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Abstract: A series of trans-(FcCzn)Ruz(Y-DMBA)4(ComFc) 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 A. Results from both voltammetric and spectroelectrochemical studies
indicate that the (—C;,)Ruz(Y-DMBA)4(C2n—) 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 bot
chemistry and biology and have been extensively researche
for the past fifty yeard= In addition to the research of intra-

molecular CT processes in bulk media, recent years have wit- > : .
P y 0Qounds bridged by polyyn-diyl, so-called “molecular photonic

nessed a new thrust to understand CT processes on the nan
scale’ especially with respect to active molecules in molecular
electronic deviceg Linear conjugated molecules, both organic

and inorganic, are among the most thoroughly investigated.

Transition metal complexes containingpolyynyl ligand have

been studied in many laboratories as potential molecular

wires/~1* Notable metal complex units that lead to significant
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electronic couplings across polyyn-diyl bridges judged from

hvoltammetric data include CpRe(P)(NO) (P denotes monoden-
Jate phosphinesy 17 CpFe(P) and CpFe(P-P) (P—P denotes

bidentate phosphine$J;!® CpRu(P},2°?* CpRu(P-P)2 and
MnI(P—P), and CpMn(P-P)2324 Emissive dimetallic com-

wires”, are also known with metal centers such as Re(l), Pt(ll),
and Au(1)25-27 Further illustrating the promise of metal-alkynyl
species as molecular wires, severains-PtR(C=CPh) type
compounds were found to be more conductive than the oligo-
(phenyleneethynes) of comparable lent®ur interests in this
area focus on diruthenium-alkynyl compouri8? and recent
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Scheme 1. Ruz-alkynyl oligomers.
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{[Ruzj % [Ru,]
significant results include the demonstratioretgfctronmobility
across both the polyyn-diyl and&-hex-3-ene-1,5-diyn-diyl
linkers between two Ruunits31-33 Ultimately, we hope to
succeed in the synthesis of monodisperse oligomers gf Ru
alkynyl monomers (Scheme 1) and to realize molecular wires
of precisely controlled lengths.

We have shown in previous studi&€$?34that the oligomer

outlined in Scheme 1 can mediate facile charge transfer across

the Ry 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 ujiv) 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 ¢M} and use both the free energy of
comproportionationAG., = FAE;, andAE. is defined by eqgs

Scheme 2. Compounds 1 (Y = H) and 2 (Y = OCHpy)

Y
H,C CH
NG e 3
N N
ey Jo <_">
F Ru R —
c § /" u - R
1a/2a 1b/2b 1c/2¢ 2d
n= 1 1 2 1
m= 1 2 2 1
R = Fc Fc Fc Si'Pry

respectively, and the class Il assignment for the mixed valent
species in both casé$*3Adams et al. also documented modest
electronic couplings between two Fc units in various Os-carbo-
nyl clusters bearing-bonded Fc(&C),Fc ligand?446 Similar
electronic coupling in Ru-carbonyl clusters was observed by
Bruce et al*’ Very recently, Cotton et al. reported a novel linear

1 and 2) and spectroscopic characteristics of the mixed-valencetrimetallic speciestrans-Cos(dpa)(C=CFc), for which aAE;

ion [X—{M}—X]*! to gauge théhole (oxidation) orelectron
(reduction) mobility acros§M} :3°

X—{M}-X = Em) = [X—{M}-X]*"
(1a)

X—{M}— E/() [X—{M}—X]*
(1b)

AE, = |[Eyll) — Ey, (]| )

Ferrocenes and other metallocenes are among the most

popular choices of reporter groups, and their applications have
been reviewed?>36 The ferrocenylethynyl group (FE€C) is
particularly attractive in assessing charge mobility between
metal centers because of tle and z-bonding capacity of
ethynyl to a bridging transition metal. The first example of
ferrocenylethynyl as the probe appears to be the stuthané
Pt(PR)2(C=CFc), by Osella3”-38 where aAE. of 80 mV was
estimated from cyclic voltammetry (CV). Reported concur-
rently by groups of Longf and Wolf#04! trans-Ru(dppmy)-
(C=CFc), was shown to have AE; of 220 mV and its mixed
valent cation, frans-Ru(dppm)(C=CFc)]*, was assigned as

a Robin-Day class Il species based on its spectral signa-
tures. Yip et al reportedAE; values of 110 and 270 mV for
[Cus(dppmy(us-n*-C=CFc)]" andtransPt(dppm}(C=CFc),
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of 70 mV was indirectly estimated from CV dafalt is also
worth noting that many compounds containing texd-cC=C
ligands have been reported for which either electrochemistry
was not interrogated or no discernibie; was observed®60

In the preceding communication, we established through both
voltammetric and spectroelectrochemical measurements that two
Fc moieties are strongly coupled in ttransRu(Y-DMBA) 4
(CyFc), type compounds (Y-DMBA aren-substituted dimeth-
ylbenzamidinatesla/2a in Scheme 2§* Described in this
contribution are, in addition to the details about compounds
la/2a, the syntheses and structural characterizations of both
he symmetric bis-ferrocenylbutadiynyl (F§@cd/2cin Scheme
2) and unsymmetric FcfFcC, adducts {b/2b) of the Ruy(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 compountdansRu;(NHCHNH)4-
(C=CFc), (3) that provides insights on spectral assignment for
compoundsl and 2.
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Scheme 3. Synthetic route to the Fc-capped unsymmetric compounds

Y Y Y Y
LiC,Fc
H;C CH; 2 H;C CH; H5C CH H;3C CH;3
[ \T T/ ) —»Licm [ \T lr/ ]4 + [ \T I|\]/ 3 ) + [ \lr 1|w/ L
C—Ru——Ru—Cl Fe—=—=—Ru——Rr—=—=—Fc Fc—==Ru Ru—%Z—Fc Fe—=)—Ru Ru-%)z—n
Results and Discussion of strong Ru—C bonds implies the polarization of the arbital
Synthesis. Similar to the synthesis of R(DMBA) 4(C;R) on Ru centers toward the carbon center, which results in the

loss of o(Ru—Ru) and the elongation of the RiRu bond
(2.4386(9)-2.4544(9) A inla—1¢) compared with that of the
parent compound R(DMBA) 4Cl, (2.3224 A)%! The compari-
son of structural plots and tabulated data for compoutials

type compounds previously descrilféé? reactions between
Rw(Y-DMBA) 4Cl, and 5 equiv of LiGFc or LiCsFc afforded
symmetric compounds R{Y-DMBA) 4(CFc), (1a/2a) or Ru(Y-
DMBA) 4(C4Fc), (1d20), respectively, in excellent yields. As
shown in Scheme 3, the synthesis of the unsymmetric com-
pounds1b/2b was effected with a reaction between R+
DMBA) 4Cl, and a mixture of LiGFc and LiGFc and subse-
quent chromatographic purification to separate the symmetric
compoundsla/2a (trace) andlc/2c (minor) from the desired
products {b/2b). Similarly, the reaction between Rm-
MeODMBA),Cl, and a mixture of LiGFc and LiGSiPr; and
the ensuing chromatographic purification resulted in the mono-
Fc compound Rim-MeODMBA)4(C,SiPrs)(C,Fc) (2d). Com-
poundsl and 2 are all red crystalline, diamagnetic materials
that display well resolvedH NMR spectra. The formation of
unsymmetric compoundsb/2b was verified by the existence
of two sets of Fc protons in thelid NMR spectra.

Molecular Structures. Although the presence of the-MeO
phenyl substituent greatly enhances the solubility of compounds Figure 2. ORTEP plot oflb at 30% probability level. Hydrogen atoms
2a—2d in organic solvents, it makes the growth of single crystals Were omitted for clarity.

of X-ray quality very difficult. On the other hand, the less gnq1cwith those ofLarevealed that the successive extensions
soluble compoundsa—1ccrystallized readily and their crystal ¢ the conjugated backbone by one acetylene unit at a time has
structures were determined via single-crystal X-ray diffraction. 5 minimal effect on both the ReRu bond lengths and the
The structural plots of compounds—1care shown in Figures .4 dination environment around the Ruore.

1-3, respectively, while the selected bond lengths and angles

Figure 3. ORTEP plot oflcat 30% probability level. Both hydrogen atoms
and the less populated orientation of the disordered Fc unit were omitted

for clarity.
Figure 1. ORTEP plot ofla at 30% probability level. Hydrogen atoms Inspection of structural data fdra and 1b revealed both a
were omitted for clarity. large variation in Re-N bond lengths and a significant deviation

from linearity in RU—Ru—C angles. These distortions from an
idealizedD4n geometry have been attributed to a second-order
Jahn-Teller effect and documented in many bis-alkynyl com-
pounds of a Ry(lIl,I) core.61764 Interestingly, compoundc

are listed in Table 1. The structure b displays basic features
expected for R¢(DMBA) s-based bis-alkynyl compounds: two
FcC=C ligands occupy the opposite axial positions with the
formation of strongs(Ru—C) bonds (ca.1.98 A). The formation

(63) Lin, C.; Ren, T.; Valente, E. J.; Zubkowski, J. .Chem. Soc., Dalton
(61) Xu, G.-L.; Campana, C.; Ren, Thorg. Chem.2002 41, 3521. Trans.1998 571.
(62) Hurst, S. K.; Xu, G.-L.; Ren, TOrganometallics2003 22, 4118. (64) Xu, G.-L.; Jablonski, C. G.; Ren, J. Organomet. Chen2003 683, 388.
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Table 1. Selected Bond Lengths (A) and Angles (deg) for Molecules 1a—1c

la 1b 1c
Rul-Ru2 2.4386(9) RutRu2 2.4538(7) RutRu2 2.4472(5)
Rul—-N1 2.034(7) RutN1 1.988(5) RutN1 2.034(4)
Rul-N3 2.107(7) RutN3 2.002(5) RutN3 2.055(4)
Rul—N5 2.035(6) RutN5 2.119(5) RutN5 2.054(4)
Rul—N7 1.986(6) RutN7 2.070(7) RutN7 2.058(4)
Ru2—N2 2.007(6) Ruz2-N2 2.102(5) Ruz2-N2 2.038(4)
Ru2—N4 2.001(7) Ruz2-N4 2.067(5) Ruz2-N4 2.066(5)
Ru2—-N6 2.050(7) Ruz2-N6 1.980(5) Ruz2-N6 2.036(4)
Ru2—N8 2.118(6) Ruz2-N8 2.008(5) Ruz2-N8 2.039(5)
Rul-C1 1.981(8) RutC1l 1.977(6) RuxC1l 1.977(3)
Ru2-C3 1.977(9) Ruz2C13 1.977(6) Ruz2C15A/B 1.945(5)/1.995(4)
Cl-C2 1.193(11) CtC2 1.206(8) CtC2 1.201(1)
C3-C4 1.197(12) C13C14 1.194(8) C15AC16A 1.203(2)
Fel--Fe2 14.21 Fetl-Fe2 16.58 Fel-Fe2A/B 19.44/19.61
Cy:C,'2 11.58 GC,2 13.84 G, ++C,'(A/IB)2b 16.58/16.67
C1-Rul—Ru2 169.9(3) C+Rul—Ru2 163.4(2) Ct+Rul—Ru2 178.1(2)
Rul-Ru2-C3 168.4(3) RutRu2-C13 169.3(2) RutRu2—-C15A 172.2(5)
N1—-Rul—Ru2 86.17(18) Nt Rul-Ru2 92.80(13) NtRul—-Ru2 86.94(11)
N3—Rul—Ru2 81.23(18) N3 Rul-Ru2 89.67(13) N3 Rul-Ru2 87.25(12)
N5—Rul—Ru2 86.74(18) N5 Rul-Ru2 79.27(13) N5 Rul—-Ru2 85.81(11)
N7—Rul—Ru2 92.73(18) N#Rul-Ru2 83.46(13) N7#Rul—Ru2 85.32(11)
N2—Ru2—-Rul 87.50(18) NZ2Ru2—Rul 80.26(13) NZ2Ru2—Rul 85.94(11)
N4—Ru2—Rul 92.16(19) N4 Ru2—Rul 83.99(13) N4 Ru2—Rul 85.16(12)
N6—Ru2—Rul 86.10(19) N6 Ru2—Rul 93.40(14) N6 Ru2—Rul 87.18(11)
N8—Ru2—-Rul 80.01(17) N8 Ru2—Rul 89.34(13) N8 Ru2—Rul 87.42(11)
N1—-Rul—Ru2-N2 19.2(3) NERul-Ru2—N2 20.6(2) NERul-Ru2—-N2 20.0(2)
N3—Rul—Ru2-N4 19.7(3) N3-Rul-Ru2—-N4 19.1(2) N3-Rul-Ru2—-N4 21.1(2)
N5—Rul—Ru2—-N6 19.8(3) N5-Rul-Ru2—N6 21.1(2) N7Rul-Ru2—N8 19.2(2)
N7—Rul—Ru2-N8 21.1(3) N7-Rul-Ru2—N8 20.5(2) N5-Rul-Ru2—-N6 20.7(2)
Fel-C51:--C61—Fe2 161.9 FexC3---C17—Fe2 103.6 FetC5--C19A/B—Fe2A/B 166.3/107.3

aC, and G, denote the Cp carbon atoms covalently bonded to #€@nit.? A/B denotes two different orientations

has a much narrower range in RN bond lengths and almost PO A

linear RU—Ru—C angles despite the disorder of one Fc unit 2a

(see the description of the disorder in Experimental Section).

All three compounds exhibit large'NRU—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 FeC,---C,’—F¢€ twisted angle with ¢ and b ¢C B A

C,' as the Fc carbon centers bonded to the acetylene unit) iSZb

also interesting: they are almost trans to each othgaif162), _

close to orthogonal inb (104°); and both nearly trans (186

and orthogonal (1) conformers are present due to the

disorder of one of the Fc units (Fe2) Irt. The large varia-

tion in the relative orientation indicates that the observed b C+B A

Fe-C,---C,'—F¢é angles are determined by subtle crystal

packing forces, and the free rotation of the ke@oiety around 2¢

the Ru-Ru axis in solution renders this parameter less relevant

to Fc--Fc charge transfer. Both the edgedge distance between

two Fc centers (¢--C,') and Fe--Fé€ distances calculated from

structural data are 11.6 and 14.2, 13.8 and 16.6, and 16.6 and

19.5 A for compoundda, 1b, and1c, respectively. c B
Voltammetric Properties of Compounds 1 and 2Both the

differential pulse voltammograms (DPV) and cyclic voltam- 2d

mograms (CV) of compoundga—2d recorded in THF are

shown in Figure 4, while those of compounds—1c are

provided in the Supporting Information. Compountia/2a LN

exhibit four one-electron redox couples in the potential window 1.5 1 0.5 0 -0.5 -1 -1.5

of —1.5 V to+1.5 V (versus Ag/AgCl): (i) a reduction’) at E/V, Ag/AgCl

~ —1.2 V attributed to the Rii6+/5+) couple based on the  Figure 4. Differential pulse voltammograms (DPV, thick lines) and cyclic

comparison Wi'[h“ the pre\{iou§ study of bis(alkynyl) ad- g?zltc‘?wﬂm.rol_g';asngslugi%\rf’ Jpg]ug?é_"nes) of compourits-2d recorded in

ducts®1.6264and (ii) three oxidationsB—D) between 0.4 and

1.0 V. As elucidated in the preliminary communicafiband D) are designated as the F¢{/0) couples. These assignments
discussed in detail below, the least positive coug is are also illustrated in eq 3 below. The unsymmetric FECC,
assigned as the R{+/6+) couple and the next twaJ( and compound 2b) exhibits a pattern in voltammograms very
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Table 2. Electrode Potentials (V) of la—c and 2a—d from DPV
Measurements

Ru26+/5+ Ru27+/6+ [FC—FC]H/O [FC-FC]*ZM

(A) (8) © () E(D) - E(C)
la —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¢) 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(27®) 0.900 0.272
2d —1.144 0.408 0.748 (1-¢ NA

a Calculated from the difference betweerD¥(@nd EB andC).

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 Ht€C, compound
(20), both theA and D couples exhibit a small but notable
positive shift from that oRb as expected. On the other hand,
the positive shift of the Rif7+/6+) couple in2cis so drastic
that it significantly overlaps with the first F¢(1/0) couple C)

to yield an apparent 2-ewave. The “accidental degeneracy”
of B andC couples was also observed for compourd For
the mono-Fc compoun®d, the potentials of couple& andB
are very close to those of corresponding coupleganwhile
the potential of coupl€ is approximately the average of those
of C and D couples in2a. Gathered in Table 2 are both the
potential data of all compound4d—c and2a—d) from DPV

NM max 19 600 cnt) and 910 NMmax, 11 000 cnt), which

are similar to those observed earlier for othern(®WBA) 4-
(CY)2 (Y = Ar or SiRs) and Ru(DMBA)4(C4Y), type
compound$162.64 Ferrocenylethyne moieties are known to
absorb weakly in the visible regioa(#48 nm)= 300)856but
these transitions are masked by the intense peak around 510
nm in compound®. The phenomenological assignments of
optical transitions in diruthenium species are often impossible
to make due to the pseudo-degeneracy§Ru,) andd*(Ruy)
orbitals®” The presence of two ferrocenyl groups further
compounded the issue.

Scheme 4. Model Compound 32

C
\N/ \N//
- a7 /_
Fc =C Ru Ru: C=C——
s 2.6~ 196 ~| 24
__ N /N\
! N
e \C/ ™~

aHydrogen atoms (open ends) omitted for the sake of clarity; Some

measurements and the calculated potential difference betweenptimized bond lengths are marked in A.

C andD couples AEp_¢) as defined in eq 2.
el =& e i _ = =&
[Fc—Ru, Fc]” =—Fc—Ry, Fe=5
[FC—RUZIH'IV —FC]+

3)

. _ NIV _ =2+ —60 +_ LIV _ = 3+

16000 ——m———F+———— 77—

12000

£
2000
4000
0
400 600 800 1000 1200
A /nm

Figure 5. Vis—NIR absorption spectra of compoun2is—2d recorded in
THF.

Electronic Spectroscopy and Structures.As shown in
Figure 5 for compound8a—2d, electronic absorption spectra
of compoundsl and?2 consist of two intense peaks at ca. 510

13358 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005

To facilitate a reliable spectral assignment, density-functional
calculations at the B3LYP/LanL2DZ level were performed on
the model compoun@® 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 ritigThe 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; Ru
agree well with those determined from X-ray studies with the
exception of the RtRu bond length that is about 0.15 A longer
than the experimental values. Two factors may contribute to
this discrepancy: (i) the DFT (B3LYP) method employed to
optimize the ground-state structurefisually underestimates
the weak metatmetal interaction, thus leading to the longer
meta-metal bond length&69 (i) hydrogen atoms were used
in model compoun@ to replace both th&l-methyl andC-aryl
groups in compound$ and 2, which, especially those on the
nitrogen centers, tend to enhance metaktal interactiorf®

The frontier orbitals and nearby MOs from the DFT calcula-
tions in ascending order of orbital energy are as follows:,76a
(7(Rwp) + 7(C=C)); 77q (7*(Rup) + 7(C=C)); 77a, 78a,

(65) Yuan, Z.; Stringer, G.; Jobe, I. R.; Kreller, D.; Scott, K.; Koch, L.; Taylor,
N. J.; Marder, T. BJ. Organomet. Cheni993 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. Inorganic
Electronic Structure and Spectroscoolomon, E. I., Lever, A. B. P,
Eds.; Wiley: New York, 1999; Vol. 2.

(68) Novozhilova, I. V.; Volkov, A. V.; Coppens, B. Am. Chem. So2003

125 1079.
(69) Stoyanov, S. R.; Villegas, J. M.; Rillema, D. P.Phys. Chem. 2004
108 12175.

(70) Pan, O. J.; Zhang, H. Xnorg. Chem.2004 43, 593.
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79a, and 78a (n(Fe—C)); 79a ((Fe—C)); 80g (7*(Ruy),
HOMO); 803, (6*(Ruy), LUMO); 81g, (0*(Ru—C), LUMO+1).

The calculated HOMGLUMO gap is 1.84 eV. Although the
low symmetry of3 (C)) 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 ofr&d%z** config-
uration for bisalkynyl compounds of a Kul,lll) core, and the
large HOMO-LUMO gap is consistent with the diamagnetism
observed?® Second, four Fc-based MOs lie immediately below
the HOMO @*(Ruy)), verifying the order of sequential one-
electron oxidations concluded in the previous communic&tion.
Third, the LUMO+1 is predominantlyo*(Ru—C), which
explains the irreversibility of the second reduction observed for
all Ruy(ll1,111)-bisalkynyl compoundsit-71the second reduction
populates the RaC antibonding orbital and results in the
cleavage of a RaC bond and disintegration of R{il,IlI)-
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 1Ay ground state under th€ point symmetry, the
IA—A, 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 calculationsAg,
excited state (mainly contributed by %7e 80a) 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
m*[dyARw)] — 0*[dy(Rw)] transition. The blue-shift of the
calculatedimax 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 calculat&ghy
and yield a better match, as previously demonstrétéd’3
Consistent with the conclusion of the filledilled s-interaction
being dominant in metal-alkynyl compountighe sz*[d yARu,)]
(77a) orbital contains a substantial contribution ofC=C),
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)~d*(Ruy), 6(Ru)—d*(Ruy), and(Rw,) +
7(C=C)—s*(Ru—C) mixed transitions is the best candidate on
the basis of its oscillator strength (0.1895).

Spectroelectrochemistry. The spectroelectrochemistry of
compound2a was reported previoushf. Spectroelectrochem- (b)
istry was performed on compoun@s, 2c, and2b in 0.20 M Figure 6. (a) The single electron transitions wit@l coefficien{ > 0.1 in

. A the TD-DFT calculations for the 840 nm absorption of compo8n¢b)
BusNPFs THF solution, and the spectra of the oxidation products The single electron transitions wit€l coefficient > 0.1 in the TD-DFT

are shown in Figures 7, 8, and 9, respectively. Spectroelectro-caiculations for the 409 nm absorption of compodid the gas phase; Cl
chemistry to form a given oxidation product yielded absorption coefficients are placed above the respective arrows.

spectra with clean isosbestic points, although the reversibility
was not ideal. For compound@s and2c only partial reversibility
(ca. 78% recovery) from the fully oxidized fori@** to the
reduced forn2 was observed. Fdtb, 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 o2d to 2d* results in a slight
energy shift and broadening of bands at 20 200 and 11 398 cm
and the appearance of new NIR bands centered at approximately

(71) Ren, T.Organometallics2002 21, 732.

(72) Pan, Q.-J.; Zhang, H.-XOrganometallics2004 23, 5198. 4000 and 5300 cmi. Further oxidation t®2d?* causes these

(73) Pan, Q. J.; Zhang, H. Xur. J. Inorg. Chem2003 4202. B B

(74) Lichtenberger, D. L.; Renshaw, S. K.; Wong, A.; Tagge, COBgano- _NIR bands to d|sa_p_pear, and so we assign these NIR bands to
metallics1993 12, 3522. intervalence transitions of Fc to RU.
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Figure 7. Vis—NIR spectrum of oftrans-(FcG)Ru(m-MeODMBA),-
(C;SiPrs) (2d) and those of spectroelectrochemcally genera@et and
2d?* in 0.20 M (0-Bu)4yNPFRs THF solution.
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Figure 8. Vis—NIR spectrum oftransRu(m-MeODMBA)4(CsFc), (2¢)
and those of spectroelectrochemcally generatd2c?t, and2c¢3* in 0.20
M (n-Bu)sNPFs THF solution.

Figure 8 shows the spectra2d, 2ct, 2¢2", and2c®*. Because
of the overlap of the redox couples to foda™ and2c¢®™ (B +
C in Figure 4), the spectrum label&t? is the result of an
equilibrium mixture of2ct and2c®*. Nevertheless, it is possible
to say that the formation dfc™ (Fc—Ru’"—Fc) does result in
a low energy NIR band at ca. 4000 chand that, with the
formation of 22" (Fc—Ruw,’*—Fc"), an additional NIR band
grows in at ca. 6250 crm. Oxidation to2c®" resulted in the

Figure 9. Vis—NIR spectrum ofransRw(m-MeODMBA)4(CaFc)(CiFc)
(2b) and those of spectroelectrochemcally generated 2b", and2b®*
in 0.20 M (-Bu)sNPFs THF solution.

Table 3. Spectral Data for Deconvoluted Gaussian Intervalence
Bands@ of Oxidized 2a—d

band | (Fc to Ru,™)

band Il (Fc to Fc*)

compd Vmax (AV1, €) Viax (Av1p, €) reference

2a" <3800 34

28t <3800 6000 (800, 1000) 34

2btb 4040 (310, 2900) this work
5500 (1530, 3300)

2b2+ 4100 (260, 2200) 6230 (1520, 4200) this work

2ctb 3850 (480, 800) 6690 (1780, 1200) this work
5560 (1250, 700)

2¢%+ 3860 (320, 1000) 6680 (1780, 2900) this work

2d+ 4060 (350, 2900) this work

5250 (1120, 2200)

aymax and Avyz in cm™1 and extinction coefficiente) in M1 cm™L.
b The spectrum ofct is a mixture of2ct and 2¢2*.

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 observeddr were

not anticipated because there is only one deramceptor
interaction, and that is between the Fc moiety and’Ru
However, the asymmetry of the Rt coordination sphere, in
which FcG=C and'Pr;SiC=C 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

loss of these NIR bands, and so these bands are assigned t0 therap|e 3) are far smaller than that predicted by the Hush model

two possible intervalence transitions, Fc to,Ru4000 cnt?)
and Fc to F¢ (6250 cnt?).

Figure 9 shows the spectral transformatior2bfto 2b* and
2b* to 2b?*, respectively, while the spectrum @b*" could
not be obtained due to its instability. The NIR bands2bf
(Fe—Rwt—Faq,) closely resemble those @d*t in Figure 7

and are assigned to intervalence transitions between Fc and

Rw’*. The band at 5900 cm for 2b?" (Fe,—RWw'"—Fg,") is
assigned to a Fc to Fdransition, while the band at 4200 ci
is a Fc to Ry’" IVCT transition.

13360 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005

(Avi = (2310/max?d),”® and this suggests that the extent of
delocalization is sufficient to classi®d™ as a strongly coupled
Class Il or perhaps Class Il systefn’’

It was suggested in the preceding communication that
compounda’ and2a*" are delocalized with respect to both
Fc—Rw'"—Fc and F¢—Rw"" —Fc state$? This was based not

(75) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(76) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem 967, 10, 247.

(77) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Ghem. Re. 2001, 101,
2655.
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Table 4. Voltammetric and Spectroelectrochemical Results Related to {Fc—[M]—Fc*} Mixed Valent lons

-M]- C,++C,', A AE,V v(IVCT), cm~! e, Mtemt Avypp, cmt AViusn,2cmt ref
none 1.45 0.35 5000 920 3700 3400 78
—Co— 4.0 0.23 6410 670 5000 3850 79
—Cs— 6.8 0.10 8470 570 5000 4420 79
—(CH),— 0.17 4910 1340 4360 3370 80
—(CH)s— 0.13 5500 1570 4340 3560 80
—(CH)s— 0.10 6010 2100 3800 3730 80
—CoRu(dppm)Cy— 9.36 0.22 4770 6700 3300 3320 41
—C,Cus(dppm}Co— 8.39 0.11 8000 100 3800 4300 42
—CoPt(dppmpCo— 12.00 0.25 11 300 610 2800 5110 43
—C2Ru(mMeODMBA)4Co— 11.58 0.30 6000 1000 800 3720 this work
—CoRu(MMeODMBA)4Cs— 13.84 0.21 6230 4200 1520 3790 this work
—C4sRu(mMeODMBA)4Cs— 16.60 0.27 6680 2900 1780 3930 this work

& Avhush = (2310/ma><)1/2-

only on the magnitude of the free energy of comproportionation acceptof? Using a value ofy = 0.064 AL, eq 4 predicts a
(FAE) but also on the characteristics of the intervalence band drop in resonance exchange of only 27% when going from
that wereinconsistentwith a valence-trapped state. This is ethynyl to butadiynyl spacers in complexgsand2c, respec-
illustrated by the data in Table 4, which compares the inter- tively. For the Class Il systen2a?", extracting the resonance
valence data for the complexes of this study to that of ferrocene/ exchange value for the Fc to FdVCT transition is simply
ferrocenium type mixed-valence species in the literature. one-half the energy at band maximum tesq = 3000 cnr?.
Calculated Hush model IVCT bandwidths are also included in For a strongly coupled valence-trapped system, the Hush model
Table 4. For complega™, the ferrocene to ferrocenium charge- gives values of resonance exchange that are too small because
transfer band has a bandwidttvy,, of 800 cntt which is far delocalization decreases the dipole moment length. It is possible
less than the value of 3720 cpredicted by the Hush model  to extract resonance exchange values from comproportionation
and considerably less than that of the other complexes in Tabledata, but several approximations have to be n¥ade.

4, That this degree of coupling i2a22" occurs despite a The free energy of comproportionation associated with the
separation of 11.6 A between ferrocene and ferrocenium is Fc to F¢™ IVCT transition of 2¢2* is simply the difference in
testimony to the effectiveness of both polyyne and’Run Fc oxidation couples or 0.27 V (2180 cf). The factored
superexchange coupling. Indeed, most of the literatureFet expression for the free energy of comproportionatio@; is

pairs, including 1,%biferrocene where two Fc units are merely given by!
1.45 A apart, have IVCT bandwidths that are about the same

or larger than the values predicted by the Hush model, further AG, = AG+ AG, + AG; + AG, + AG,, (5)
illustrating the proficiency of RDMBA)4 unit in mediating o o
electronic coupling. where AG; reflects the statistical distribution of the compro-

The bandwidths seen f@b2+ and2c2* in Table 4 are also  Portionation equilibrium,AGe accounts for the electrostatic
far narrower than that predicted by the Hush model, and this "éPulsion between like-charged metal cent&G; is an induc-
too is suggestive of a delocalized state. However, for Bibth tive factor dealing W|t_h competitive coordination of the bridging
and2ct, two Fc to Ry’ transitions (Band | in Table 3) are ligand by the meta_l |onsAGr_ is the free energy of resonance
observed, while, foRa*, only a single transition is seen. As exchange; andGe is the antlfgrromagnetlc gxchange term that
mentioned above fo2d*, asymmetry can lift the distinction results when. exchange stabilizes the unpaired electro% of
between g and u symmetries of valence MOs and allows two The expression relating resonance exchange to the free energy
Fc to Ry’* transitions, and this rationale certainly applies to ©f resonance exchange is approximated by
the unsymmetric compourb™. For the structurally symmetric
2ct, however, the observed electronic asymmetry arises from
a valence-trapped mixed-valence state. If coupling between Fc
and Ry’* as mediated by a butadiynyl spacer is valence trapped,
it is likely that the mixed-valence states of the oxidation products where 2AG, = AG;..
of 2b and 2c (Table 3) are also valence trapped albeit very  Antiferromagnetic exchange through short carbon-rich bridges
strongly coupled. is on the order of 3640 cnT,% and sufficiently small to be

In comparing the mixed-valence ions of the symmetric ignored. The nonresonance contributions to the free energy of
compoundfawith 2¢, it seems clear that the butadiynyl spacers comproportionationAGnr = AGs + AGe + AGj) are on the
attenuated coupling compared to ethynyl but to what extent? order of 500 cm?, as have been found for other mixed-valence
In our earlier study of compounds in which two Rigrmini system$! Under these approximations, &G; value of 840
were bridged by polyyn-diyls, a decay factorjof= 0.064 A1 cm™! is obtained fromAG, = Y/(AG. — 500 cnl) =
in resonance exchange was estimated according to the equatio®/2(2180-500). Placing this value in eq 6 aig = 6680 yields

Had2
AG. = (6)
' Er

— - (78) Powers, M. J.; Meyer, T. J. Am. Chem. Sod.978 100, 4393.
H.q= H, exp(~yR) (4) (79) Levanda, C.; Bechgaard, K.; Cowan, D..DOrg. Chem1976 41, 2700.
(80) Ribou, A. C.; Launay, J. P.; Sachtleben, M. L.; Li, H.; Spangler, C. W.
; Inorg. Chem.1996 35, 3735.
whereH, is the resonance exchange at der@cceptor wave a1y FuadcCE B.: Naklicki, M. L.: Rezvani, A. R.: White, C. A.: Kondratiev,
function overlap andR is the separation between donor and V. V.; Crutchley, R. JJ. Am. Chem. S0d.998 120, 13096.
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Hag = 2400 cn1l. This value is a 20% drop ikl,g compared
to that found for2a2* in acceptable agreement with the 27%

Preparation of Ruy(DMBA) 4(C2Fc)(C4Fc) (1b) and Rw(DMBA) 4-
(C4Fc)2 (1c). To @ 40 mL THF solution of Ri{DMBA) 4Cl, (0.120 g,

decrease predicted for polyyne spacers as discussed above)-15 mmol) was added a mixture of Li€r and LiGFc (prepared from

While this is only a single calculation, the results indicate that
attenuation of coupling in polyyne/Riwchain 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-Ru
(DMBA) 4 unit in mediating electron mobility between ferro-
cenium and ferrocene reporter groups by voltammetric and
spectroelectrochemical studies of thens{FcCn)Rux(Y-
DMBA) 4(ConFc) series. These results and that obtained from
earlier study of charge transfer across carbon-rich bridgés
provide the validation of our proposal to realize molecular wires
based on Rualkynyl 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 Rtalkynyl moiety and controlling
the direction of charge transfer (rectification) through donor/
acceptor functionalization.

Experimental Section

Rw(DMBA).Cl,, Ri(m-MeODMBA).Cl,, and ethynylferrocene
were prepared as previously descrilsetf.#2Triisopropylsilylacetylene
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 andtmosphere prior to use.
1H and**CNMR spectra were recorded on a Bruker AVANCE300 NMR
spectrometer with chemical shift§)(referenced to the residual CHCI
and the solvent CDG| 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 UWis—NIR spectrophotometer.
Both cyclic and differential pulse voltammograms were recorded in
0.2 M (n-BulNPFs solution (THF, N-degassed) on a CHI620A
voltammetric analyzer with a glassy carbon working electrode (diameter
= 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCI 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 Rua(DMBA) 4(CzFc), (1a). To a 40 mL THF solu-
tion of Rw(DMBA).Cl; (0.173 g, 0.20 mmol) was added 5 equiv of
LiCzFc (prepared from treating 1 mmol of Fg€with nBuLi) at room
temperature. The reaction mixture was stirred under argo8 foand
then filtered throup 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). DataXar Anal. for
CsoHeFeNgRWC,HO, Found (Calcd): C, 60.10 (60.00); H, 5.29
(5.47); N, 8.45 (8.75)*HNMR: 7.43-7.36 (n, 12H, benzene), 7.62
6.98 (n, 8H, benzene), 4.1Q,(4H, Fc), 4.03 ¢, 10H, Fc), 3.95{ 4H,
Fc), 3.30 §, 24H, CH3N); *CNMR (C=C): 118.7, 70.4; MSFAB
(mVe, based orA%Ru): 1211[M"H]; vis—NIR, Ama{nm,e(M~1 cm™)):
894 (1194), 495 (9068); IRy(C=C)/cn 1 2081(s).

(82) Doisneau, G.; Balavoine, G.; Fillebeen-KhanJ.TOrganomet. Chenmi992
425 113.
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the reaction of a mixture of 0.15 mmol of Fg€and 0.30 mmol of
FcCG, TMS with nBulLi) 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 TH#exanes (2:10,
v/v) to yield a trace amount of R(IDMBA) 4(C.Fc), (1a), 0.040 g of
Rw(DMBA) 4(CoFc)(CFc) (1b, 22% based on Ru), and 0.045 g of
Rw(DMBA) 4(C4Fc), (1c, 24% based on Ru). Data fdb: Anal. for
CezHezFezNgRUz'2C4H802‘3H20, Found (CaICd): C, 57.18 (5746), H,
5.60 (5.79); N, 7.57 (7.60fHNMR: 7.43-7.37 (m, 12H, benzene),
7.00-6.97 (m, 8H, benzene), 4.29,(2H, Fc), 4.13¢, 5H, Fc), 4.10¢
2H, Fc), 4.06 {, 2H, Fc), 4.03 ¢, 5H, Fc), 3.96 { 2H, Fc), 3.26 ¢,
24H, CH3N); *CNMR (C=C): 132.6, 125.6, 125.0, 67.4, 66.4, 65.6;
MS—FAB (m/e, based 0A”Ru): 1234[MT; Vis—NIR, Ama(nm, e(M~*
cm™Y): 902 (1690), 505 (12010); IRy(C=C)/cnr¥: 2173(s), 2029-
(s). Data forlc. Anal. for CsHsFeNsRu-2CHs0-H,O, Found
(Caled): C, 59.35(59.59); H, 5.58(5.52); N, 7.36(7. 7BINMR: 7.42—
7.39 (n, 12H, benzene), 6.98.95 (m, 8H, benzene), 4.29,(4H, Fc),
4.13 6, 10H, Fc), 4.07 1 4H, Fc), 3.24 ¢ 24H, CHsN); MS—FAB
(m/e, based ort®Ru): 1258[MT; vis—NIR, Ama(nm, (M~ cm™):
911 (1290), 514 (9520); IRy(C=C)/cmL: 2171(s), 2026(s).

Preparation of Rux(m-MeODMBA) 4(C2Fc), (2a). Compound2a
was prepared using the same procedure as thaafaith Ru(DMBA) 4
Cl, being replaced by Rgm-MeODMBA).Cl, in 91% yield. Data
for 2a Anal. for GsH7oF&NsOsRWCeHi4 Found (Calcd): C,
59.48(59.40); H, 5.99(5.98); N, 8.28(7.92HNMR: 7.43-7.37 (m,
4H, benzene), 6.976.94 (n, 4H, benzene), 6.656.57 (m, 8H,
benzene), 4.15(4H, Fc), 4.09¢, 10H, Fc), 4.01¢ 4H, Fc), 3.81¢,
12H, CH30), 3.35 6, 24H, CH3N); *CNMR (C=C): 122.5, 72.2;
MS—FAB (m/e, based on!®Ru): 1124[M'H—C,Fc]; vis—NIR,
Amax{nM, (M~ cm™1)): 899 (1415), 495 (10 270); IRy(C=C)/cn:
2083(m).

Preparation of Rua(m-MeODMBA) 4(C,Fc)(CsFc) (2b) and Ru-
(m-MeODMBA) 4(C4Fc); (2¢). To a 40 mL THF solution of Rgm-
MeODMBA).Cl, (0.310 g, 0.32 mmol) was added a mixture of LFC
and LiGFc (prepared from the reaction of a mixture of 0.32 mmol of
FcGH and 0.64 mmol of FcgIMS 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 (3:165:10, v/v) to yield a trace amount @&, 0.106 g
of 2b (25% based on Ru), and 0.050 g2xf (12% based on Ru).

Data for Ruz(m-MeODMBA) 4(CzFc)(CsFc) (2b): Anal. for
CssH7oFeNgO4RWCsHsO Found (Caled): C, 59.33 (58.99); H, 5.61
(5.48); N, 8.07 (7.87HNMR: 7.38 ¢, 4H, benzene), 6.966.93 (n,
4H, benzene), 6.626.54 (m, 8H, benzene), 4.34 @H, Fc), 4.18 ¢,
5H, Fc), 4.15{, 2H, Fc), 4.11{, 2H, Fc), 4.07 ¢, 5H, Fc), 4.01
2H, Fc), 3.83¢, 12H, CH30), 3.31 §, 24H, CH3N); 33CNMR (C=C):
130.3, 121.1, 71.1, 70.1, 69.4, 67.4; MBAB (m/e, based ort®Ru):
1354[M™; Vis—NIR, Amafnm,e(M~* cm™)): 901 (2210), 504 (15640);
IR, (C=C)/cm % 2170(s), 2085(m), 2024(s).

Data for Rux(m-MeODMBA)C4Fc), (2c): Anal. for
CssH7oFeNgO4R W CsH14, Found (Calcd): C, 60.72 (60.74); H, 5.53
(5.79); N, 7.46 (7.66)\HNMR: 7.38 ¢, 4H, benzene), 6.976.94 (n,
4H, benzene), 6.606.52 (n, 8H, benzene), 4.34,(4H, Fc), 4.18 ¢,
10H, Fc), 4.121 4H, Fc), 3.83 (s, 12H, B30), 3.28 6, 24H, (H3N);
BCNMR (C=C): 137.2, 130.4, 72.4, 69.9; MS-AB (n/e, based on
101RU): 1378[M']; Vis—NIR, Ama(nm, (Mt cm™1)): 915 (1880), 513
(13260); IR,v(C=C)/cnTt: 2173 (s), 2028 (s).

Preparation of Ruy(m-MeODMBA) 4(C,SiPr3)(CzFc) (2d). To a
40 mL THF solution of Re(m-MeODMBA),Cl; (0.310 g, 0.32 mmol)
was added a mixture of LiSiPr; and LiGFc (prepared from the
reaction of a mixture of 0.32 mmol dPrSIC,H and 0.64 mmol of
FcGH with nBuLi) at room temperature. The reaction mixture was
stirred under argon for 3 h. After solvent removal, the residue was
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loaded on a silica gel column and eluted with THF/hexanes (2410
10, v/v) to yield 0.085 g of Rifm-MeODMBA)4(C,SiPr), (21% based
on Ru), 0.180 g oRd (43% based on Ru), and a trace amoun2af
Data for2d: Anal. For GsHs.FeNsOsRW:Si Found (Calcd): C, 58.43
(58.15); H, 6.66 (6.31); N, 8.59 (8.62HNMR: 7.39 ¢, 4H, benzene),
7.00-6.90 (n, 4H, benzene), 6.646.54 (n, 8H, benzene), 4.144.00
(m, 9H, Fc), 3.83 ¢, 12H, CH30), 3.33 ¢, 24H, CH3N), 1.08-0.93
(m, 21H, (GH7)sSi); ®*CNMR (C=C): 138.2, 131.7, 114.7, 70.9;
MS—FAB (m/e, based on'®Ru): 1303[MH]; vis—NIR, Ama{nm,
e(M~t cm™1)): 878 (2170), 495 (14690); IRy(C=C)/lcmr 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 t&@ang—Parr
correlation functional§®~8 Based on the optimized structure, TD-DFT
(time-dependent density functional theory) mettiééiwas performed

Table 5. Crystal Data for Compounds 1a, 1b, and 1c

la 1b+0.5CsHs 1c+CiHg
empirical CeoHe2FENgRU,  CesHesFeNsRU,  CriH7oFeNsRW,
formula
formula 1209.02 1275.11 1349.19
weight B B
space group  P2;/c P1 P1
a(h) 20.363(2) 10.9105(5) 12.200(1)
b (A) 19.415(2) 16.6264(8) 14.968(1)
c(A) 13.870(1) 18.1033(9) 18.298(1)
o (deg) 94.6770(10) 83.358(1)
B (deg) 94.400(2) 105.6250(10) 74.311(1)
y (deg) 109.0740(10) 84.788(1)
V (A3) 5466.9(9) 2936.7(2) 3189.1(3)
z 4 2 2
pcalc(g cm3)  1.469 1.442 1.405
u (mm2) 1.108 1.036 0.958
R1, wR2 0.067,0.174 0.053,0.117 0.053, 0.074

to calculate excited states related to absorption spectra of compounds

1 and2. In these calculations retains aC; symmetry consistent with
X-ray structures ofla—1c. In the calculations, quasi-relativistic
pseudopotentials of the Ru and Fe atoms proposed by Hay and#adt

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 tl@&aussianO3program
package on an Origin 3800 senvér.
Spectroelectrochemistry of 2a-2d. An OTTLE cell was used to
perform the spectroelectrochemistry at ambient temperattifde cell
had interior dimensions of roughly & 2 cn? 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 crystalsla, 1b, and 1c were grown via slow
diffusion of hexanes into a THF solutiofd), a benzene solutiori),

(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 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 methodgrSHELXL-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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