling compared to ethynyl but to what extent?
In our earlier study of compounds in which two Ru2 termini
were bridged by polyyn-diyls, a decay factor ofγ ) 0.064 Å-1

in resonance exchange was estimated according to the equation

whereHo is the resonance exchange at donor-acceptor wave
function overlap andR is the separation between donor and

acceptor.32 Using a value ofγ ) 0.064 Å-1, eq 4 predicts a
drop in resonance exchange of only 27% when going from
ethynyl to butadiynyl spacers in complexes2a and2c, respec-
tively. For the Class III system,2a2+, extracting the resonance
exchange value for the Fc to Fc+ IVCT transition is simply
one-half the energy at band maximum orHad ) 3000 cm-1.
For a strongly coupled valence-trapped system, the Hush model
gives values of resonance exchange that are too small because
delocalization decreases the dipole moment length. It is possible
to extract resonance exchange values from comproportionation
data, but several approximations have to be made.81

The free energy of comproportionation associated with the
Fc to Fc+ IVCT transition of2c2+ is simply the difference in
Fc oxidation couples or 0.27 V (2180 cm-1). The factored
expression for the free energy of comproportionation∆Gc is
given by81

where∆Gs reflects the statistical distribution of the compro-
portionation equilibrium,∆Ge accounts for the electrostatic
repulsion between like-charged metal centers,∆Gi is an induc-
tive factor dealing with competitive coordination of the bridging
ligand by the metal ions,∆Gr is the free energy of resonance
exchange; and∆Gex is the antiferromagnetic exchange term that
results when exchange stabilizes the unpaired electrons of22+.
The expression relating resonance exchange to the free energy
of resonance exchange is approximated by81

where 2∆G′r ) ∆Gr..
Antiferromagnetic exchange through short carbon-rich bridges

is on the order of 30-40 cm-1,33 and sufficiently small to be
ignored. The nonresonance contributions to the free energy of
comproportionation (∆Gnr ) ∆Gs + ∆Ge + ∆Gi) are on the
order of 500 cm-1, as have been found for other mixed-valence
systems.81 Under these approximations, a∆G′r value of 840
cm-1 is obtained from∆G′r ) 1/2(∆Gc - 500 cm-1) )
1/2(2180-500). Placing this value in eq 6 andEIT ) 6680 yields

(78) Powers, M. J.; Meyer, T. J.J. Am. Chem. Soc.1978, 100, 4393.
(79) Levanda, C.; Bechgaard, K.; Cowan, D. O.J. Org. Chem.1976, 41, 2700.
(80) Ribou, A. C.; Launay, J. P.; Sachtleben, M. L.; Li, H.; Spangler, C. W.

Inorg. Chem.1996, 35, 3735.
(81) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A.; Kondratiev,

V. V.; Crutchley, R. J.J. Am. Chem. Soc.1998, 120, 13096.

Table 4. Voltammetric and Spectroelectrochemical Results Related to {Fc-[M]-Fc+} Mixed Valent Ions

−[M]− Cω‚‚‚Cω′, Å ∆E, V ν(IVCT), cm-1 ε, M-1 cm-1 ∆ν1/2, cm-1 ∆νHush,a cm-1 ref

none 1.45 0.35 5000 920 3700 3400 78
-C2- 4.0 0.23 6410 670 5000 3850 79
-C4- 6.8 0.10 8470 570 5000 4420 79
-(CH)2- 0.17 4910 1340 4360 3370 80
-(CH)4- 0.13 5500 1570 4340 3560 80
-(CH)6- 0.10 6010 2100 3800 3730 80

-C2Ru(dppm)2C2- 9.36 0.22 4770 6700 3300 3320 41
-C2Cu3(dppm)3C2- 8.39 0.11 8000 100 3800 4300 42
-C2Pt2(dppm)2C2- 12.00 0.25 11 300 610 2800 5110 43

-C2Ru2(mMeODMBA)4C2- 11.58 0.30 6000 1000 800 3720 this work
-C2Ru2(mMeODMBA)4C4- 13.84 0.21 6230 4200 1520 3790 this work
-C4Ru2(mMeODMBA)4C4- 16.60 0.27 6680 2900 1780 3930 this work

a ∆νHush ) (2310νmax)1/2.

Had ) Ho exp(-γR) (4)

∆Gc ) ∆Gs + ∆Ge + ∆Gi + ∆Gr + ∆Gex (5)

∆G′r )
Had

2

EIT
(6)
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Had ) 2400 cm-1. This value is a 20% drop inHad compared
to that found for2a2+ in acceptable agreement with the 27%
decrease predicted for polyyne spacers as discussed above.
While this is only a single calculation, the results indicate that
attenuation of coupling in polyyne/Ru2 chain systems is es-
sentially additive and this has consequences for the purposeful
construction of electronic devices based on these materials.

Conclusions

We have demonstrated the exceptional ability of the Ru2-
(DMBA)4 unit in mediating electron mobility between ferro-
cenium and ferrocene reporter groups by voltammetric and
spectroelectrochemical studies of thetrans-(FcC2n)Ru2(Y-
DMBA)4(C2mFc) series. These results and that obtained from
earlier study of charge transfer across carbon-rich bridges32,33

provide the validation of our proposal to realize molecular wires
based on Ru2-alkynyl oligomers (Scheme 1). In addition to the
continued efforts in the synthesis and characterization of these
oligomers, we are also interested in the possibility of attenuating
the charge-transfer event through both the covalent and non-
covalent modifications of the Ru2-alkynyl moiety and controlling
the direction of charge transfer (rectification) through donor/
acceptor functionalization.

Experimental Section

Ru2(DMBA)4Cl2, Ru2(m-MeODMBA)4Cl2, and ethynylferrocene
were prepared as previously described.61,64,82Triisopropylsilylacetylene
andnBuLi were purchased from Aldrich, and silica gel was from Merck.
1-Ferrocenyl-4-trimethylsilyl-1,3-butadiyne was prepared from the
coupling reaction between ethynylferrocene and trimethylsilylacetylene
under Hay conditions (see the Supporting Information). THF was
distilled over Na/benzophenone under an N2 atmosphere prior to use.
1H and13CNMR spectra were recorded on a Bruker AVANCE300 NMR
spectrometer with chemical shifts (δ) referenced to the residual CHCl3

and the solvent CDCl3, respectively. Mass spectra (FAB, nitrobenzyl
alcohol matrix) were recorded on a VG Trio-2 mass spectrometer.
Infrared spectra were recorded on a Perkin-Elmer 2000 FT-IR
spectrometer using KBr disks. Vis-NIR spectra were acquired in THF
using a Perkin-Elmer Lambda-900 UV-vis-NIR spectrophotometer.
Both cyclic and differential pulse voltammograms were recorded in
0.2 M (n-Bu)4NPF6 solution (THF, N2-degassed) on a CHI620A
voltammetric analyzer with a glassy carbon working electrode (diameter
) 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCl reference
electrode. The concentration of diruthenium species is always 1.0 mM.
The ferrocenium/ferrocene couple was observed at 0.568 V (vsAg/
AgCl) under experimental conditions.

Preparation of Ru2(DMBA) 4(C2Fc)2 (1a). To a 40 mL THF solu-
tion of Ru2(DMBA)4Cl2 (0.173 g, 0.20 mmol) was added 5 equiv of
LiC2Fc (prepared from treating 1 mmol of FcC2H with nBuLi) at room
temperature. The reaction mixture was stirred under argon for 3 h and
then filtered through a 2 cmsilica gel pad to yield a dark red solution.
After the solvent removal, the residue was washed with copious amounts
of methanol and hexanes and dried under vacuum overnight to yield
0.205 g of red powder (85% based on Ru). Data for1a: Anal. for
C60H62Fe2N8Ru2

.C4H8O, Found (Calcd): C, 60.10 (60.00); H, 5.29
(5.47); N, 8.45 (8.75);1HNMR: 7.43-7.36 (m, 12H, benzene), 7.02-
6.98 (m, 8H, benzene), 4.10 (t, 4H, Fc), 4.03 (s, 10H, Fc), 3.95 (t, 4H,
Fc), 3.30 (s, 24H, CH3N); 13CNMR (CtC): 118.7, 70.4; MS-FAB
(m/e, based on101Ru): 1211[M+H]; vis-NIR, λmax(nm,ε(M-1 cm-1)):
894 (1194), 495 (9068); IR,υ(CtC)/cm-1: 2081(s).

Preparation of Ru2(DMBA) 4(C2Fc)(C4Fc) (1b) and Ru2(DMBA) 4-
(C4Fc)2 (1c). To a 40 mL THF solution of Ru2(DMBA)4Cl2 (0.120 g,
0.15 mmol) was added a mixture of LiC2Fc and LiC4Fc (prepared from
the reaction of a mixture of 0.15 mmol of FcC2H and 0.30 mmol of
FcC4TMS with nBuLi) at room temperature. The reaction mixture was
stirred under argon for 3 h. After solvent removal, the residue was
loaded on a silica gel column and eluted with THF-hexanes (2:10,
v/v) to yield a trace amount of Ru2(DMBA)4(C2Fc)2 (1a), 0.040 g of
Ru2(DMBA)4(C2Fc)(C4Fc) (1b, 22% based on Ru), and 0.045 g of
Ru2(DMBA)4(C4Fc)2 (1c, 24% based on Ru). Data for1b: Anal. for
C62H62Fe2N8Ru2‚2C4H8O2‚3H2O, Found (Calcd): C, 57.18 (57.46); H,
5.60 (5.79); N, 7.57 (7.60).1HNMR: 7.43-7.37 (m, 12H, benzene),
7.00-6.97 (m, 8H, benzene), 4.29 (t, 2H, Fc), 4.13 (s, 5H, Fc), 4.10 (t,
2H, Fc), 4.06 (t, 2H, Fc), 4.03 (s, 5H, Fc), 3.96 (t, 2H, Fc), 3.26 (d,
24H, CH3N); 13CNMR (CtC): 132.6, 125.6, 125.0, 67.4, 66.4, 65.6;
MS-FAB (m/e, based on101Ru): 1234[M+]; vis-NIR, λmax(nm,ε(M-1

cm-1)): 902 (1690), 505 (12010); IR,υ(CtC)/cm-1: 2173(s), 2029-
(s). Data for 1c: Anal. for C64H62Fe2N8Ru2‚2C4H8O‚H2O, Found
(Calcd): C, 59.35(59.59); H, 5.58(5.52); N, 7.36(7.72).1HNMR: 7.42-
7.39 (m, 12H, benzene), 6.98-6.95 (m, 8H, benzene), 4.29 (t, 4H, Fc),
4.13 (s, 10H, Fc), 4.07 (t, 4H, Fc), 3.24 (s, 24H, CH3N); MS-FAB
(m/e, based on101Ru): 1258[M+]; vis-NIR, λmax(nm, ε(M-1 cm-1)):
911 (1290), 514 (9520); IR,υ(CtC)/cm-1: 2171(s), 2026(s).

Preparation of Ru2(m-MeODMBA) 4(C2Fc)2 (2a). Compound2a
was prepared using the same procedure as that for1awith Ru2(DMBA)4-
Cl2 being replaced by Ru2(m-MeODMBA)4Cl2 in 91% yield. Data
for 2a: Anal. for C64H70Fe2N8O4Ru2‚C6H14 Found (Calcd): C,
59.48(59.40); H, 5.99(5.98); N, 8.28(7.92).1HNMR: 7.43-7.37 (m,
4H, benzene), 6.97-6.94 (m, 4H, benzene), 6.65-6.57 (m, 8H,
benzene), 4.15 (s, 4H, Fc), 4.09 (s, 10H, Fc), 4.01 (s, 4H, Fc), 3.81 (s,
12H, CH3O), 3.35 (s, 24H, CH3N); 13CNMR (CtC): 122.5, 72.2;
MS-FAB (m/e, based on101Ru): 1124[M+H-C2Fc]; vis-NIR,
λmax(nm, ε(M-1 cm-1)): 899 (1415), 495 (10 270); IR,υ(CtC)/cm-1:
2083(m).

Preparation of Ru2(m-MeODMBA) 4(C2Fc)(C4Fc) (2b) and Ru2-
(m-MeODMBA) 4(C4Fc)2 (2c). To a 40 mL THF solution of Ru2(m-
MeODMBA)4Cl2 (0.310 g, 0.32 mmol) was added a mixture of LiC2Fc
and LiC4Fc (prepared from the reaction of a mixture of 0.32 mmol of
FcC2H and 0.64 mmol of FcC4TMS with nBuLi) at room temperature.
The reaction mixture was stirred under argon for 3 h. After solvent
removal, the residue was loaded on a silica gel column and eluted with
THF/hexanes (3:10-5:10, v/v) to yield a trace amount of2a, 0.106 g
of 2b (25% based on Ru), and 0.050 g of2c (12% based on Ru).

Data for Ru2(m-MeODMBA) 4(C2Fc)(C4Fc) (2b): Anal. for
C66H70Fe2N8O4Ru2

.C4H8O Found (Calcd): C, 59.33 (58.99); H, 5.61
(5.48); N, 8.07 (7.87).1HNMR: 7.38 (t, 4H, benzene), 6.96-6.93 (m,
4H, benzene), 6.62-6.54 (m, 8H, benzene), 4.34 (t, 2H, Fc), 4.18 (s,
5H, Fc), 4.15 (t, 2H, Fc), 4.11 (t, 2H, Fc), 4.07 (s, 5H, Fc), 4.01 (t,
2H, Fc), 3.83 (d, 12H, CH3O), 3.31 (s, 24H, CH3N); 13CNMR (CtC):
130.3, 121.1, 71.1, 70.1, 69.4, 67.4; MS-FAB (m/e, based on101Ru):
1354[M+]; vis-NIR, λmax(nm,ε(M-1 cm-1)): 901 (2210), 504 (15640);
IR, υ(CtC)/cm-1: 2170(s), 2085(m), 2024(s).

Data for Ru2(m-MeODMBA) 4(C4Fc)2 (2c): Anal. for
C68H70Fe2N8O4Ru2‚C6H14, Found (Calcd): C, 60.72 (60.74); H, 5.53
(5.79); N, 7.46 (7.66).1HNMR: 7.38 (t, 4H, benzene), 6.97-6.94 (m,
4H, benzene), 6.60-6.52 (m, 8H, benzene), 4.34 (t, 4H, Fc), 4.18 (s,
10H, Fc), 4.12 (t, 4H, Fc), 3.83 (s, 12H, CH3O), 3.28 (s, 24H, CH3N);
13CNMR (CtC): 137.2, 130.4, 72.4, 69.9; MS-FAB (m/e, based on
101Ru): 1378[M+]; vis-NIR, λmax(nm,ε(M-1 cm-1)): 915 (1880), 513
(13260); IR,υ(CtC)/cm-1: 2173 (s), 2028 (s).

Preparation of Ru2(m-MeODMBA) 4(C2SiiPr3)(C2Fc) (2d). To a
40 mL THF solution of Ru2(m-MeODMBA)4Cl2 (0.310 g, 0.32 mmol)
was added a mixture of LiC2SiiPr3 and LiC2Fc (prepared from the
reaction of a mixture of 0.32 mmol ofiPr3SiC2H and 0.64 mmol of
FcC2H with nBuLi) at room temperature. The reaction mixture was
stirred under argon for 3 h. After solvent removal, the residue was

(82) Doisneau, G.; Balavoine, G.; Fillebeen-Khan, T.J. Organomet. Chem.1992,
425, 113.
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loaded on a silica gel column and eluted with THF/hexanes (2:10-4:
10, v/v) to yield 0.085 g of Ru2(m-MeODMBA)4(C2SiiPr3)2 (21% based
on Ru), 0.180 g of2d (43% based on Ru), and a trace amount of2a.
Data for2d: Anal. For C63H82FeN8O4Ru2Si Found (Calcd): C, 58.43
(58.15); H, 6.66 (6.31); N, 8.59 (8.62).1HNMR: 7.39 (t, 4H, benzene),
7.00-6.90 (m, 4H, benzene), 6.64-6.54 (m, 8H, benzene), 4.14-4.00
(m, 9H, Fc), 3.83 (s, 12H, CH3O), 3.33 (d, 24H, CH3N), 1.08-0.93
(m, 21H, (C3H7)3Si); 13CNMR (CtC): 138.2, 131.7, 114.7, 70.9;
MS-FAB (m/e, based on101Ru): 1303[M+H]; vis-NIR, λmax(nm,
ε(M-1 cm-1)): 878 (2170), 495 (14690); IR,υ(CtC)/cm-1: 2084-
(m), 2002(s).

Computation Details of 3. The structure of3 in the ground state
was fully optimized using the density functional method, B3LYP
(Becke’s 3 parameter hybrid functional using the Lee-Yang-Parr
correlation functional).83-86 Based on the optimized structure, TD-DFT
(time-dependent density functional theory) method87,88 was performed
to calculate excited states related to absorption spectra of compounds
1 and2. In these calculations,3 retains aCi symmetry consistent with
X-ray structures of1a-1c. In the calculations, quasi-relativistic
pseudopotentials of the Ru and Fe atoms proposed by Hay and Wadt89,90

with 16 and 16 valence electrons, respectively, are employed and the
LanL2DZ basis sets associated with the pseudopotential are adopted.
All the calculations are performed using theGaussian03program
package on an Origin 3800 server.91

Spectroelectrochemistry of 2a-2d. An OTTLE cell was used to
perform the spectroelectrochemistry at ambient temperatures.92 The cell
had interior dimensions of roughly 1× 2 cm2 with a path length of
0.2 mm and was fitted with a Ag/AgCl reference electrode and ITO
(indium-tin oxide) coated glass for the working and counter electrodes.
All of the spectroelectrochemical transformations showed good revers-
ibility (greater than 95% recovery of original complex spectrum).

X-ray Data Collection, Processing, and Structure Analysis and
Refinement. Single crystals1a, 1b, and 1c were grown via slow
diffusion of hexanes into a THF solution (1a), a benzene solution (1b),
or a toluene solution (1c). X-ray intensity data were measured at 300
K on a Bruker SMART1000 CCD-based X-ray diffractometer system
using Mo KR (λ ) 0.710 73 Å). Data were measured using omega
scans of 0.3° per frame such that a hemisphere (1271 frames) was
collected. No decay was indicated for any of the three data sets by the
recollection of the first 50 frames at the end of data collections. The
frames were integrated with the Bruker SAINT software package93 using
a narrow-frame integration algorithm, which also corrects for the
Lorentz and polarization effects. Absorption corrections were applied
using SADABS supplied by George Sheldrick.

The structures were solved and refined using the Bruker SHELXTL
(version 5.1) software package94 in space groupsP21/c (1a) and P1h

(1b and 1c). Positions of all non-hydrogen atoms of diruthenium
moieties were uncovered using a direct method. The asymmetric unit
of each of three crystals contains one independent molecule. In the
crystal of 1c, one of the Fc units and the toluene solvent molecule
were found to be disordered. The disordered moieties were refined
accordingly with distance constraints, and an occupancy ratio of
0.54/0.46 was obtained for the disordered Fc unit. The methyl group
on the toluene molecule was constrained to an ideal geometry and
allowed to rotate freely about the C-C bond. A similarity restraint
(SAME) was used for the chemically equivalent disordered congeners.
With all non-hydrogen atoms being anisotropic and all hydrogen atoms
in a calculated position and riding mode, the structure was refined to
convergence by a least-squares method onF2, SHELXL-93, incorpo-
rated in SHELXTL.PC V 5.03. Relevant information on the data collec-
tion and the figures of merit of final refinement are listed in Table 5.
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Table 5. Crystal Data for Compounds 1a, 1b, and 1c

1a 1b‚0.5C6H6 1c‚C7H8

empirical
formula

C60H62Fe2N8Ru2 C65H68Fe2N8Ru2 C71H70Fe2N8Ru2

formula
weight

1209.02 1275.11 1349.19

space group P21/c P1h P1h
a (Å) 20.363(2) 10.9105(5) 12.200(1)
b (Å) 19.415(2) 16.6264(8) 14.968(1)
c (Å) 13.870(1) 18.1033(9) 18.298(1)
R (deg) 94.6770(10) 83.358(1)
â (deg) 94.400(2) 105.6250(10) 74.311(1)
γ (deg) 109.0740(10) 84.788(1)
V (Å3) 5466.9(9) 2936.7(2) 3189.1(3)
Z 4 2 2
Fcalc(g cm-3) 1.469 1.442 1.405
µ (mm-1) 1.108 1.036 0.958
R1, wR2 0.067, 0.174 0.053, 0.117 0.053, 0.074
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