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A series of RulsFell; heterotetranuclear o-acetylide complexes [{ Cp(dppf)Ru}2(C=C—R—
C=C)] (dppf = 1,1'-bis(diphenylphosphino)ferrocene, R = 0, 1; 1,4-benzenediyl, 2; 1,4-
naphthalenediyl, 3; 9,10-anthracenediyl, 4) were prepared and characterized by elemental
analyses, ES-MS spectrometry, IR, 'H and 3'P NMR, and UV—vis—NIR spectroscopy, and
cyclic and differential pulse voltammetry. Reaction of 1 with [Cu(MeCN)4](C104) gave Ru'ls-
Fe',Cul; heterohexanuclear compound [{Cp(dppf)Ru}e{ Cu(MeCN)}o(C=C—C=C)](C10y4);
[5(C10,)s] through m-bonding of the acetylides to Cu! centers. The structures of 1 and 5(C10y)-
(SbFs) were determined by X-ray crystallography. Chemical oxidation of 1, 3, and 4 with an
equivalent of ferrocenium hexafluorophosphate gave one-electron-oxidized species [{ Cp(dppf)-
Ru} (C=C—R—-C=C)](PF¢) [R = 0, 1a(PFy); 1,4-naphthalenediyl, 3a(PFs); 9,10-anthracene-
diyl, 4a(PFg)] with Ruo'™'™ mixed valence. Electrochemical and visible—infrared spectral
studies revealed that the electronic delocalization depends on the R substituent in the
bridging ligand C=C—R—C=C. While the mixed-valence compound 1a(PF¢) (R = 0) displays
an electronically delocalized behavior (class III mixed-valence system), 3a(PFg) (R = 1,4-
naphthalenediyl) and 4a(PFs) (R = 9,10-anthracenediyl) may belong to borderline compounds
between electronic localization and delocalization.

Introduction

Metal complexes with a conjugated carbon bridge
have currently attracted great attention because of their
potential applications in molecular electronics.'~8 The
rodlike metal polyacetylide complexes L,,M—(C=C),—
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ML, (n = 1, 2, 3, L) are of particular efficiency in
transmitting electronic interaction between two redox-
active metal termini through a conjugated rigid —(C=
C),— ligand.”~!! Many diyndiyl compounds L,,M—C=
C—C=C—-ML,, containing various redox-active metal
centers have been prepared, some of which have been
characterized by X-ray crystallography.l9=17 These re-
dox-active metal termini include Cp*(dppe)Fe,!!l X-
(dmpm);Mn (X = I, C=CH),!2 Cp*(CO);Fe*,13 Cp(PPhs)e-
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Tetra- and Hexanuclear Diyndiyl Complexes

Ru,* Cp*(dppe)Ru,’® Cp*(NO)(PR3)Re (R = aryl),10
CI(PPr'3);HRh/Ir,'8 and Rug(ap)s,!'” ete. It has been
demonstrated that remarkable electronic communica-
tion is mediated through the C4 chains with redox wave
separation between two organometallic redox centers in
the range 0.50—0.80 V, and consequently, the compro-
portionation constant K. can be as high as 1013,10-17

Comparing with numerous Cs-bridged compounds,
diacetylide C=C—R—C=C (R = aryl)-linked metal com-
plexes L,,M—C=C—R—-C=C—ML,, are much fewer.18-21
It has been revealed that a moderate electronic delo-
calization occurs in the dinuclear compounds L,,M—C=
C—-CgH4—C=C—ML,, with potential difference between
two metal centers in the range 0.20—0.30 V.20:21 Re-
cently, diacetylidle C=C—R—C=C-linked dinuclear plat-
inum(II) complexes have also been prepared and char-
acterized by X-ray crystallography when R = 14-
naphthalenediyl or 1,10-anthracenediyl.’® To the best
of our knowledge, dinuclear complexes with redox-active
ruthenium termini bridged by C=C—R—C=C with R =
1,4-naphthalenediyl or 1,10-anthracenediyl, however,
have not yet been reported.

In contrast with one redox center in most of the redox-
active metal termini, Cp(dppf)RuCl, containing a redox-
active peripheral ligand dppf, can afford two redox
centers. Stepwise oxidation of Rull and Fe!l centers in
Cp(dppfHRuCl induces two reversible one-electron waves.
It is expected that diacetylide-linked complexes Cp-
(dppHRu—C=C—R—-C=C—Ru(dppf)Cp containing both
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Ru and Fe as redox centers would exhibit richer
electronic interactions and multiple redox properties
because electronic communication would occur in Ru
and Fe redox centers, respectively. Furthermore, the
electronic effect mediated by the bridging ligand C=C—
R—C=C is likely tunable by modification of the s-con-
jugating degree of the R substituent.

Aiming at addressing the issues mentioned above, a
series of heterotetranuclear complexes [{ Cp(dppf)Ru}e-
(C=C—-R-C=(C)] R = 0, 1; 1,4-benzenediyl, 2; 1,4-
naphthalenediyl, 3; 9,10-anthracenediyl, 4) and their
one-electron-oxidized species [{ Cp(dppf)Ru}o(C=C—R—
C=C)I(PF¢) [R = 0, 1a(PF¢); 1,4-naphthalenediyl, 3a(PFs);
9,10-anthracenediyl, 4a(PFg)] with Ruo>! mixed-
valence were prepared and characterized by spectro-
scopic and electrochemical methods. Considering that
in the heterotetranuclear compound [{ Cp(dppf)Ru} o(C=
C—C=C)] (1) the o-acetylides can further be bound to
Cul ion through 7-coordination, heterohexanuclear com-
pound [{ Cp(dppfHRu} o{ Cu(MeCN)} o( C=C—C=C)[(ClO4)2
[5(C104)2] was prepared by reaction of 1 with [Cu-
(MeCN)4(C1Oy4) in order to detect the influence of
acetylide m-bonding on the electronic communication
between two redox termini Cp(dppf)Ru.

Experimental Section

General Material. The manipulations were carried out in
an atmosphere of dry argon by using standard Schlenk
techniques. The solvents were dried, distilled, and degassed
before use except that those for UV—vis—NIR spectral mea-
surements were of spectroscopic grade. The reagents ruthe-
nium(III) chloride hydrate, 1,4-bis(trimethylsilyl)-1,3-butadiyne,
potassium hexafluorophosphate, ferrocenium hexafluorophos-
phate, and 1,2-bis(diphenylphosphino)ferrocene (dppf) were
commercially available (Acros or Strem Chemicals). The
compounds Cp(dppHRuCl?? and [Cu(MeCN)4](Cl04)? were
synthesized by the literature methods. The diacetylene ligands
1,4-bis(trimethylsilylethynyl)naphthalene and 9,10-bis(tri-
methylsilylethynyl)anthracene were prepared by modified
procedures described in the literature.!®

[{ Cp(dppf)Ru}(C=C—-C=C)] (1). To 60 mL of methanol—
tetrahydrofuran (5:1) were first added 1,4-bis(trimethylsilyl)-
1,3-butadiyne (64.0 mg, 0.33 mmol) and potassium fluoride
(40.0 mg, 0.68 mmol), then Cp(dppf)RuCl (500.0 mg, 0.66
mmol). After the solution was stirred under reflux for 1 day,
the solvent was evaporated in vacuo. The product was purified
by chromatography on a neutral alumina column using dichlo-
romethane as an eluent to collect the orange band. Layering
petroleum ether onto the dichloromethane solution afforded
orange crystals. Yield: 62%. Anal. Caled for CseHesFeaPs-
Ruy-3CH,Cly: C, 58.54; H, 4.16. Found: C, 58.71; H, 4.03. ES-
MS: m/z (%) 1490 (100) [M]*, 721 (8) [Cp(dppf)Ru] . IR (KBr,
ecm™): v 1968m (C=C). 'H NMR (CDCl3, ppm): 6 7.78—7.26
(m, 40H, C¢Hs), 6 5.29 (s, 6H, CH2Cly), 6 5.18, 4.33, 4.23, 4.02
(four singlets, 16H, (CsHy)2Fe) and 4.11(s, 10H, CpRu). °'P
NMR (CDyCly): 6 55.7 (s). UV—vis (CH2Cly): Amax/nm (/M1
cm™1) = 306 (24260), 364 (8490).

[{Cp(dppf)Ru}:(C=C—-R—-C=C)] (R = 1,4-benzenediyl,
2). To 60 mL of methanol were added Cp(dppf)RuCl (500.0
mg, 0.66 mmol) and potassium hexafluorophosphate (150.0 mg,
0.82 mmol). After the suspended solution was refluxed for 30
min, to which was added 1,4-diethynylbenzene (42.0 mg, 0.33
mmol). The orange solution continued to reflux for 15 min and
then put aside to cool at room temperature. Addition of sodium
methoxide (107.0 mg, 1.98 mmol) resulted in a yellow precipi-
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tate. After stirring for half an hour, the precipitate was
obtained by filtration. The yellow powder was redissolved in
5 mL of dichloromethane, and the solution was chromato-
graphed on an alumina column. The product was collected as
the first band using dichloromethane—petroleum ether (1:5)
as an eluate. Yield: 54%. Anal. Calcd for CsgH7oFeoPsRug:CHs-
Cly: C, 64.78; H, 4.40. Found: C, 64.54; H, 4.57. ES-MS: m/z
(%) 1566 (100) [M]*, 721 (66) [Cp(dppfH)Rul". IR (KBr, cm™1):
v 2062m (C=C).'H NMR (CDCl;, ppm): 6 7.89-6.93 (m, 44H,
CeHs, CsHy), 6 5.30 (s, 2H, CH»Cly), 6 5.40, 4.29, 4.18, 3.96
(four singlets, 16H, (CsHy)2Fe) and 4.29 (s, 10H, CpRu). P
NMR (CDyClg): 6 55.4 (s). UV—vis (CH3Cly): Amax/nm (/M1
em™1) = 276 (26822), 365 (50980).

[{Cp(dppfH)Ru}:(C=C—R—-C=C)] (R = 1,4-naphthalene-
diyl, 3). The synthetic procedure to prepare this compound
was the same as that of 1 except for the use of 1,4-bis-
(trimethylsilylethynyl)naphthalene instead of 1,4-bis(trimeth-
ylsilyl)-1,3-butadiyne. Yield: 50%. Anal. Calcd for CosH7oFeoPs-
Rug: C, 68.41; H, 4.49. Found: C, 68.69; H, 4.38. ES-MS: m/z
(%) 1616 (100) [M]*, 721 (12) [Cp(dppf)Rul*. IR (KBr, cm™1):
v 2066m (C=C). 'H NMR (CDCl;, ppm): 6 7.94—7.09 (m, 46H,
CeHs, CioHg), 60 5.40, 4.31, 4.11, 3.96 (four singlets, 16H,
(CsHy)oFe), and 4.41 (s, 10H, CpRu). 3P NMR (CDCly): 6 55.8
(s). UV—vis (CH2Clp): Ama/nm (/M- cm™1) = 298 (33130), 429
(39050).

[{Cp(dppf)Ru}:(C=C—-R—-C=C)] (R = 1,10-anthracene-
diyl, 4). The synthetic preparation of this compound was the
same as that of 1 except for the use of 9,10-bis(trimethylsi-
lylethynyl)anthracene instead of 1,4-bis(trimethylsilyl)-1,3-
butadiyne. Yield: 22%. Anal. Caled for CosH74FesPsRus: C,
69.24; H, 4.48. Found: C, 69.26; H, 4.87. ES-MS(m/z): 1666
(100) [M]*, 722 (26) [Cp(dppfH)Rul™. IR (KBr, cm™1): » 2045m
(C=C). 'H NMR (CDCls, ppm): 6 8.03—7.10 (m, 48H, CsHs,
C14Hyg), 0 5.42, 4.76, 4.27, 3.95 (four singlets, 16H, (CsH4)oFe)
and 4.27 (s, 10H, CpRu). 3P NMR (CDsCly): 6 55.2 (s). UV—
vis (CH2Clg): Amay/nm (/M1 em™1) = 295 (52100), 537 (31950).

[{ Cp(dppfH)Ru}»{ Cu(MeCN)}(C=C—-C=C)I(C104): (5-
(C104)2). To a dichloromethane (15 mL) solution of 1 (50.0 mg,
0.033 mmol) was added a dichloromethane (5 mL) solution of
[Cu(MeCN)4(C10y4) (22.0 mg, 0.066 mmol). After the solution
was stirred at room temperature for 12 h, the color changed
from orange to olive. The solution was then obtained by
filtration, and the filtrate was layered with petroleum ether
to afford olive crystals. Yield: 57%. Anal. Caled for CsgH72Cls-
CugFeaNoP,RusOs: C, 54.44; H, 3.83; N, 1.48. Found: C, 54.01;
H, 3.75; N, 1.42. ES-MS: m/z (%) 1490 (96) [{ Cp(dppf)Ru}»-
(C=C—-C=0)]*, 807 (5) [{ Cp(dppHRu}2Cux(C=C—C=C)]?*, 721
(100) [Cp(dppHRul*. IR (KBr, cm™1): v 1860m (C=C), 1089s
(C104). '™H NMR (CDsCN, ppm): 6 7.83—6.62 (m, 40H, CsHj),
0 4.78, 4.65, 4.56, 4.43 (four singlets, 16H, (C5Hy)2Fe), 6 4.99
(s, 10H, CpRu), and ¢ 1.95 (s, 6H, CH3;CN). 3P NMR (CDs-
Cly): 651.5 (s). UV—vis (CHsCly): Amax/nm (/M1 cm™!) = 280
(48330), 374 (10730).

[{ Cp(dppf)Ru}2(C=C—C=C)](PF¢) (1a(PF)). To a dichlo-
romethane (20 mL) solution of 1 (50.0 mg, 0.034 mmol) was
added ferrocenium hexafluorophosphate (11.3 mg, 0.034 mmol).
The solution was stirred at room temperature for half an hour
with the color changing from orange to green. After the
solution was concentrated to 3 mL by evaporating the solvent,
diethyl ether was added to produce a precipitate. After
filtering, the precipitate was washed with 10 mL of diethyl
ether three times. Yield: 94%. Anal. Calcd for CgoHgsFsFeoPs-
Rus-CHyCle: C, 57.99; H, 3.99. Found: C, 57.41; H, 3.83. ES-
MS: m/z (%) 1637 (1) [M]*, 1490 (38) [M — (PFy)]*, 749 (41)
[M — (PF¢)I?*, 721 (100) [Cp(dppHRul*. IR (KBr, cm™): 1966
m, 1855 s (C=C), 840 s (PFg). 3P NMR (CDCly): 6 52.0 (s),
—144.6 (septet, PFg). UV—vis (CH2Clp): Ama/nm (¢/M~! ecm™1)
= 359 (7990), 421 (3760).

[{Cp(dppf)Ru}2(C=C—R-C=C)](PF¢) (R = 1,4-naph-
thalenediyl, 3a(PF¢)). The synthetic prepararion of this
compound was the same as that of 1a(PFs) using 3 instead of

Gao et al.
Table 1. Crystallographic Data for 1-3CH2Cl; and
5(C104) (SbFg)-CHCl,

1-3CH2Cly 5(Cl04)(SbFg)-CH:Cly

empirical formula Cg5H72015F62P4Ru2 Cg7H74ClgCu2F5F62Nz—
04PsRusSb

temp, K 293(2) 293(2)
space group P2, P2,
a, A 11.4543(3) 14.0106(3)
b, A 24.8203(6) 12.4532(3)
c, A 14.0568(2) 24.152
B, deg 109.0530(10) 94.7640(10)
V, A3 3777.40(14) 4199.42(14)
Z 2 2
Pealed, glem ™3 1.533 1.675
, mm~! . 1.111 1.735
radiation (4, A) 0.71073 0.71073
R1(F,)* 0.0684 0.0737
wR2(F,)b 0.1505 0.1663
GOF 1.211 1.199

“R1 = leo - FCVZFO- b wR2 = z[w(FGZ - FCZ)Z]/E [w(F02)11/2~

1 to give a blue product. Yield: 90%. Anal. Calcd for CooH72F6-
FesPsRus: C, 62.77; H, 4.12. Found: C, 62.44; H, 3.98. ES-
MS: m/z (%) 1760 (2) [M]*, 1616 (10) [M — PF¢]*, 722 (100)
[Cp(dppfH)Ru]™. IR (KBr, cm™1): v 1974 m (C=C), 840 s (PFy).
3P NMR (CDyCly): 6 51.74 (s), —144.3 (septet, PFs). UV—vis
(CH2Cly): Amax/nm (/M1 em™1) = 240 (77280), 375 (10150),
650 (17950).

[{Cp(dppf)Ru}:(C=C-R-C=C)]|(PF¢;) (R = 1,10-an-
thracenediyl, 4a(PFs)). The synthetic preparation of this
compound was the same as that of 1a(PFs) using 4 instead of
1 to give a blue product. Yield: 87%. Anal. Calcd for CogH74F¢-
FesPsRus: C, 63.69; H, 4.12. Found: C, 63.05; H, 4.01. ES-
MS (m/z): 1811 (3) [M]*, 1666 (100) [M — (PFg)]*. IR (KBr,
ecm™1): 1946 m (C=C), 840 s (PFs). *'P NMR (CDsCly): 6 52.16
(s), —143.9 (septet, PFg). UV—vis (CH2Cl2): Ama/nm (/M1
cm™1) = 252 (86800), 404 (12180), 790 (36940), 880 (25860).

Crystal Structural Determination. Crystals of 1-3CH,-
Cl; and 5(ClO4)(SbFg)-CH:Cly (prepared by metathesis of
perchlorate in 5(Cl04); with sodium hexafluoroantimonate)
suitable for X-ray crystallography were grown by layering
petroleum ether onto the dichloromethane solutions. Single
crystals sealed in capillaries with mother liquors were mea-
sured on a SIEMENS SMART CCD diffractometer by @ scan
technique at room temperature using graphite-monochromated
Mo Ka. (4 = 0.71073 A) radiation. An absorption correction by
SADABS was applied to the intensity data. The structures
were solved by direct methods, and the heavy atoms were
located from the E-map. The remaining non-hydrogen atoms
were determined from the successive difference Fourier syn-
theses. All non-hydrogen atoms were refined anisotropically
except those mentioned otherwise. The hydrogen atoms were
generated geometrically and refined with isotropic thermal
parameters. The structures were refined on F? by full-matrix
least-squares methods using the SHELXTL-97 program pack-
age.?* The crystallographic data of 1:3CH3Cly and 5(C104)(SbFe)-
CH;Cl; are summarized in Table 1.

Physical Measurements. Elemental analyses (C, H, N)
were performed on a Perkin-Elmer Model 240C automatic
instrument. The electrospray mass spectra (ES-MS) were
recorded on a Finnigan LCQ mass spectrometer using dichlo-
romethane—methanol as mobile phase. The UV—vis—NIR
spectra were measured on a Perkin-Elmer Lambda 900 UV—
vis—NIR spectrometer. The IR spectra were recorded on a
Magna 750 FT-IR spectrophotometer using KBr pellets. The
3P NMR spectra (202.3 MH) were performed on a Varian
UNITY-500 spectrometer with 85% HsPO,s as an external
standard. The cyclic voltammogram (CV) and differential pulse

(24) Sheldrick, G. M. SHELXL-97, Program for the Refinement of
Crystal Structures; University of Gottingen: Gottingen, Germany,
1997.
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Scheme 1. Synthetic Route to C4;-Containing Compounds

KF _ _
Cp(dppHRuCl + Me;Si==CEC—CE=C=SiMe; =3 PP—Ru=C=C—C=C—Ru—PPh,

[Cu(MeCN),](CIO,)

NCCH; 2+
l A,

Cu Ph,P
|

PhyP—Ru=—CE=C—C=C~Ru—PPh,
d PPh, Cu $
% 1

5 NCCH;
Scheme 2

Cp(dppf)RU=——=—=—R—=——Ru(dppf)Cp

R=

>

voltammogram (DPV) were made with a potentiostat/gal-
vanostat Model 263A in dichloromethane solutions containing
0.1 M (BusN)(PFs) as supporting electrolyte. CV was performed
at a scan rate of 100 mV s~!. DPV was measured at a rate of
20 mV s~! with a pulse height of 40 mV. Platinum and glassy
graphite were used as counter and working electrodes, respec-
tively, and the potential was measured against a Ag/AgCl
reference electrode. The potential measured was always
referenced to the half-wave potentials of the ferrocenium/
ferrocene couple (E12 = 0).

Results and Discussion

Syntheses and Characterization. Heterotetranu-
clear Rull;Fell; diyndiyl compounds 1 (Scheme 1) and 3
and 4 (Scheme 2) were readily prepared via fluoride-
catalyzed!*? desilylation of Me3Si—C=C—R—-C=C—
SiMes (R = 0; 1,4-naphthalenediyl; 9,10-anthracenediyl)
in the presence of Cp(dppf)RuCl. Compound 2 was
isolated as a yellow precipitate by reaction of 2 equiv of
Cp(dppHRuCl with 1,4-diethynylbenzene in the presence
of potassium hexafluorophosphate and then by addition
of 3 equiv of sodium methoxide.?2'2 No attempt was
made to isolate the possibly intermediate bis(vinylidene)
complex in the reaction.22 As shown in Scheme 1,
treatment of 1 with 2 equiv of [Cu(MeCN)4(CIO)4
afforded RullsFellsCul; heterohexanuclear compound
5(C10y)2 through m-bonding of the acetylides to Cul
centers. The Rup™! mixed-valence compounds 1a(PFy),
3a(PFg), and 4a(PFg) were accessible by controlled
oxidation of 1, 3, and 4 with equimolar ferrocenium
hexafluorophosphate, respectively. Attempts to isolate
the one-electron-oxidized product of 2 failed because of
extreme instability of this mixed-valence species. The
Rup™ ! mixed-valence compound 1a could be further
oxidized by silver hexafluorophosphate at —78 °C to

(g Fe

| . i
o JPP 2 . Ph,P,

(CpaFe)(PFg)

=1+

PhyP—Ru—C=C—CE=C—Ru—PPh,

|
d PPh, PhyP, §
'%J kFc
1a

produce a dark blue Ruo™!T compound, but it is highly
unstable and could not be isolated at room temperature.

Elemental analyses (C, H, N) coincide well with the
calculated values for all of the compounds. Positive ion
ES-MS of the neutral compounds 1—4 show molecular
ion fragment [M]" as the principal peak. Both [M]* and
[M — (PFg)l™ fragment peaks occur in the ES-MS of
1a(PFg), 3a(PFs), and 4a(PFs) with Rugm™ mixed-
valence. For the Rull,FellsCuly compound 5(C104)g, the
peaks for fragments [{ Cp(dppf)Ru} 2(C=C—-C=C)]* and
[{ Cp(dpphHRu} 2Cus(C=C—C=C)]2" are observed.

The IR spectra of compounds 1—4 display vibrational
frequencies of moderate intensity in the range 1968—
2066 cm™! due to typical C=C triple bonding. In the IR
spectra of Ruo™! mixed-valence products la(PFg),
3a(PFg), and 4a(PFg), the v(C=C) shows an obvious shift
(100—120 em™1) to lower wavenumber relative to that
of the Rully parent compounds. As demonstrated in
other diacetylide-linked ruthenium complexes,'*1> the
C=C bonding intensity is reduced with oxidation of Rulf
into Rul! centers, indicating a diminution of the bond
order and an increasing contribution of the cumulenic
resonance structure.#215 In the IR spectrum of hetero-
hexanuclear compound 5(ClO4)2, the v(C=C) occurs at
1860 cm™!, revealing a significant red shift (ca. 108
cm™1) relative to that observed in 1. Accordingly, #%(x)-
bonding of C=C—C=C to two Cu! atoms weakens
remarkably the C=C bonding.

In the 3'P NMR spectra of 1—4, only a singlet at ca.
55.0 ppm is observed. This signal is shifted to around
52.0 ppm in the mixed-valence compounds la(PFg),
3a(PFg), and 4a(PFg). The phosphorus multiplets of
hexafluorophosphate appear at ca. —144.0 ppm. The 3P
NMR spectrum of Rull,Fell,Culy heterohexanuclear
compound 5 shows a singlet at 51.5 ppm, revealing a
slight shift to high field compared with that in its
precursor compound 1.

Crystal Structures. Compounds 1 and 5(C104)(SbFg)
were characterized by X-ray crystallography. Selected
atomic distances and bond angles are listed in Table 2.
Perspective views of 1 and the complex cation of 2 are
depicted in Figures 1 and 2, respectively.

Compound 1 consists of two Cp(dppf)Ru units bridged
by C=C—C=C through o-coordination. The Cp and dppf
are oriented in the same side to adopt a cisoid confor-
mation, as shown in Figure 1. The quasi-linearity of the
Ru—C=C—-C=C—Ru array is reflected in the quasi-
linear Ru—C=C [170.8(10)° and 176.6(11)°] and C=C—-C
angles [174.5(13)° and 175.4(13)°]. The RuL.Ru separa-
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Table 2. Selected Bond Distances (A) and Angles (deg) for 1 and 5(C104)(SbF¢)
1 5(C104)(SbFe) 1 5(C104)(SbFe)

Rul-C1 2.029(12) 2.012(16) Ru2—-C4 1.974(11) 2.000(16)
Rul-C11 2.206(13) 2.245(19) Ru2-C21 2.235(13) 2.241(19)
Rul-C12 2.238(15) 2.246(17) Ru2—-C22 2.229(14) 2.234(17)
Rul-C13 2.226(15) 2.252(19) Ru2—-C23 2.226(14) 2.23(2)
Rul-C14 2.230(14) 2.276(18) Ru2—-C24 2.216(13) 2.232(17)
Rul-C15 2.263(13) 2.239(19) Ru2-C25 2.248(12) 2.264(16)
Rul-P1 2.254(3) 2.322(5) Ru2—-P3 2.264(3) 2.308(5)
Rul—-P2 2.259(3) 2.308(5) Ru2—-P4 2.270(3) 2.309(5)
C1-C2 1.181(15) 1.23(2) C2—-C3 1.410(17) 1.38(2)
Ru—Cul 2.936(3) Ru2—Cu2 2.964(3)
Cul—N1 1.869(19) Cu2—N2 1.824(19)
Cul—-C1 1.950(18) Cu2—-C3 2.105(18)
Cul—-C2 2.133(18) Cu2—-C4 1.940(19)
C1-Rul-P1 87.2(3) 88.9(5) C4—Ru2—-P3 88.6(3) 88.0(5)
C1-Rul—-P2 85.7(3) 87.4(5) C4—Ru2—-P4 87.4(4) 90.1(6)
P1-Rul—-P2 97.76(12) 98.36(18) P3—Ru2—-P4 97.53(12) 97.38(18)
C2—C1—Rul 176.6(11) 171.8(16) C3—C4—Ru2 170.8(10) 174.7(14)
C1-C2-C3 174.5(13) 167.5(17) C4—-C3-C2 175.4(13) 168.0(18)
N1-Cul-C1 171.0(8) N2—-Cu2—-C4 174.2(9)
N1-Cul—-C2 139.3(7) N2—-Cu2—-C3 144.9(7)
C1-Cul—-C2 34.8(6) C4—Cu2—-C3 35.9(6)

Figure 1. ORTEP drawing of 1 with atom-labeling scheme
showing 30% thermal ellipsoids. Phenyl rings on the
phosphorus atoms are omitted for clarity.

tion is 7.741 A through bridging C=C—C=C, which is
comparable with those observed in other Cs-bridged
dinuclear Ru! compounds.'*1> The Ru—C and Ru—P
distances are in the normal ranges and in accordance
with those found in compounds [{ Cp(PPhs)sRu}o(C=C—
C=0)]* and [{Cp*(dppe)Ru}2(C=C—C=C)].’> The C=
C lengths [1.181(15) and 1.220(16) A] are typical of
carbon—carbon triple bonding.

In contrast with the cisoid conformation in 1, the
complex cation [{ Cp(dppf)Ru} of Cu(MeCN)}o(C=C—-C=
C)]2* of compound 5(C104)(SbFg) exhibits a transoid con-
formation with Cp and dppf oriented in opposite sides
(Figure 2). Two Cu(MeCN) fragments, bonded to C=
C—C=C through r%(r)-coordination, are also arranged
in a trans orientation. Compared with those in 1, the
Ru—P, Ru—Cp, and RuLRu distances become slightly
longer in compound 5(C104)(SbF¢). Furthermore, 72(:)-
coordination of the acetylide to Cu! atoms results in the
C=C and C—C distances of the C4 ligand appreciably
elongated (0.049 A) and shortened (0.03 A), respec-
tively.?> The Ru—Cu distances are 2.936(3) and 2.964(3)

Figure 2. ORTEP drawing of the complex cation of
5(ClO4)(SbFe) with atom-labeling scheme showing 30%
thermal ellipsoids. Phenyl rings on the phosphorus atoms
are omitted for clarity.

A, indicating that a weak Ru—Cu contact is operative.
The Rul---Ru2 separation is 7.852 A, a little elongated
relative to that in 1. The Cul atom is coordinated to
acetonitrile and C=C through n-coordination.

Redox Properties. The redox chemsitry of com-
pounds 1—-5(C104)s was investigated by cyclic and pulse
differential voltammetry in 0.1 M dichloromethane
solution of (BuyN)(PFg). The electrochemical data are
presented in Table 3, and a plot of the cyclic voltam-
mogram (CV) and pulse differential voltammogram
(DPV) of compound 1 is depicted in Figure 3.

The free ligand of dppf exhibits a reversible oxidation
wave at E1p = +0.190 V (referenced to ferrocene) in
dichloromethane solutions containing 0.1 M (BusN)(PF¢)
as supporting electrolyte. This reversible oxidation
process shows a positive shift to +0.490 V in the
compound Cp(dppf)RuCl, in which oxidation of Ru!l into
Rull occurs at +0.077 V.26 From the electrochemical

(25) Mihan, S.; Siinkel, K.; Beck, W. Chem. Eur. J. 1999, 5, 745—
753.

(26) Wu, I.-Y,; Lin, J. T.; Luo, J.; Sun, S.-S.; Li, C.-S.; Lin, K. J.;
Tsai, C.; Hsu, C.-C.; Lin, J.-L. Organometallics 1997, 16, 2038—2048.
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Table 3. Electrochemical Data for Compounds 1—4¢

compound Ez(A) Eq2(B) E12(CY Eq» (D) Eqp (E)Y AE ¢ K¢
Cp(dppHRuCl 0.077 0.490/
1 —0.680 —0.030 +0.371 +0.520 +0.820 +0.650 9.7 x 101
2 —-0.270 —0.006 +0.430 +0.560 +0.830 +0.264 2.9 x 10%
3 —0.357 —0.086 +0.448 +0.550 +0.860 +0.271 3.8 x 10%
4 —0.477 —0.187 +0.510 +0.510 +0.828 +0.290 8.0 x 10%

@ Potential data in volts vs Fc¢'/Fc are from single scan cyclic voltammograms recorded at 25 °C. Detailed experimental conditions are
given in the Experimental Section. ® Redox processes E12 (C) and E15» (E) are quasi-reversible or irreversible and may be from oxidation
of the ruthenium centers. ¢ Irreversible process E1/2 (D) is from oxidation of ferrocenyl in dppf ligand. ¢ AE1s = E12 (B) — E12 (A) denotes
the potential difference between redox processes A and B. ¢ The comproportionation constants, K., were calculated by the formula K, =
exp(AE19/25.69) at 298 K.33 /The E12 at 0.077 and 0.490 V correspond to oxidation of the Ru! center and ferrocenyl of Cp(dppf)RuCl,

respectively.

B A
E bp
C
I v ) v ) v T v 1
1.0 05 0.0 -0.5 -1.0
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Figure 3. Cyclic and differential pulse voltammograms
(CV and DPV) of compound 1 in 0.1 M dichloromethane
solution of (BusN)(PFs). The scan rate is 100 mV s~! for
CV and 20 mV s™! for DPV.

data presented in Table 3, it is revealed that in Rulls-
Fell, heterotetranuclear diyndiyl complexes 1—4 the
redox potentials of ferrocenyl and Ru'! centers show
slightly positive and negative shifts, respectively, rela-
tive to those in the precursor compound Cp(dppf)RuCl.

As depicted in Figure 3, five redox waves are observed
in the CV and DPV of compound 1. While waves A and
B are reversible, waves C, D, and E are quasi-reversible
or irreversible. Waves A and B are ascribable to step-
wise one-electron oxidation of Ruyb! into Rus!™ and
Rup™MT species, corresponding to the redox couples
RuM/Rupt M and RupM/Rup™L respectively. The
large potential separation (AE12 = 0.650 V) between the
two one-electron processes reflects a remarkable elec-
tronic delocalization along the molecular rod. The com-
proportionation constant K. is 9.74 x 1019 which is
comparable to those found in compounds [{ Cp(PPhg).-
Ru}o(C=C—-C=0C)] (1.7 x 1011)42 and [{ Cp*(dppe)Ru} -
(C=C—-C=0)] (9.70 x 1011).15 By reference to dinuclear
diyndiyl rurhenium compounds containing redox ter-
mini Cp(PPhs)eRu'* and Cp*(dppe)Ru,’® waves C and
E may also originate from oxidation of the ruthenium
centers, although the two redox processes are not
reversible. Since wave D is comparatively broad and its
potential is close to that of the Fe!l center in the parent
compound Cp(dppf)RuCl, it is tentatively assigned to
oxidation of Fe!l centers in compound 1. As the two
closely spaced one-electron processes are irresolvable by
CV and DPV, it appears that the two ferrocenyls in 1
are oxidized simultaneously.

In contrast to the reversible redox behavior of com-
pound 1, the cyclic voltammogram of Rull,FellsCuly

heterohexanuclear compound 5(C104) displays only two
irreversible oxidation processes at +0.24 and +0.52 V
and one reduction peak at +0.19 V. Obviously, the redox
reversibility is damaged by #%(:r)-bonding of the acetyl-
ides to two Cul atoms. Consequently, irreversible redox
behavior of compound 5(ClO4)2 excludes evaluating
unambiguously whether the z-bonded Cu! could act to
enhance or reduce electronic interaction between two
redox termini Cp(dppf)Ru relative to that found in the
parent compound 1.

Although waves C, D, and E are irreversible in
compounds 2—4, their redox behavior is similar to that
of 1. The potential difference AE1,; between reversible
waves A and B due to the electronic delocalization of
mixed-valence species Rup™™ is in the range 0.264—
0.290 V. It is noteworthy that the AE, and K, (Table
3) of compounds 2—4 increase in the order 2 < 3 < 4,
which agrees well with the increasing order of the conju-
gating range in the bridging ligands. Thus, the degree
of electronic delocalization in mixed-valence species
[{ Cp(dpphHRu}o(C=C—R—C=C)]* is finely tunable by
changing the conjugating range of the R substituent.!®

UV-—-Vis—NIR Spectra. Besides the intense ligand-
centered absorption bands at 200—310 nm, a band at
ca. 350—550 nm occurs in the UV-—vis spectra of
compounds 1—4, ascribed to a Rul'—ligand MLCT
transition. This band becomes weaker in the one-
electron-oxidized compounds. Furthermore, new bands
at a lower wavelength (420—880 nm) appear, assigned
tentatively to ligand—Ru!l LMCT transitions, which is
a consequence of the oxidation of one Rull into Rull.

The most characteristic band in the mixed-valence
Rup™ M compounds 1a(PFg), 3a(PFg), and 4a(PFs) is the
strong absorption in the near-IR due to intervalence
charge transfer (IVCT) transition between Rull and Rulll
centers (Table 4), which are absent in the spectra of the
neutral Ru™™! complexes 1, 8, and 4. Figure 4 shows
the IVCT band of 1a(PFg) measured in dichloromethane
at 298 K. As listed in Table 4, this band is observed at
906 nm for 1a(PFg) with the extinction coefficient (¢)
being 16 400 M~ cm~1. Solvent independence of the Apax
over a wide range of solvent polarity is a clear indication
of the average solvation of a delocalized Rus!™! system.
The observed half-width Avye (3666 cm™!) is markedly
narrower than the widths (5040 cm™!) predicted from
the relationship in the equation Avys = (2310Vmay)"2,
established by Hush for the class II mixed-valence
system,11021d.27-29 Tt has been demonstrated that a large
comproportionation constant (K. = 9.74 x 101 for
1a(PFg)), high extinction coefficient (¢ = 16 400 M~!
cm™1) of the IVCT band, solvent independence of Apyax,
and narrow half-width (Avy) are characteristics of class
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Table 4. Visble—Near-Infrared Spectral Data for Ru,!'! Mixed-Valence Compounds 1a(PFg), 3a(PF¢), and
4a(PFg) in Dichloromethane at 298 K

Compound lmax (nm) €max (Cm71 Mil) Vmax (Cmil) AVobsd (Cmil)a AVealed (Cmil)b Vab' (eV)C Vab (eV)d
1a(PFy) 906 16 400 11 037 3666 5040 0.27 0.68
3a(PFe) 1312 15 950 7622 2786 4191 0.12 0.47
4a(PF¢) 1110 19 110 9009 2753 4557 0.14 0.56

@ Avopsa is the observed half-width of the IVCT band. ® Avcaed is the calculated half-width from the equation Avye = (2310vmax)2 by
Hush’s theoretical analysis. ¢ Va,' = {[2.05 x 10" 2(VmaxemaxAv12)Y2l/R} from Hush’s theoretical analysis for a weakly coupling system of
class II mixed-valence compounds, where €max, Vmax, and Avyz are the molar extinction coefficient, the absorption maximum in wavenumbers,
and the bandwidth at half-maximum height in wavenumbers, respectively; the metal—-metal distance R is 7.741 A in 1a(PFs) and 12.242
A in 3a(PFs) and 4a(PFg). ¢ Vo, = vimax/2 for delocalized class III mixed-valence compounds.
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Figure 4. Visible—near-infrared spectra of 1 (dashed line)
and 1a(PFg) (solid line) in dichloromethane, showing IVCT
band of the mixed-valence compound 1a(PFg).

ITI mixed-valence compounds with electronic delocali-
zation.2’729 Thus, 1a(PFg) is a typical class III mixed-
valence compound according to Robin and Day classifi-
cation.?? The odd electron is delocalized over the Rull—
C4s—Rul array, and the coupling parameter Vg, is
simply related to the energy of the NIR band with Vy,
= Vmad/2.110:142.15 The large V,, (0.68 eV) of 1a(PFg) is
characteristic of a class III mixed-valence system.!1b.142.15

In the visible—near-infrared spectra of mixed-valence
compounds 3a(PF¢) and 4a(PFs) with a longer C=C—
R—C=C bridge (R = 1,4-naphthalenediyl or 1,10-an-
thracenediyl), the IVCT bands occur at 1312 and 1110
nm with € = 15 950 and 19 110 M~! cm 1, respectively,
in dichloromethane. Measurements of the IVCT band
in different organic solvents such as chloroform, acetone,
and acetonitrile show only slight shifts. The measured
half-widths (Avi) are 2786 and 2753 cm ™! for 3a(PFg)
and 4a(PFs), respectively, which are significantly nar-
rower compared with the calculated values (4191 cm™1!
for 3a(PFg) and 4557 cm™! for 4a(PFs)) by Hush’s
theoretical analysis for class II mixed-valence com-
pounds. Therefore, the IVCT properties including their
high intensity and small solvent effect, together with
narrow half-widths, reveal that 3a(PFs) and 4a(PFg) are
not typical Robin—Day class II mixed-valence com-
pounds. Nevertheless, compared with the much higher
value for class III mixed-valence compound 1a(PFg) (K.
= 9.7 x 1019), the relative low K, values for 3a(PF¢) (K.

(27) Hush, N. S. Prog. Inorg. Chem. 1967, 8, 391.

(28) Richardson, D. E.; Taube, H. Coord. Chem. Rev. 1984, 60, 107—
129.

(29) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10,
2417.

= 3.8 x 10%) and 4a(PFg) (K. = 3.8 x 10%) are an
indication of a weaker coupling between two ruthenium
centers across a longer C=C—R—C=C bridge. As an-
ticipated, the mixed-valence compounds 3a(PFg) and
4a(PFs) may be between electronic localization and
delocalization.212:29-33

Conclusions

Designed syntheses of RullsFelly heterotetranuclear
diyndiyl compounds [{ Cp(dppf)Ru}o(C=C—R—C=C)] (R
= 0, 1,4-benzenediyl; 1,4-naphthalenediyl; 1,10-an-
thracenediyl) and their one-electron-oxidized complexes
[{ Cp(dpphH)Ru} 2(C=C—R—C=C)](PF¢) with mixed-va-
lence were achieved. Reaction of [Cu(MeCN)4](ClO4)
with 1 afforded RulsFell,Cul; heterohexanuclear com-
pounds 5(C104)e. While a remarkable electronic coupling
is operative between two ruthenium centers across a
bridging diacetylide, redox interaction between two
ferrocenyl groups (iron centers) is undetectable by CV
and DPV in compounds [{Cp(dppf)Ru}s(C=C—-R—-C=
C)l. Redox reversibility in 5(Cl04)e is damaged by
n-bonding of the acetylides to Cu! centers. The Rup!-!
compound 1a(PFg) belongs to a class III mixed-valence
system with high electronic delocalization. From the
IVCT behavior of 3a(PFg) and 4a(PFg) together with
their redox properties, it appears that they are between
electronic localization and delocalization.
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