FULL PAPER

Synthesis and Redox Behavior of Ruthenocene-Terminated Oligoenes:
Characteristic and Stable Two-Electron Redox System and Lower Potential
Shift of the Two-Electron Oxidation Wave with Elongating Conjugation

Masaru Sato,*!*! Toru Nagata,'”! Atsushi Tanemura,” Takashi Fujihara,!
Shigekazu Kumakura,”” and Kei Unoura'™

Abstract: Ruthenocene-terminated bu-
tadienes and hexatrienes were pre-
pared by the Wittig reaction of 3-ruthe-
nocenyl-2-propenals with ruthenocenyl-
methylphosphonium salts and the Mu-
kaiyama coupling of the propenals, re-
spectively. Cyclic voltammetry of these
complexes indicated that they were in-
volved in a stable two-electron redox
process. The oxidation potentials for
ruthenocene-terminated oligoenes
shifted progressively to lower potential
with the increasing CH=CH units as
follows: Rc—Rc (0.32 V)>RcCH=

CHRc  (4+0.09 V) >Rc(CH=CH),Rc
(—0.06 V) >Rc(CH=CH);Rc (—-0.07 V),
(Rc=ruthenocene). The tendency is in
remarkable contrast to that in the suc-
cessive one-electron redox process.
These complexes were chemically oxi-
dized to give stable crystalline solids,
whose structures were confirmed by
NMR spectroscopy and X-ray analysis
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to be oligoene analogues of a bis(ful-
vene) complex, for example, [(1’-
CsMes)Ru{p,-n°m°-CsH,CH(CH=CH),-
CHGCH,)JRu(n’>-CsMes)** (n=1 or 2).
The DFT calculation of the two-elec-
tron-oxidized species reproduced well
the fulvene-complex structure for the
ruthenocene moieties. Since both the
neutral and oxidized species are stable
and chemically reversible, this redox
system may be serviceable as a two-
electron version of the ferrocene one-
electron redox system.

Introduction

Binuclear organometallic complexes can be regarded as or-
ganometallic versions of the multistage redox systems first
reviewed by Deuchert and Honig."! They undergo one- or
two-electron oxidation to afford the one- or two-electron-
oxidized species that can be stabilized by the electron delo-
calization, depending on the character of the metals and the
bridging ligands (Scheme 1). A large number of dinuclear
complexes with m-conjugated bridges have been reported
from the attraction in both fundamental and applied stud-
ies.2%1 Of them, the chemistry of bis(ferrocenyl) derivates
has been well investigated, especially from the viewpoint of
mixed-valence complexes, because ferrocene has a well-de-
fined and stable one-electron redox system.* In the search
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for building blocks for molecular wires (electronic communi-
cation)® and other technological potential applications,
much interest has been recently focused on oligoyne deriva-
tives with the organometallic end groups.” In the com-
plexes, [Cp*(NO)(Ph;P)Re(C=C),Re(PPh,)(NO)Cp*]®! and
[Cp*(dppe)Fe(C=C),Fe(dppe)Cp*],”! two successive one-
electron redox processes were confirmed and both oxidized
species were characterized. The structure of the two-elec-
tron-oxidized species, which involved a rearrangement of
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the multiple bond, was determined by a X-ray diffraction. A
similar two-step redox behavior was observed in the diene-
bridged complexes, [CpFeL,(CH=CH),FeL,Cp],'”! and the
triene-bridged complexes, [X(CO)(Ph,P),Ru(CH=
CH);Ru(PPh;),(CO)X]." The redox properties of the fer-
rocene-terminated oligoenes was fully investigated."” Addi-
tionally, a four-step redox process was found in the Ru-
caped diyne complexes.”! In organobimetallic complexes,
on the other hand, a few two-electron redox systems have
been found in which the one-electron oxidized species is not
detected and an interesting structural rearrangement of the
ligands is incidental to the redox process.'*'”1 We have pre-
viously reported the two-electron oxidation of dirutheno-
cene, ™ 1,2-bis(ruthenocenyl)ethenes,'” and 1,2-bis(rutheno-
cenyl)ethynes,” in which a remarkable structural rearrange-
ment was observed. Among these systems, especially, both
bis(ruthenocenyl)ethenes and the two-electron-oxidized spe-
cies were stable in air and the two-electron redox system
was chemically reversible. Therefore, the effect of elongated
bridging m-conjugation to the electrochemistry and the
properties is a question of great interest. Such effects
were also investigated in the successive one-electron redox
systems, [Cp*(NO)(Ph;P)Re(C=C),Re(PPh;)(NO)Cp*]
[Cp*(dppe)Fe(C=C),Fe(dppe)Cp*],>! and [Fc(CH=
CH),Fc] (Fc=ferrocenyl).'?) We now report the synthesis,
redox behavior, and chemical oxidation of ruthenocene-ter-
minated oligoenes.

Results and Discussion

Syntheses. The synthesis of bis(ruthenocenyl)ethenes,
[RecCH=CHRc], [Rc*CH=CHRc*], and [Rc'CH=CHRCc']
(Rc=ruthenocenyl, Rc*=1"2"3"4"5-pentamethylrutheno-
cenyl, and Rc'=2,3,4,5-tetramethylruthenocenyl) has been
reported previously.'*?!! The preparation of 1,4-bis(rutheno-
cenyl)butadienes, [Rc(CH=CH),Rc], [Rc*(CH=CH),Rc*],
and [Rc¢'(CH=CH),Rc'], was carried out by the Wittig reac-
tion of 3-ruthenocenyl-1-propenals and ruthenocenylmeth-
yl(triphenyl)phosphonium bromides, which were prepared
according to the processes shown in Scheme 2. Ruthenoce-
nylcarbaldehyde (1a) was treated with carbomethoxymeth-
yl(triphenyl)phosphorane in CH,Cl, to give methyl 3-ruthe-
nocenylacrylate (2a) as a mixture of E and Z isomers in 90
and 5% yields, respectively. In a similar procedure,
1,2",3' 4" 5'-pentamethylruthenocenylcarbaldehyde (1b) and
2,3,4,5-tetramethylruthenocenycarbaldehyde (1¢) afforded
methyl 3-(17,2",3",4",5"-pentamethylruthenocenyl)acrylate
(2b) and methyl 3-(2',3'4',5'-tetramethylruthenocenyl)acry-
late (2¢) , respectively, in good yields. After the separation
of the E isomers by chromatography on silica gel, the sepa-
rated isomers of the esters 2a-2c¢ were reduced with LiAlH,
or LiAIH,/AICl; in THF to give the corresponding unsatu-
rated alcohols 3a-3c¢, respectively, in excellent yields. The
propenols 3a-3¢ were oxidized with MnO, in refluxing di-
chloroethane to give the corresponding propenals 4a—4c, re-
spectively, in good yields. On the other hand, the reduction
of the aldehydes 1a—-1¢ with LiAlH, led to the correspond-
ing alcohols Sa-5e¢, respectively, in excellent yields, which
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Scheme 2. a: R'=R?>=H; b: R'=Me, R?=H; ¢: R'=H, R>=Me.

were then treated with triphenylphoshine hydrobromide in
refluxing toluene to give the corresponding phosphonium
salts 6a—6c¢, respectively, in quantitative yields.

The propenal 4a was treated with the ylide solution pre-
pared from the reaction of the phosphonium bromide 6a
with LDA at low temperature to afford a mixture of E.E
and E,Z isomers (5:4) of 14-bis(ruthenocenyl)butadiene,
[Rc(CH=CH),Rc] (7a), in 78% yield. In a similar proce-
dure, 1,4-bis(1”,2",3",4",5"-pentamethylruthenocenyl)buta-
diene, [Rc*(CH=CH),Rc*] (7b), and 1,4-bis-(2',3',4',5'-tetra-
methylruthenocenyl)butadiene, [Rc¢'(CH=CH),Rc'] (7¢),
were obtained as mixtures (3:2 and 13:1) of E,E and E,.Z
isomers in 46 and 59% yields, respectively (Scheme 3).
Almost pure E,E isomers of 7a-7¢ were isolated by the re-
peated fractional recrystallization from benzene. Their ster-
eochemistry was assigned by their '"H NMR spectra. For ex-
ample, the '"H NMR spectrum of complex (E,E)-7b in C;Dg
showed the olefinic protons as an AA'’XX' pattern at 6=
593 (H,,) and 6.25ppm (H,;) (J1,=J3,=15.3 and J,;=
10.6 Hz). The structure of (E,E)-7a was determined by X-
ray diffraction. The ORTEP view of (E,E)-7a is shown in
Figure 1; selected bond lengths and angles are given in the
figure legend. Two ruthenocenyl groups are positioned on
the opposite side of the mean plane of the bridging diene.
Both double bonds in the bridging diene adopt an E config-
uration and are connected to each other in an s-trans confor-
mation. The plane of the diene is nearly coplanar (4.8°) with
the substituted cyclopentadienyl (Cp) ring of the rutheno-
cene nucleus. The C(1)—C(1) (1.447(6) A) and C(1)—C(2)
(1.363(6) A) bond lengths are normal for single and double
bonds, respectively, of a conjugated diene.
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Figure 1. ORTEP view of (E,E)-7a. Selected bond lengths [A] and angles
[7]: C(1)—C(1)=1.447(6), C(1)—C(2)=1.363(6), C(2)—C(3)=1.457(6),
Ru(1)—C(Cp)=2.188(av), C(Cp)—C(Cp)=1.429(av), C(1)-C(1)-C(2)=
122.3 (4), C(1)-C(2)-C(3) =125.0(4), C(2)-C(3)-C(4) = 124.1(4).

The propenal derivative 4a was allowed to react with a
low-valent Ti reagent prepared from TiCl, and Zn powder
in THF at low temperature, followed by refluxing, to give
1,6-bis(ruthenocenyl)hexatriene, [Rc(CH=CH);Rc]| (8a), in
29% yield as a single isomer (Scheme3). In a similar
manner, 1,6-bis(1”,2",3",4",5"-pentamethylruthenocenyl)hex-
atriene, [Rc*(CH=CH);Rc*] (8b), and 1,6-bis-(2',3',4',5'-tet-
ramethylruthenocenyl)hexatriene, [Rc¢'(CH=CH);Rc’] (8¢),
were obtained from 4b and 4c¢, respectively, in moderate
yields. In the "H NMR spectrum of 8b in C¢Dq, the olefinic
protons appeared as an AA'BB'XX' pattern at 6=6.42
(H,s), 6.35 (Hs,), and 6.05 ppm (H; 4). The simulation of the
olefinic proton signals afforded the following coupling con-
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stants: J,=J5,=J5,=15.8 Hz and J,3=J,5=10.6 Hz. The
BCNMR spectrum of 8b showed three olefinic carbons at
0=125.85, 128.15, and 130.87 ppm. These NMR data are
consistent with the triene derivatives with an E,E,E configu-
ration.

The UV-visible spectral data of 7a-7¢ and 8a-8¢ meas-
ured in CH,Cl, are collected in Table 1, along with those of
the ethene derivatives. The spectra of 7b, 8b, and [Rc*CH=
CHRc*] are shown in Figure 2, for example. The two ab-

Table 1. The UV-visible spectroscopic data of compounds 7a-7¢, 8a-8¢,
and related compounds in CH,Cl,.

Compound Amax [nm](€)

[RecCH=CHRc| 287(16200) 331 sh(4700)
7a 309(30200) 350 sh(14800)
8a 331(30200) 376(26700)
[Rc*CH=CHRc*] 295(22100) 337 sh(9800)
7b 320(26300) 371(21200)
8h 342(28100) 395(33700)
[Rc'CH=CHRC] 283(17300) 331 sh(4300)
7e 311(32000) 356 sh(16100)
8¢ 335(33700) 374(29.800)
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Figure 2. Electronic spectra for the neutral complexes (top), [Re*CH=
CHRc*] (—), 7b (——-), and 8b (--+-+) and for the oxidized species
(bottom) of [Rc*CH=CHRc*] (—), 7b (9b) (---), and 8b (10b)
(cones).

sorption bands observed, which might be assigned to the m—
st* transition on the basis of the strength of the absorption,
were shifted to longer wavelength region and increased
their absorbance with the elongation of the conjugation, as
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expected. The wavelength-shift caused by the increase of
one double bond (AA=18-34 nm) in the ruthenocenyl series
is similar to that found in the ferrocenyl series (Al=16-
37 nm).'"l The absorbance of the longer wavelength absorp-
tion increased to a greater extent with the extending conju-
gation, relative to that of the shorter wavelength absorption.

Redox behavior: The cyclic voltammograms of 7a-7¢ and
8a-8c¢ and related complexes were measured in CH,Cl, and
the electrochemical data are summarized in Table 2. The
voltammograms for [Rc*CH=CHRc*], 7b, and 8b are ex-
hibited in Figure 3, as an example. As seen clearly from

Table 2. Electrochemical data for the complexes in CH,CL,.1"

cited in Table 2, only the one redox process was observed
within the potential window of CH,Cl, and no other wave
appeared above 0.7 V, while ruthenocene itself showed only
the irreversible two-electron oxidation wave at 0.53 V under
usual conditions.””? Only in the CV of Rc—Rc, a small
second oxidative process was observed at approximately
0.7V and a complex re-reductive process appeared on the
turn of the scan at 1.0 V. As shown in Table 2, the electron
count (n) obtained from the thin-layer coulometry is nearly
2.0 for any complex, proving that the observed waves corre-
spond to a two-electron redox process. The nonreversible
features in the CV of the ruthenocene-terminated oligoenes

described above may suggest

that the oxidation and reduc-

tion peaks represent an elec-

E,[V' E, [V AE/ Vi /i (v} .
(V1 e[V " Tpe n tron-transfer reaction followed
[Re"Re] 0.32 0.16 0.16 o o8 19" by a chemical reaction (vide
[RcCH=CHRc] 0.09 —0.06 0.15 irrev. e .
7a —0.06 _016 0.10 0.88 20 infra). As seen in Table 2, the
8a —0.07 —0.16 0.09 0.85 20 oxidation waves of 7a-7¢ and
[Rc*CH=CHRc*] -0.20 -0.31 0.11 1.01 1.8 8a - 8c¢ were observed in con-
;E 78;? *gg; 81(3) 832 fg siderably lower potential region
[Rc'CH=CHRc¢'] ~0.08 ~0.16 0.09 0.51 20 (AEp=ca. 03-05V)  than
Te 023 033 0.10 0.98 21 those of the corresponding
8c -0.22 -0.35 0.13 0.96 1.9 mononuclear ruthenocene de-
rivatives, similar to that in

[a] Sweep rate=0.1 Vs~', V vs FcH/FcH™*. [b] Determined by thin-layer coulometry. [c] Not measured because

of the slow dissolution and the shoulder accompanied.
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Figure 3. Cyclic votammograms for [Re*CH=CHRc*] (top), 7b (middle),
and 8b (bottom) in CH,Cl, (sweep rate=0.1 Vs™', [complex]=0.5-
0.6 mmol).

Table 2 and Figure 3, the electron transfer in every wave
was not reversible (AE=E,. — E,,=0.09-0.16 V); however,
the oxidation wave was accompanied by a reduction wave
with nearly the same magnitude as that of the oxidation
wave (ip/i,=0.83-1.01), except in the case of [RcCH=
CHRc] and [Rc’'CH=CHRCc']. These last two complexes
showed two reduction waves that may suggest some instabli-
ty in the two-electron-oxidized species. In the complexes
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ethene derivatives.'" Moreover,

their oxidation potentials shift-

ed to lower potential region

with the increase of the bridg-
ing double bond as follows: [Rc—Rc] (+0.32 V)["¥I>
[RcCH=CHRc]  (4+0.09 V)!"I>[Rc(CH=CH),Rc]  (7a)
(—0.06 V) > [Rc(CH=CH);Rc] (8a) (—0.07 V), for example.
A similar tendency was also observed in the Rc* and Rc’
series, as seen in Table 2. The tendency is in sharp contrast
to that in the successive one-electron redox system found
previously. In diferrocenylpolyenes, [Fc(CH=CH),Fc], '
for example, the first redox potentials are observed at lower
potential than that of ferrocene itself although the second
redox potentials remain intact in the shorter ethene bridge
(n=1-3), but the first redox potentials gradually ascend
with the increasing double bonds and then a single redox
potential is observed for n=4-6. A similar tendency was
also observed in the ethyne-bridged binuclear complexes,
[Cp*(NO)(Ph;P)Re(C=C),Re(PPh;)(NO)Cp*]¥f and
[Cp*(dppe)Fe(C=C),Fe(dppe)Cp*]." In our bis(rutheno-
cenyl)oligoene systems, the two-electron oxidation poten-
tials are shifted to lower potential region with elongation of
the oligoene bridge, as shown in above. Moreover, the po-
tentials that converge with the increasing conjugation (e.g.,
ca. —0.10 V for the Rc series) are considerably lower than
that of ruthenocene itself (0.53 V). This suggests that the
two-electron-oxidized species of bis(ruthenocenyl)oligoenes
are largely stabilized by certain factors related to the struc-
tural isomerization and so forth.

Chemical oxidation: The two-electron oxidation of bis(ru-
thenocenyl)ethenes afforded the stable dicationic com-
plexes.™ Similarly, complexes 7a-7¢ and 8a-8c¢ were oxi-
dized with two equivalents of p-BQ/BF;-OEt, (BQ =benzo-
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quinone) at 0°C in CH,Cl, to give the corresponding dica-
tionic complexes 9a-9¢ and 10a-10c¢, respectively, as stable
solids in high yields (Scheme 4). The oxidized complexes
were soluble in CD;CN, CD;NO,, and (CD;),CO. Solutions
of 9a-9c¢ in CD;CN and CD;NO, were stable at room tem-

Scheme 4. a: R'=R?>=H; b: R'=Me, R>?=H; ¢: R'=H, R>=Me.

perature for a long time, but 10a—10 ¢ were somewhat unsta-
ble in the same solvents and changed color after a few days.
Electronic spectral data of the oxidized complexes, 9a-9¢,
10a, and 10b, are collected in Table 3, along with those of

Table 3. The UV-visible spectroscopic data of compounds 9a-9¢ 10a,
10b, and related comounds in CH;CN.

Compound Amax [nmM] (&)

[RcCH=CHRc]** 292(10500) 383(2600)
9a 335(21500)

10a 387(29600)

[Rc*CH=CHRc*]** 339(18200) 420sh(4500)
9b 362(26000)

10b 407(29400)

[Rc'CH=CHRc']** 292(13000) 382sh(2900)
9¢ 334(21100)

2170 ——
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related complexes. The spectra of 9b, 10b, and the oxidized
[Rc*CH=CHRCc*] are shown in Figure 2, as an example. The
absorption bands observed with large absorbance, probably
due to the CT-transition, shifted to the longer wavelength
region with the extension of the conjugation. The extent of
the shift per one double bond (AA=23-52 nm) is somewhat
larger than that in the corresponding neutral complexes.

The 'H NMR spectrum of 9b in CD;NO, showed one Me
proton signal at d=1.97 ppm and one set of olefinic proton
signals at 0 =6.07 and 6.63 ppm, indicating that the oxidized
species adopted a structure with a symmetrical face or a
center of symmetry. The proton signals of the C;H, rings of
9b appeared as broad doublets at 6 =4.97 and 5.51 ppm and
as a triplet of doublets at 005.85 and 5.94 ppm (/=2.9 and
1.1 Hz), indicating that the CsH,-ring protons were in an un-
symmetrical environment, in contrast to those in the corre-
sponding neutral complex 7b. From the H,H-COSY spec-
trum of 9b, the signal sets in the higher (0=4.97 and
5.51 ppm) and the lower fields (6 =5.85 and 5.94 ppm) were
assigned to the a- and pB-protons of the CsH,-ring, respec-
tively, because a strong correlation was recognized between
the latter signals, but only a weak correlation between the
former signals. They were also observed in a considerably
lower field relative to the corresponding signals in 7b (Ad =
0.67-1.57 ppm), indicating the accumulation of the positive
charge on the Ru atoms. These features observed in 9b are
similar to those observed in the ethene-bridged analogues,
[Ru,(p,-1°m’-CsH,CHCHCH,)(n-CsMes),]**, in which the
CsH,-ring protons were observed at 0 =4.93, 5.43, 5.86, and
5.98 ppm."” In the *C NMR spectrum of 9b, the signals of
the CsH,-ring carbon atoms were observed as two sets of
signals largely separated (at d=80.81 and 83.58 ppm for the
a-carbon signals and at §=96.92 and 97.29 ppm for the (-
carbon signals) at lower field than those in 7b. (cf. 6 =81.59
and 84.10 ppm for the a-carbon signals and 6=97.32 and
99.15ppm for the P-carbon signals in [Ru,(u,-n®m°’-
CsH,CHCHC;H,)(n-CsMes),**)."”! The signal for both ter-
minal carbon atoms in the bridging butadiene in 9b ap-
peared at d=100.13 ppm, the chemical shift of which was
shifted considerably to higher field than that of the corre-
sponding carbon signal in 7b (6=126.18 ppm), suggesting
the coordination of the carbon atom to the Ru metal. These
'"H and “C NMR spectral data confirm that the (1-CsMes)-
Ru(C;H,CH) moiety in 9b adopts a fulvene-complex struc-
ture, similar to that in [Ru,(p,-n®mn*-CsH,CHCHCsH,)(n-
CsMes),[**. The bridging olefin protons were observed as an
AA'’XX' pattern at d=6.07 and 6.63 ppm. From the simula-
tion of the proton signals, J,3=15.6 and J;,=J;,=10.5 Hz
were obtained, indicating the trans-configuration of the cen-
tral double bond in the bridging part. Since the n-CsMe;
ligand is sterically bulky, they seem to arrange in anti-paral-
lel to each other in 9b. Therefore, the structure of 9b
is represented as anti-trans-[Ru,(u-n°m’-CsH,CHCH=
CHCHG;H,)(n-CsMes),]** [BE,],.

The 'H NMR spectrum of 9a in CD,;CN showed the pres-
ence of two isomers (ratio ca. 2:1). The number and the
chemical shift of the proton signals for each isomer in 9a
are similar to each other, indicating that both isomers have
a symmetrical plane or a center of symmetry and a similar
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structure. The chemical shifts of the olefinic protons and the
N-CsH,-ring protons in 9a are very similar to those of the
corresponding protons in 9b. These features suggest that 9a
is an analogue of 9b and that the two isomers in 9a differ
only in the arrangement of (n-CsHs)Ru moieties. The simu-
lation of the olefinic proton signals in the main isomer of 9a
furnished the coupling constants similar to those observed
in 9b, implying that the central double bond in the bridging
chain adopted a trans configuration. That is, their cations
are formulated as anti-trans- and syn-trans-[Ru,(p,-n®m°-
CsH,CHCH=CHCHC;H,)(n-CsHs),]**. The presence of two
isomers in 9a, in contrast to 9b, is likely due to the lesser
sterical bulk of the (n-CsHs)Ru moiety compared with that
of the (n-CsMes)Ru moiety. A single crystal suitable for X-
ray diffraction was obtained from the recrystallization of 9a
from CH;NO,/Et,0. The ORTEP view of the cation in the
obtained crystal is shown in Figure 4; selected bond lengths

Figure 4. ORTEP view for the syn isomer of 9a. Selected bond lengths
[A] and angles [°]: Ru(1)-C(1)=2.054(7), Ru(1)—C(11)=2.354(6),
Ru(2)—C(14) =2.358(7), Ru(2)—C(15)=2.063(7), C(1)—C(11)=1.407(11),
C(11)—C(12) =1.461(9), C(12)—C(13)=1.336(8), C(13)—C(14)=1.456(9),

C(14)-C(15)=1.409(11),  C(1)-C(11)-C(12)=123.0(6),  C(11)-C(12)-
C(13)=122.2(6), C(12)-C(13)-C(14)=122.0(6), C(13)-C(14)-C(15)=
122.3(6), C(11)-C(1)-Ctr(1) = 143.8(00), C(14)-C(15)-Ctr(2) = 143.1(00).

and angles are given in the figure legend. As seen in
Figure 4, the cation in the obtained crystal has a syn ar-
rangement of the (1-CsHs)Ru moiety, while complex 9a
exists as a mixture of anti and syn isomers in solution. The
analyzed crystal was considered to be accidentally a crystal
with the syn arrangement. The Ru(1)-C(11) (2.354(6) A)
and Ru(2)—C(14) (2.358(7) A) bond lengths signify that the
C(11) and C(14) atoms coordinate to the Ru atoms. The
C(1)-C(11) (1.407(10) A) and C(14)—C(15) (1.409(11) A)
distances are just as that of the double bond coordinated to
metal. For reference, the corresponding Ru—C and C—C
bond lengths in the fulvene complex, [(n’-CsH,CH,)Ru(n-
CsHy)]*, are 2.272(4) and 1.405(6) A, respectively.”® These
features confirm the fulvene-complex structure of the (n-
CsH;)Ru(CsH,CH) part in 9a. The C(11)—C(12)
(1.461(9) A) and C(13)—C(14) bonds (1.456(9) A) are single
bonds and the C(12)—C(13) bond (1.336(8) A) is a double
bond in character. This bond alternation is in contrast to
that of the corresponding bonding in (E,E)-7a [C(1)—C(2)
(1.363(6) A) and C(1)—C(1) (1.447(6) A)]. The tilt angles of
the C(1)—C(11) and C(15)—C(14) bonds from the n-CsH,
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ring planes for syn-9a are 36.2° and 36.9°, respectively.
These results definitely confirm that the structural rear-
rangement takes place in the oxidation of the neutral diene
complex. It is also worthy to note that the central double
bond C(12)=C(13) adopts an E configuration.

The 'H NMR spectrum of 9¢ in CD;CN also showed the
presence of two isomers (ratio ca. 2:1). The pattern of the
proton signals for each isomer are much the same and the
chemical shifts of the olefinic protons for each isomer are
very similar to those of 9b. The methyl-proton signals of the
1n-CsMe,-ring in 9¢ appeared as two sets of separate four
singlets, indicating that they are in an unsymmetrical envi-
ronment. The protons of the Me groups in [Ru,(u,-n*m°-
CsMe,CHCHC;sMe,)(n-CsHs),]*™ were also reported to be
observed as four signals.!"”! These features suggest that 9¢ in-
volves a bis(fulvene)-complex structure and the two isomers
differ only in the arrangement of the (n-CsHs)Ru moieties.
That is, their cations are formulated as anti-trans- and syn-
trans-[Ru,(u,-n°mP-CsMe,CHCH=CHCHC;Me,)(n-CsH;),]**.

The 'H NMR spectra of 10a and 10b in CD,;NO, bore a
strong resemblance to those of 9a and 9b, respectively,
except for the olefinic region; they also showed the presence
of two isomers (ratio ca. 1:1 in 10a and ca. 4:3 in 10b).
From the characteristics observed in the ring-proton signals
for 10a and 10b and the similarity in the chemical shifts be-
tween their isomers, it is suggested that these complexes are
higher analogues of 9a and 9b, respectively. The simulation
of the olefinic proton signals in the main species of 10b
(CD;NO,) provided the coupling constants of J,3=J,5=
158 Hz and J,,=J;,=J54=10.6 Hz. So, the two double
bonds in the bridging chain take a frans-configuration also
in 10b. The presence of two isomers in 10b differs from that
of one isomer in 9b, and the decrease of the isomer ratio in
10a (from ca. 2:1 for 9a to ca. 1:1 for 10a) seems to reflect
the decreased steric repulsion between the terminal metal
sites due to the elongation of the bridging oligoenes. Inter-
estingly, the central double bond of the conjugating bridges
in 9a-9¢, 10a, and 10b take a trans configuration, implying
that the two isomers (A and B) observed in 9a, 9¢, 10a, and
10b are considered to be generated from the s-trans con-
formers of the central single bond that connects the two
double bond in 7a, 7¢, 8a, and 8b, respectively. The isomers,
A and B, are not conformational isomers. They come from
the two conformers based on the C—C bond connecting the
ruthenocene nucleus with the bridging olefin in 7 and 8, re-
spectively, before oxidation.

The cationic species 9b and 10b were reduced with Zn
powder in CH,Cl,/MeCN (1:1) at room temperature to give
the corresponding neutral complexes in quantitative yields,
respectively. The 'H NMR spectra of these products showed
the formation of E,E and E,E,E isomers, respectively.

Complexes 7a-7¢, 8a, and 8b were oxidized in a chemi-
cally reversible process without an observable radical cation
intermediate, although this redox reaction is electrochemi-
cally irreversible. Plausibly it can take place through the
process shown in Scheme 5 for complex 7b, which is similar
to the square scheme proposed by Geiger.'**?! The process
is composed of two simultaneous one-electron oxidations
followed by a rapid chemical transformation (the structural
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rearrangement). The first one-electron oxidation may be
caused by the electron abstraction from the terminal metal
sites or the bridging & bond. This produces an unstable radi-
cal cation that would lose another electron without delay.
The stepwise rearrangement to a fulvene-complex structure
or the spin-coupling of the diradical cation would lead to
the bis(fulvene)-complex structure.

Taking previous results into consideration,'®” the two
Ru sites in bis(ruthenocenyl) oligoenes, [Rc(CH=CH),Rc]
(n=0-3), can sufficiently interact with little dependence on
the elongation of the conjugation, and the two-electron-oxi-
dized species can stabilized by the structural rearrangement
to the dicationic complexes involving a bis(fulvene)-complex
structure. This is very interesting, because the interaction
between the two metal sites dramatically decreases with the
extending conjugation in the one-electron-oxidized species
of the bis(ferrocenyl) oligoenes, [Fc(CH=CH),Fc],'* and
other dinuclear complexes bridged by oligoynes.*? More-
over, the metal centers in the dication of dinuclear bis(ferro-
cenyl) complexes seem to behave as two noninteracting rad-
ical-cation sites, because the biferrocene dication has no sig-
nificant exchange interaction between the two Fe™ cen-
ters,[25:26]

Theoretical study: For elucidating the electrochemical and
structural properties, DFT calculations on the complexes
[RecCH=CHRc], [Rc(CH=CH),Rc] (7a), and [Rc(CH=
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CH);Rc] (8a) were carried out. The molecular structures of
all the complexes were fully optimized. The structural pa-
rameters obtained from the optimized structure of 7a
(Figure 5) are comparable with the crystallographically de-
termined parameters for 7a. For example, the C=C

O 50

Figure 5. The optimized structures for 7a (top) and 9a (bottom).

(1.350 A) and C—C bond lengths (1.440 A) of the bridging
butadiene moiety in the optimized structure are in an excel-
lent agreement with the observed distances (1.363(6) A for
the C=C bond and 1.447(6) A for the C—C bond) for 7a.
The Ru—C and C—C distances in the ruthenocene moiety of
7a are also well reproduced (2.242 and 1.438 A for the opti-
mized structure and 2.188 (av) and 1.429 A (av) for the ob-
served structure, respectively). The result of the MO calcu-
lation showed that the HOMO has a roughly equal contri-
bution from the ligand and the metal orbital and is anti-
bonding in character, as seen in Figure 6. The contribution
of the ligand orbital to the HOMO increased with the ex-
tending conjugation (n=1, 39.7; n=2, 53.0; n=3, 63.3%).
These features are in good agreement with the qualitative
anticipation based on the qualitative fragment orbital analy-
sis between the metal d orbital of the ruthenocenyl parts
and the = orbital of the bridging oligoene parts. The large
contribution of the ligand orbital in the HOMO of RcCH=
CHRc, 7a, and 8a may support the first one-electron extrac-
tion occurring at the bridging m-bond.

The energy level of the HOMO ascends in the following
order, as seen in Figure 7: [RcCH=CHRc] (—0.18109 au) <
[Re(CH=CH),Rc] (7a) (—0.17716 au) < [Rc(CH=CH);Rc]
(8a) (—0.17357 au). If electrochemical oxidation is assumed
to involve the removal of an electron from the HOMO, the
redox potentials of the complexes should decrease with the
ascending HOMO energy. Indeed, this was the fact:
[ReCH=CHRCc] (+0.09 V) > [Rc(CH=CH),Rc] (7a)
(—0.06 V) > [Rc(CH=CH);Rc] (8a) (—0.07 V).*"
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Figure 6. The LUMO (top), HOMO (middle), and HOMO-1 (bottom)
for 7a.
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Figure 7. The MO energy diagram for [Rc(CH=CH),Rc] (n=1-3).

The HOMO energy of [Re*CH=CHRc*] (—0.16884 au)
was also calculated in order to evaluate the electronic effect
of the methyl substituent. The energy is considerably higher
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than that of [RcCH=CHRc]| (—0.18109 au), indicating the
remarkable electron-donating effect of the methyl substitu-
ent and suggesting the potentially increased stability of the
dicationic species.

The MO calculation for the two-electron-oxidized species
of the ruthenocene-terminated oligoenes, [RcCHCHRc]**,
[Rc(CHCH),Rc]**, and [Rc(CHCH);Rc]**, was also carried
out. The geometry optimization reproduced considerably
well the actual structure. For example, only a small differ-
ence (13.1 kImol™') in the total energy of the anti and syn
isomers for [Rc(CHCH),Rc]** was obtained, supporting the
presence of two isomers, anti-9a and syn-9a. Moreover, a
considerably correct fulvene-complex structure was repro-
duced in the ruthenocene part, as seen in Figure 5. The
structural parameters obtained from the optimized structure
for syn-[Rc(CHCH),Rc]** are comparable with the crystal-
lographically determined parameters for syn-9a. The
Ru—C(a) and Ru—C(ipso) bond lengths are 2.53 and 2.16 A
(av), respectively, for the optimized structure and they are
comparable with those found in the observed structure
(2.354(6) and 2.358(7) A, and 2.054(7) and 2.063(7) A, re-
spectively). The comparison of both interatomic distances
suggests that the contribution of a bis(fulvene)-complex
structure in the optimized structure is less than that in the
observed structure, because the Ru—C(a) distance is longer
and the Ru—C(ipso) distance is shorter in the former than in
the latter. The C(a)—C(ipso) distance (1.40 A) in the opti-
mized structure is near that in the coordinated C=C bond
and the similar bond lengths (1.409(11) and 1.407(10) A) are
observed for the corresponding bond of syn-9a. The central
C=C (1.36 A) and neighboring C—C bond lengths (1.44 A)
on the bridge in the optimized structure are also in consider-
able agreement with the observed distances for syn-9a
(1.336(8) A for the C=C bond and 1.461(9) and 1.456 (9) A
for the C—C bond). The tilt angle of the C(a)—C(ipso) bond
from the n-C;H, ring plane is 31.9° for the calculated
[Rc(CHCH),Rc]*" and 36.2° and 36.9° for syn-9a. These pa-
rameters also support the lesser contribution of a bis(ful-
vene)-complex structure in the optimized structure. Similar
structural characteristics are obtained from the calculation
for the two-electron-oxidized species, [RcCHCHRc]** and
[Re(CHCH);Rc]**.

Thus, the MO calculation for the oxidized species of such
a series of ruthenocene-terminated oligoenes is very useful
for the prediction of the structure and stability of the com-
plexes. In the optimized structures, the Rc—C(a) bond
lengths are elongated as follow: [RecCHCHRc]** (2.47 A) <
[Re(CHCH),Rc]** (2.53 A) <[Rc(CHCH);Rc]** (2.55 A)
and the tilt angles of the C(ipso)—C(a) bond toward the
CsH, ring in anti-[Rc(CHCH),Rc]** decrease as follows:
34.0° (n=1)>32.2° (n=2)>31.5° (n=3). These parameters
may suggest that the contribution of a bis(fulvene)-complex
structure in the oxidized species decreases with the elongat-
ing conjugation and, hence, the stability of the oxidized spe-
cies declines in the same order. This suggestion seems to be
in agreement with the experimental facts.
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Conclusion

Binuclear ruthenocene derivatives bridged by butadiene and
hexatriene were newly prepared by the Wittig reaction of
ruthenocenylmethylphosphonium salts with 3-ruthenocenyl-
2-propenals and the Mukaiyama coupling of the propenals,
respectively. Cyclic voltammetry showed that the rutheno-
cene-terminated oligoene derivatives, especially the penta-
methylruthenocenyl series, underwent a stable two-electron
redox process. Both neutral and oxidized species were air-
stable and the redox process was chemically reversible. The
structures of the two-electron-oxidized species were those of
oligoene analogues of a bis(fulvene) complex. Therefore,
the redox system [Rc(CH=CH),Rc]/[Rc(CHCH),Rc]** may
be regarded formally as a two-electron version of the FcH/
FcH™' system (Scheme 6). Their oxidation potentials ap-

1-Electron Redox System

+
-1e @

|

0:0

2-Electron Redox System

Scheme 6.

peared at lower potential (nearly equal to that of FcH) than
that of the mononuclear ruthenocene derivatives and shifted
to lower potential with the increasing CH=CH units. This is
in remarkable contrast to those in the successive one-elec-
tron redox system. Since ruthenocene has well-developed
derivative chemistry and the [Rc(CH=CH),Rc] system in-
volves the Rc nucleus with versatile substitution, the
[Re(CH=CH),Rc] system may have a concealed potential
for the development of novel materials. Such a work is in
progress in our group.

Experimental Section

Materials and methods: All reactions were carried out under an atmos-
phere of N, and/or Ar and workups were performed without precaution
to exclude air. NMR spectra were recorded on Bruker AC300P, AM400,
or ARX400 spectrometer. IR (ATR) spectra were recorded on Perkin—
Elmer System 2000 spectrometer. Cyclic voltammetry was carried out by
using BAS ALS600 in 10'm solution of nBu,NCIO, (polarography
grade, Nacalai tesque) in CH,Cl,. CV cells were fitted with a glassy
carbon (GC) working electrode, a Pt wire counter electrode and an Ag/
Ag*t pseudoreference electrode. The cyclic voltammograms were ob-
tained at the scan rate of 0.1 Vs™' in the 0.5-0.6 mmol solution of com-
plexes. All potentials were represented vs FcH/FcH*, which were ob-
tained by the another measurement of ferrocene at the same conditions
immediately after. Thin-layer coulometry were carried out on apparatus
described earlier.” The simulation of the NMR spectra was carried out

2174
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by the SwaN-MR software.”) Solvents were purified by distillation from
the drying agent prior to use as follows: CH,Cl, (CaCl,); CICH,CH,Cl
(CaCl,); CH;CN (CaH,); acetone (CaSO,); THF (Na/benzophenone); di-
ethyl ether (LiAlH,). 1,2,3,4,5-Pentamethylruthenocene,™ formylruthe-
nocene (1a),*" 1-formyl-1',2",3',4',5'-pentamethylruthenocene (1b),"” 1-
formyl-2,3,4,5-tetramethylruthenocene (1¢),'” 1-hydroxylmethylrutheno-
cene (5a)) and 1-hydroxylmethyl-2,3,4,5-tetramethylruthenocene
(5¢)! were prepared according to the literatures. Other reagents were
used as received from commercial suppliers.

Methyl (E)-3-ruthenocenylacrylate (2a): Carbomethoxymethylenetriphe-
nylphosphorane (1.0 g, 3.0 mmol) was added to a solution of 1a (0.78 g,
3.0 mmol) in dry benzene (30 mL) under N,. The solution was refluxed
for 24 h and then evaporated under reduced pressure. The residue was
purifed by chromatography on SiO, by elution of CH,Cl, to give methyl
(Z)-3-ruthenocenylacrylate (52 mg, 5% ) and methyl (E)-3-ruthenocenyl-
acrylate (2a) (0.86 g, 90%) as yellow crystals. E isomer (2a): M.p. 120-
121°C; '"HNMR (300 MHz, CDCLy): 6=3.74 (s, 3H; OMe), 4.54 (s, 5SH;
n-CsHs), 4.69 (t, J=1.8 Hz, 2H; n-CsH,), 4.86 (t, /=1.8 Hz, 2H; n-C;H,),
597 (d, J=158Hz, 1H; 2-H), 744ppm (d, J=158Hz, 1H; 3-H);
BC NMR (75 MHz, CDCly): 6=51.36 (OMe), 70.34 (n-CsH,), 71.65 (n-
CsHs), 72.19 (n-CsH,), 82.87 (n-CsH,-ipso), 114.09 (2-C), 144.29 (3-C),
167.67 ppm (CO); IR (ATR): #=1636 (C=C), 1711 cm™' (CO); elemental
analysis caled (%) for C,;H;,O,Ru: C 53.33, H 4.48; found: C 53.78, H
4.41. Z isomer: M.p. 69-70°C; '"HNMR (300 MHz, CDCl;): 6=3.71 (s,
3H; OMe), 4.54 (s, 5H; n-CsHs), 4.69 (t, J=1.8 Hz, 2H; n-CsH,), 5.20 (t,
J=1.8Hz, 2H; n-CH,), 5.56 (d, J=15Hz, 1H; 2-H), 6.56 ppm (d, /=
15 Hz, 1H; 3-H); ®C NMR (75 MHz, CDCl;): 6=51.04 (OMe), 71.46 (n-
CsH;), 72.13 (n-CsH,), 73.76 (n-CsH,), 81.88 (n-CsH,-ipso), 113.31 (2-C),
142.61 (3-C), 166.80 ppm (CO); IR (ATR): #= 1627 (C=C), 1714 cm™*
(CO).

Methyl (E)-3-(1",2",3",4",5"-pentamethylruthenocenyl)acrylate (2b): This
compound was prepared by a procedure similar to that described above
for 2a except for the reaction time of 70 h. Yellow crystals (93%); m.p.
90-91°C; 'HNMR (300 MHz, CDCL): 6=1.84 (s, 15H; Me), 3.75 (s,
3H; OMe), 4.37 (t, J=1.5Hz, 2H; n-CH,), 440 (t, J=1.5Hz, 2H; n-
CsH,), 5.79 (d, J=15.8 Hz, 1H; 2-H), 7.23 ppm (d, J=15.8 Hz, 1H; 3-H);
BCNMR (75MHz, CDClL): 6=11.55 (Me), 5125 (OMe), 72.36 (n-
CsH,), 75.25 (n-CsH,), 81.79 (n-CsH,-ipso), 86.11 (n-CsMes), 111.60 (2-
C), 14471 (3-C), 168.17ppm (CO); IR (ATR): 7=1623 (C=C),
1690 cm ™' (CO); elemental analysis caled (%) for C,,H,,O,Ru: C 59.20,
H 6.28; found: C 59.42, H 6.34.

Methyl (E)-3-(2',3' 4,5 -tetramethylruthenocenyl)acrylate (2¢): This com-
pound was prepared by a procedure similar to that described above for
2a. Yellow crystals (58 %); m.p. 138-139°C; '"H NMR (300 MHz, CDCl,):
0=2.00 (s, 6H; Me), 2.10 (s, 6H; Me), 3.75 (s, 3H; OMe), 4.25 (s, 5H; -
CsH;), 6.11 (d, J=16.0 Hz, 1H; 2-H), 7.64 ppm (d, J=16.0 Hz, 1H; 3-H);
BCNMR (75 MHz, CDCL,): 6=11.01 (Me), 13.18 (Me), 51.28 (OMe),
73.09 (n-CsHs), 80.53 (n-CsH,-ipso), 85.49 (n-CsMe,), 88.31 (n-CsMe,),
113.92 (2-C), 144.92 (3-C), 168.21 (CO); IR (ATR): v=1624 (C=C),
1700 cm™" (CO); elemental analysis caled (%) for C;3H,,0,Ru: C 58.21,
H 5.97 ; Found: C 58.37, H 5.98 .

(E)-3-Ruthenocenylpropenol (3a): A solution of 2a (0.27 g, 0.86 mmol)
in THF (5mL) was added dropwise to a suspension of LiAlH, (39 mg,
1.0 mmol) and AICl; (34 mg, 0.25 mmol) in THF (S5mL) at 0°C under
Ar. The solution was stirred for 1 h at 0°C and further for 2 h at room
temperature. After hydrolysis with H,O, the organic layer was separated.
The aqueous layer was extracted with Et,O. The organic layer and the
extract were combined and then dried over MgSO,. After evaporation,
the residue was purifed by chromatography on SiO, to give 3a as pale
yellow crystals (0.18 g, 72%). M.p. 103-104°C; 'HNMR (300 MHz,
CDCly): 6=1.26 (brs, 1H; OH), 4.12 (brt, 2H; CH,), 4.51 (s, SH; 7-
CsHs), 4.55 (t, J=1.5Hz, 2H; n-CH,), 474 (t, J=1.5Hz, 2H; n-C;H,),
591 (dt, J=15.5, 5.9 Hz, 2H; 2-H), 6.23 ppm (d, /J=15.5Hz, 1H; 3-H);
BC NMR (75 MHz, CDCLy): 6=63.80 (OCH,), 69.16 (n-CsH,), 70.49 (n-
CsH,), 71.04 (n-CsHs), 86.59 (n-CsH,-ipso), 125.66 (=CH), 128.41 ppm (=
CH); IR (ATR): #=1656 (C=C), 3289 cm™' (OH); elemental analysis
caled (%) for C3H,,ORu: C 54.34, H 4.91; found: C 54.73, H 4.90.

(E)-3-1",2",3",4",5"-Pentamethylruthenocenyl)-2-propenol  (3b): This
compound was prepared by a procedure similar to that described above
for 3a. Pale yellow crystals (73%); m.p. 95-96°C; '"H NMR (300 MHz,
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CDCl;): 6=1.20 (br, 1H; OH), 1.85 (s, 15H; Me), 4.16 (brt, 2H; CH,),
4.23 (t, J=19 Hz, 2H; n-CsH,), 427 (t, J=1.9 Hz, 2H; n-CsH,), 5.79 (dt,
J=15.6, 6.3 Hz, 1H; 3-H), 6.01 ppm (d, J=15.6 Hz, 1H; 2-H); "C NMR
(75 MHz, CDCly): 6=11.65 (Me), 64.15 (OCH,), 71.22 (n-CsH,), 73.29
(n-GsH,), 8453 (n-CsHyipso), 85.11 (n-CsMes), 124.08 (=CH),
128.66 ppm (=CH); IR (ATR): #=1657 (C=C), 3288 cm! (OH); elemen-
tal analysis calcd (%) for C;zH,,ORu: C 60.48, H 6.76; found: C 60.46, H
6.67.

(E)-3-(2',3 4,5 -Tetramethylruthenocenyl)-2-propenol (3¢): This com-
pound was prepared by a procedure similar to that described above for
3a. Pale yellow crystals (72%); m.p. 113-114°C; 'H NMR (300 MHz,
CDCly): 6=1.33 (t, /=59 Hz, 1H; OH), 1.97 (s, 6H; Me), 2.04 (s, 6H;
Me), 420 (brt, 2H; OCH,), 4.22 (s, 5H; n-CsHs), 5.95 (dt, J=16.2,
59Hz, 1H; 2-H), 6.43ppm (dt, /=162, 1.3 Hz, 1H; 3-H); "C NMR
(75 MHz, CDCL): 6=12.12 (Me), 13.12 (Me), 64.66 (CH,), 72.60 (n-
CsHy), 84.25 (n-CsMe,-ipso), 84.62 (n-CsMe,), 86.44 (n-CsMey), 127.88
(=C), 128.61 ppm (=C); IR (ATR): #=1652 (C=C), 3276 cm ' (OH); ele-
mental analysis caled (%) for C;;H,,ORu: C 59.46, H 6.46; found: C
59.60, H 6.50.

(E)-3-Ruthenocenylpropenal (4a): A mixture of 3a (0.14 g, 5.0 mmol)
and MnO, (1.50 g, 17.2 mmol) in dichloroethane (15 mL) was stirred for
4h at room temperature. After the MnO, had been filtered off, the fil-
trate was evaporated and the residue was purified by chromatography on
SiO, by elution of CH,Cl, to afford 4a as yellow crystals (0.13 g, 91%).
M.p. 93-94°C; 'HNMR (300 MHz, CDCl,): 0=4.56 (s, SH; n-CsHs),
491 (t, J=18 Hz, 2H; -C;H,), 4.74 (t, J=1.8 Hz, 2H; 1-CsH,), 6.27 (dd,
J=155, 8.0 Hz, 1H; 2-H), 7.30 (d, /=15.5Hz, 1H; 3-H), 9.48 ppm (d,
J=8.0Hz, 1H; CHO); "CNMR (75 MHz, CDCl;): 6=70.75 (n-CsH,),
71.99 (n-CsHs), 72.79 (n-CsH,), 82.20 (n-CsH,-ipso), 125.70 (2-C), 153.22
(3-C), 193.36 ppm (CO); IR (ATR): #=1618 (C=C), 1663 cm ' (CO); el-
emental analysis calcd (%) for C;;H;;,ORu: C 54.73, H 4.24; found: C
54.86, H 4.16.

(E)-3-(1",2",3",4",5"-Pentamethylruthenocenyl)-2-propenal  (4b): This
compound was prepared by a procedure similar to that described above
for 4a. Yellow crystals (88%); m.p. 120-121°C; 'HNMR (300 MHz,
CDCly): 6=1.82 (s, 15H; Me), 4.45 (t, J=1.6 Hz, 2H; n-CH,), 4.47 (t,
J=1.6 Hz, 2H; n-CsH,), 6.11 (dd, J=15.5, 8.1 Hz, 1H; 2-H), 7.00 (d, J=
15.5Hz, 1H; 3-H), 9.49 ppm (d, /=8.1 Hz, CHO); "C NMR (75 MHz,
CDCLy): 6=11.32 (Me), 72.73 (n-CsH,), 76.39 (n-CsH,), 81.42 (n-CsH,-
ipso), 86.39 (n-CsMes), 123.92 (2-C), 153.98 (3-C), 193.24 ppm (CO); IR
(ATR): 7=1610 (C=C), 1652 cm™" (CO); elemental analysis calcd (%)
for C;sH,,0ORu: C 60.83, H 6.24; found: C 60.76, H 6.19.
(E)-3-(2',3,4,5'-Tetramethylruthenocenyl)-2-propenal (4¢): This com-
pound was prepared by a procedure similar to that described above for
4a. Yellow crystals (82 %); m.p. 138-139°C; '"H NMR (300 MHz, CDCl,):
0=2.02 (s, 6H; Me), 2.13 (s, 6H; Me), 4.27 (s, SH; n-CsHs), 6.47 (dd, J=
15.9, 8.1 Hz, 1H; 2-H), 7.57 (d, /=159 Hz, 1H; 3-H), 9.53 ppm (d, J=
8.1 Hz, 1H; CHO); "CNMR (75 MHz, CDClL,): 6=12.01 (Me), 13.13
(Me), 73.38 (n-CsHs), 79.76 (n-CsMe,-ipso), 85.83 (n-CsMe,), 89.24 (-
CsMe,), 125.44 (2-C), 154.29 (3-C), 194.29 ppm (CHO); IR (ATR): 7=
1609 (C=C), 1656cm™' (CO); elemental analysis caled (%) for
C;H,0ORu: C 59.81, H 5.91; found: C 59.91, H 5.86.

17,2",3",4",5"-Pentamethylruthenocenyl)methanol (5b): A solution of 1b
(0.56 g, 1.7 mmol) in THF (5 mL) was added dropwise to a suspension of
LiAlH, (68 mg, 1.8 mmol) in THF (10 mL) at 0°C under N,. The mixture
was stirred for 1 h at 0°C and further for 2 h at room temperature. After
ethyl acetate had been added, the mixture was poured into H,O/EtOH/
Et,0 (1/4/14), and then the resulting mixture was filtered under reduced
pressure. The organic layer was separated from the filtrate, and the aque-
ous layer was extracted with Et,0. The organic layer and the extract
were combined and dried over MgSO,. After evaporation, the residue
was purified by chromatography on AL,O; (deactivated with 10% H,0)
by elution of CH,Cl, to give 5b (0.51 g, 89%) as colorless crystals. M.p.
85-86°C; '"HNMR (300 MHz, C,Dy): =1.17 (t, J=5.7 Hz, 1H; OH),
1.83 (s, 15H; Me), 4.05 (d, /=5.7 Hz, 2H; CH,), 4.06 (t, /=1.8 Hz, 2H;
n-CsH,), 4.20 ppm (t, J=1.8 Hz, 2H; n-CsH,); *C NMR (75 MHz, C,D):
0=12.14 (Me), 59.82 (CH,), 72.36 (n-CsH,), 73.28 (n-CsH,), 85.26 (n-
CsMes), 92.52 ppm (n-CsH,-ipso); IR (ATR): #=3221 cm™' (OH); ele-
mental analysis caled (%) for C;¢H,ORu: C 57.99, H 6.69; found: C
58.16, H 6.72.
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(Ruthenocenylmethyl)triphenylphosphonium bromide (6a): Triphenyl-
phosphine hydrobromide ( 0.27 g, 0.77 mmol) was added to a solution of
5a (0.20 g, 0.77 mmol) in dry toluene (25 mL). The solution was heated
under reflux for 1h. After cooling to room temperature, the resulting
crystals were collected by filtration. The crystals were recrystallized from
CH,CL/Et,O to give pure 6a (0.45g, 99%) as colorless crystals. M.p.
207°C (decomp); 'H NMR (300 MHz, CDCLy): 6 =4.34 (m, 2H; n-CsH,),
4.40 (t, J=1.8Hz, 2H; n-C;H,), 4.97 (d, Jpy=11.0 Hz, 2H; CH,), 7.62—
7.82 ppm (m, 15H; Ph); "C NMR (75 MHz, CDCly): 6=27.31 (d, Jpc=
44.1 Hz, CH,), 70.78 (n-CsHy), 71.94 (n-CsHs), 72.49 (n-CsH,), 76.18 (n-
CsH,-ipso), 117.61 (d, Jpc=285.9 Hz, Ph-ipso), 130.10 (d, Jpc=12.4 Hz,
Ph-0), 134.05 (d, Jpc=10.2 Hz, Ph-m), 134.92 ppm (d, Jpc=3.4 Hz, Ph-p);
elemental analysis calcd (%) for C,oH,sBrPRu: C 59.32, H 4.35; found: C
59.39, H 4.47.

[a”,2",3",4",5"-Pentamethylruthenocenyl)methyl]triphenylphosphonium
bromide (6b): This compound was prepared from 5b by a procedure sim-
ilar to that described above for 6a. Colorless crystals; m.p. 179-180°C;
'"HNMR (300 MHz, CDCL): 6=1.95 (s, 15H; Me), 3.92 (m, 2H; n-
CsH,), 4.05 (t, J=1.8 Hz, 2H; n-CH,), 4.49 (d, Jpy=11.0 Hz, 2H; CH,),
7.64-7.82 ppm (m, 15H; Ph); "CNMR (75 MHz, CDCL): 6=11.96
(Me), 26.35 (d, Jpc=42.7 Hz, CH,), 73.64 (n-CsH,), 74.50 (n-CsH,), 74.54
(n-CsH,-ipso), 86.12 (n-CsMes), 117.88 (d, Jpc=84.2 Hz, Ph-ipso), 130.14
(d, Jpc=13.4 Hz, Ph-0), 134.29 (d, Jpc=9.8 Hz, Ph-m), 134.97 ppm (d,
Joc=2.4 Hz, Ph-p); elemental analysis calcd (%) for C;H3BrPRu: C
62.19, H 5.53; found: C 62.01, H 5.49.

[(2',3,4,5 -Tetramethylruthenocenyl)methyl]triphenylphosphonium bro-
mide (6c¢): This compound was prepared from S¢ by a procedure similar
to that described above for 6a. Colorless crystals; m.p. 182°C (decomp);
"H NMR (300 MHz, CDCl;): =1.30 (s, 6H; Me), 1.89 (s, 6H; Me),4.36
(s, 5H; n-CsHs), 4.78 (d, Jpyu=9.9 Hz, 2H; CH,), 7.58-7.86 ppm (m, 15H;
Ph); ®*CNMR (75 MHz, CDCLy): §=12.03 (Me), 12.45 (Me), 26.89 (d,
Jpc=40.7Hz, CH,), 7345 (n-CsHs), 76.22 (n-C;Me,-ipso), 84.79 (n-
CsMe,), 87.09 (n-CsMey), 117.53 (d, Jpc=82.5 Hz, Ph-ipso), 130.03 (d,
Joc=12.4 Hz, Ph-0), 134.49 (d, Jpc=10.2 Hz, Ph-m), 135.04 ppm (d, Jpc=
3.4 Hz, Ph-p); elemental analysis calcd (%) for C3;HzBrPRu: C 61.68, H
5.33; found: C 61.48, H 5.25.

1,4-Bis(ruthenocenyl)butadiene (7a): A solution of LDA (0.80 mmol) in
THF (5 mL) was added to a suspension of 6a (0.47 g, 0.80 mmol) in THF
(5 mL) at —80°C under Ar. The solution was stirred for 10 min and then
a solution of 4a (0.20 g, 0.72 mmol) in THF (5 mL) was added. The solu-
tion was warmed to room temperature and stirred for 1 h at room tem-
perature and further refluxed for 3 h. After cooling, the precipitate was
filtered and the filtrate was stirred with saturated aqueous NH,Cl. The
mixture was extracted with CH,Cl, and dried over MgSO,. After evapo-
ration, the residue and the precipitate were combined and were purified
by chromatography on Al,O; (deactivated with 5% H,0) with elution of
hexane/benzene (4:1) to give a mixture (5:4) of (E,E)-7a and E,Z isomer
(0.29 g, 78%) as pale yellow crystals. M.p. >250°C; elemental analysis
caled (%) for C,y)H,Ru,: C 56.24, H 4.33; found: C 56.32, H 4.33. The re-
peated recrystallization of the mixture from benzene gave almost pure
7a. (E,E)-7a: '"H NMR (400 MHz, C,Dg): 0=4.42 (s, 10H; n-CsHs), 4.49
(brs, 4H; n-CsH,), 4.76 (brs, 4H; n-CsH,), 6.15 (m, J,,=15.0, J,;=-0.4,
J,4=04Hz, 2H; H,,), 6.47 ppm (m, J,5=10.8, J,,=—-0.4 Hz, 2H; H,3);
“C NMR (75 MHz, CDCLy): 6 68.93 (n-CsH,), 70.53 (n-CsH,), 71.05 (n-
C;Hs), 87.82 (n-CsH,-ipso), 124.39 (=CH), 127.87 ppm (=CH); IR (ATR):
#=1613 cm™' (C=C).
1,4-Bis(1",2",3",4",5"-pentamethylruthenocenyl)butadiene  (7b).  This
compound was prepared from 4b and 6b by a procedure similar to that
described above for 7a and obtained as a mixture (3:2) of (E,E)-7b and
the E,Z isomer as pale yellow crystals (46 % ). M.p. 209-210°C; elemental
analysis calcd (%) for CyHy,Ru,: C 62.55, H 6.49; found: C 6228, H
6.44. The repeated recrystallization of the mixture from benzene gave
almost pure 7b. (E,E)-7b: 'H NMR (400 MHz, C,Ds): 6=1.88 (s, 30H;
Me), 4.26 (t, J=1.6 Hz, 4H; n-CsH,), 4.36 (t, /J=1.6 Hz, 4H; n-C;H,),
5.93 (m, J,,=154,J,;=-0.8, J,,=08 Hz, 2H; H,,), 6.25 ppm (m, J,;=
10.5, J,,=—0.8 Hz, 2H; H,;); "CNMR (75 MHz, CDCL): 6=11.70
(Me), 70.96 (n-CsH,), 73.21 (n-CsH,), 8522 (n-CsMe;), 86.48 (n-CsH,-
ipso), 126.18 (=CH), 126.33 ppm (=CH); IR (ATR): #=1616cm ' (C=
O).
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1,4-Bis(2',3',4,5'-tetramethylruthenocenyl)butadiene (7c¢): This compound
was prepared from 4c¢ and 6¢ by a procedure similar to that described
above for 7a and obtained as a mixture (13:1) of (E,E)-7¢ and the E,Z
isomer as pale yellow crystals (59%). M.p. >250°C; elemental analysis
caled (%) for C;,H3Ru,: C 61.52, H 6.13; found: C 61.73, H 6.11. The re-
peated recrystallization of the mixture from benzene gave almost pure
7c. (E,E)-Te: 'THNMR (400 MHz, CDy): 6=1.89 (s, 12H; Me), 2.10 (s,
12H; Me), 4.17 (s, 10H; n-CsHs), 6.69 (m, J,,=15.6, J,3=—-0.8, J,,=
0.8Hz, 2H; H,,), 6.85ppm (m, J,;=10.6, J,,=—-0.8Hz, 2H; H,3);
BCNMR (75 MHz, CDCL): 6 12.23 (Me), 13.35 (Me), 72.60 (n-CsHs),
84.10 (n-CsMe,), 85.60 (n-CsMe,-ipso), 86.48 (n-CsMe,), 127.52 (=CH),
129.80 ppm (=CH); IR (ATR): 7=1612 cm' (C=C).
(E,E,E)-1,6-Bis(ruthenocenyl)hexa-1,3,5-triene  (8a): TiCl, (0.32mL,
3.0 mmol) was added under Ar to a suspension of Zn dust (0.40 g,
6.0 mmol) in THF (15 mL) below —78°C. After stirring for 15 min, pro-
penal 4a (0.29 g, 1.0 mmol) was added to the mixture at the same tem-
perature. The mixture was stirred for 20 min and then warmed gradually
to room temperature. After stirring for 8 h at room temperature, the mix-
ture was hydrolyzed with 10% aqueous Na,COj;. The reaction mixture
was acidified (< pH 2) with 10% aqueous HCI solution. The resulting
yellow crystals were collected with filtration and then dissolved in ben-
zene. The solution was treated with activated carbon and then dried. The
filtrate was extracted with CH,Cl, and the extract was dried over MgSO,.
After evaporation, the residue was purified by chromatography on Al,O;
(deactivated with 10% H,O) to give yellow crystals. Total yield: 78 mg
(29%); m.p. 245°C (decomp); '"H NMR (400 MHz, CDCl,): §=4.50 (s,
10H; n-CsHs), 4.58 (t, J=1.6 Hz, 4H; n-CsH,), 4.77 (t, J=1.6 Hz, 4H; n-
GCH,), 6.15 (m, J;,=15.4, J;5=-02, J;,=02Hz, 2H; H,,), 6.17 (m,
Ji,=154, J,3=-02, J,,=02Hz, 2H; H;4), 6.35ppm (m, J,3=10.3,
J4=—02, J,5=0.2Hz, 2H; H,5); "CNMR (75 MHz, CDCl;): 6=69.00
(n-CsH,), 70.67 (n-CsH,), 71.13 (n-CsHs), 87.61 (n-CsH,-ipso), 126.95
(=CH), 129.04 (=CH), 13139 ppm (=CH); IR (ATR): #=1626cm™"
(C=C); elemental analysis caled (%) for C,H,,Ru,: C 57.98, H 4.49;
found: C 58.11, H 4.44.
(E,E,E)-1,6-Bis(1",2",3",4",5"-pentamethylruthenocenyl)hexa-1,3,5-triene
(8b): This compound was prepared from 4b by a procedure similar to
that described above for 8a. Yellow crystals (32%); m.p. 238°C
(decomp); '"HNMR (400 MHz, C¢D¢): 0=1.83 (s, 30H; Me), 425 (t, J=
1.6 Hz, 4H; n-C;H,), 4.34 (t, /J=1.6 Hz, 4H; n-C;H,), 6.03 (m, J,,=15.8,
Ji3=-09, J,,=09Hz, 2H; H,y), 635 (m, J;,=15.8, J;5=-0.9, J35=
0.9 Hz, 2H; H;,), 6.42 ppm (m, J,3=10.6, J,,=-09, J,5=0.9 Hz, 2H;
H,5); ®*CNMR (75 MHz, CDCL): 6=11.70 (Me), 71.05 (n-CsH,), 73.39
(n-GsH,), 85.37 (n-CsMes), 87.61 (n-CsH,-ipso), 125.85 (=CH), 128.15
(=CH), 130.87 ppm (=CH); IR (ATR): #=1630cm™' (C=C); elemental
analysis caled (%) for CiHyRu,: C 63.69, H 6.53; found: C 64.09, H
6.71.

(E,E,E)-1,6-Bis(2',3',4,5'-tetramethylruthenocenyl)hexa-1,3,5-triene (8c):
This compound was prepared from 4¢ by a procedure similar to that de-
scribed above for 8a. Yellow crystals (57%); m.p. 234°C (decomp);
"H NMR (400 MHz, C,Dg): 6 =1.91 (s, 12H; Me), 2.10 (s, 12H; Me), 4.21
(s, 10H; n-CsHs), 6.38 (m, J5,=154, J;5=-0.4, J;,=0.4 Hz, 2H; H,,),
6.58 (m, J,,=154, J,;=-04, J,,=04 Hz, 2H; H, ), 6.72 ppm (m, J,;=
10.5, J,4=-04, J,5=04 Hz, 2H; H,5); "CNMR (CDCl,;, 75 MHz): ¢
12.20 (Me), 13.27 (Me), 72.66 (n-CsHs), 84.19 (n-CsMe,), 85.37 (n-CsMe,-
ipso), 86.71 (n-CsMe,), 128.64 (=CH), 129.50 (=CH), 131.79 ppm (=CH);
IR (ATR): #=1626cm™' (C=C); elemental analysis caled (%) for
C3,HyRu,: C 62.74, H 6.20; found: C 62.96, H 6.18.

Chemical oxidation—[ Ru,(u,-n°m°-CsH,CHCH=CHCHC:H,)(n-
CsH;),l(BF,), (9a). A solution of the butadiene (7a) (15.4 mg,
0.03 mmol) and p-benzoquinone (6.3 mg, 0.06 mmol) in CH,Cl, (5 mL)
was cooled to 0°C. one drop of BF;-OEt, was added to this solution, and
the resulting dark red solution was stirred for 3 h at the same tempera-
ture. After dry diethyl ether (5 mL) had been added to the solution, the
mixture was stirred for 1 h and then resulting precipitates were collected
by filtration. Recrystallization from CH;CN/Et,0 by the diffusion
method in freezer gave deep red crystals (20.5 mg, 96 % ). M.p. 180°C; el-
emental analysis caled (%) for C,,H,,B,FgRu,: C 42.01, H 3.23; found: C
42.22, H 3.07. This was a mixture of two isomers, A and B (ca. 2:1) by
the '"HNMR spectrum. The following NMR data were extracted from
the NMR spectrum of the mixutre. Isomer A: 'HNMR (400 MHz,
CD;NO,,): 6=5.28 (m, 2H; n-CsH,), 5.39 (s, 10H; n-CsHs), 5.89 (brd,
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J=2.8 Hz, 2H; n-CsH,), 6.23 (dt, J=2.7, 1.1 Hz, n-CsH,), 6.38 (m, 2H; -
CsH,), 6.77 (m, J,,=11.3, J,3=-0.9, J,,=0.9 Hz, 2H; H,,), 6.87 ppm (m,
Jy3=146, J,,=-09, J;,=113Hz, 2H; H,;); "CNMR (75MHz,
CD;CN): 0=83.66 (n-CsH,), 84.66 (n-CsH,), 87.07 (n-CsH,), 92.88
(=CH), 93.33 (n-CsH,), 97.77 (n-CsH,), 104.22 (n-CsH,-ipso), 136.38 ppm
(=CH). Isomer B: '"HNMR (400 MHz, CD;NO,): §=5.31 (m, 2H; -
CsH,), 5.36 (s, 10H; n-CsHs), 5.83 (brd, J=2.9 Hz, 2H; -CsH,), 6.26 (m,
2H; n-CGsH,), 6.31 (m, 2H; n-CsH,), 6.68 (m, 2H; H,,), 6.80 ppm (m,
2H; H,3); "CNMR (75 MHz, CD,CN): 6=83.88 (1-CsH,), 84.41 (n-
CsH,), 86.90 (n-CsHs), 93.14 (=CH), 93.29 (n-CsH,), 98.02 (n-CsH,),
104.13 (n-CsH,-ipso), 136.27 ppm (=CH).
[Ru,(u,-1°m°*-CsH,CHCH=CHCHC;H,)(n-CsMe;),](BF,), (9b): This
compound was prepared from 7b by a procedure similar to that de-
scribed above for 9a. Red-violet crystals (85%). M.p. >250°C; elemen-
tal analysis caled (%) for C3H,,B,FgRu,: C 49.42, H 5.20; found: C
49.65, H 5.08. This was a single isomer by the "M NMR spectrum.
'HNMR (400 MHz, CD;NO,): 6=1.97 (s, 30H; Me), 4.97 (brd, J=
2.9 Hz, 2H; n-CsH,), 5.51 (brd, J=2.9 Hz, 2H; n-CsH,), 5.85 (dt, J=2.9,
1.1 Hz, 2H; n-C;H,), 5.94 (brt, J=2.9 Hz, 2H; n-CsH,), 6.07 (m, J,,=
10.5, J,3=-08, J,,=0.8Hz, 2H; H,,), 6.63 ppm (m, J,;=15.6, J,,=
—-0.8, J;4=10.5Hz, 2H; H,3); "CNMR (100 MHz, CD,CN): §=10.58
(Me), 80.81 (n-CsH,), 83.58 (n-CsH,), 96.62 (n-CsH,), 97.29 (n-CsH,),
100.13 (=CH), 101.59 (n-CsMes), 105.78 (n-CsH,-ipso), 135.39 ppm
(=CH).

The same product was also obtained by the oxidation of 7b with AgBF,.

Complex 9b (7.7 mg, 0 009 mmol) was stirred with Zn dust (30 mg) for
1h in CH,Cl, (1 mL) and CH;CN (1 mL). The mixture was filtered and
the filtrate was evaporated under reduced pressure. The residue was puri-
fied by chromatography on silica gel by elution of benzene to give the
neutral complex (E,E)-7b (6.1 mg) qunatitatively.
[Ru,(u,1°m°-CsMe,CHCH=CHCHC:Me,)(n-C:H;),1(BF,), (9¢): This
compound was prepared from 7¢ by a procedure similar to that described
above for 9a. Orange crystals (89 % ); m.p. >235°C (decomp); elemental
analysis caled (%) for C3,H;B,FsRu,: C 48.14, H 4.80; found: C 48.39, H
4.79. This was a mixture of two isomers, A and B (ca. 2:1) by the
"HNMR spectrum. The following NMR data were extracted from the
NMR spectrum of the mixutre. Isomer A: '"H NMR (400 MHz, CD;NO,):
0=1.87 (s, 6H; Me), 2.18 (s, 6H; Me), 2.27 (s, 6H; Me), 2.31 (s, 6H;
Me), 5.11 (s, 10H; n-CsHs), 6.82 (m, J,,=11.6, J,3=-0.9, J,,=0.9 Hz,
2H; H,,), 7.34ppm (m, J,;=14.8, J,,=-09, J;,=11.6 Hz, 2H; H,;);
BCNMR (75 MHz, CD;CN): 6=9.88 (2 Me), 11.63 (Me), 11.73 (Me),
88.18 (n-CsHs), 95.16 (=CH), 99.03 (n-CsMe,-ipso), 99.98 (n-CsMe,),
100.19 (n-CsMe,), 107.96 (n-CsMe,), 109.16 (n-CsMe,), 134.88 ppm
(=CH). Isomer B: "H NMR (400 MHz, CD;NO,): =1.87 (s, 6H; Me),
2.22 (s, 6H; Me), 2.25 (s, 6H; Me), 2.27 (s, 6H; Me), 5.06 (s, 10H; n-
CsHs), 6.68 (m, 2H; H,,), 7.21 ppm (m, 2H; H,;); "CNMR (75 MHz,
CD;CN): 6=11.63 (Me), 11.69 (Me), 12.62 (Me), 12.89 (Me), 88.06 (n-
CsHs), 95.64 (=CH), 99.29 (n-CsMeipso), 99.98 (n-CsMe,), 100.19 (-
CsMe,), 108.31 (n-CsMe,), 109.31 (n-CsMe,), 135.48 ppm (=CH).
[Ru,(u,1°m°-CsH,CHCH=CHCH=CHCHC;H,)(1-C;H;),](BF,), (10a):
This compound was prepared from 8a by a procedure similar to that de-
scribed above for 9a. Red-violet crystals (50% ); m.p. 180°C (decomp);
elemental analysis caled (%) for C,sH,B,FsRu,: C 43.85, H 3.40; found:
C 4348, H 3.21. This was a ca. 1:1 mixture of two isomers by the
"HNMR spectrum. '"HNMR (400 MHz, CD,CN): 6=5.14 (m, 4H; n-
CsH,), 5.23 (s, 10H; n-CsHs), 525 (s, 10H; n-CsHs), 5.76 (m, 4H; n-
CsH,), 6.08 (m, 4H; n-CsH,), 6.24 (m, 4H; n-CsH,), 6.41 (m, 4H; =CH),
6.82ppm (m, 4H; =CH), 7.01 (m, 4H; =CH); CNMR (75 MHz,
CD;CN): 6=83.30 (n-C;H,), 83.84 (n-CsH,), 83.87 (n-CsH,), 86.59 (n-
CsH;), 86.62 (n-CsHs), 92.28 (=CH), 92.31 (=CH), 92.63 (n-CsH,), 92.67
(n-CsH,), 101.87 (n-CsH,), 101.94 (n-CsH,), 102.78 (n-CsH,-ipso), 102.92
(n-CsHy-ipso), 134.11 (=CH), 134.20 (=CH), 140.18 (=CH), 140.33 ppm
(=CH).

[Ru,(u,-1m°m°-CsH,CHCH=CHCH=CHCHC;H,) (1-CsMe),1(BF,),
(10b): This compound was prepared from 8b by a procedure similar to
that described above for 9a. Red-violet crystals (73%); m.p. >250°C; el-
emental analysis caled (%) for C;HyB,FsRu,: C 50.72, H 5.20; found: C
50.35, H 5.04. This was a mixture of two isomers, A and B (ca. 4:3) by
the "H NMR spectrum. The following NMR data were extracted from
the NMR spectrum of the mixutre. Isomer A: 'HNMR (400 MHz,
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CD;NO,): 6=1.97 (s, 30H; Me), 4.92 (brd, 4H; n-CsH,), 5.47 (brd, 4H;
n-CsHy), 5.78 (brt, 4H; n-CsH,), 5.90 (m, 4H; n-CsH,), 6.18 (m, J;,=
10.6, J,;=-0.7, J,,=0.7Hz, 2H; H,g4), 6.45 (m, J,3=15.8, J,,=-0.7,
J,5=0.7, Jss=10.6 Hz, 2H; H,s), 7.20 ppm (m, J;,=10.6, J;5=-0.7,
J36=0.7, J,s=15.8 Hz, 2H; H;,); *C NMR (75 MHz, CD,CN): 6=10.50
(Me), 80.28 (n-CsHy), 80.12 (n-CsHy), 96.21 (2 n-CsH,), 99.35 (=CH),
104.93 (n-CsH,-ipso), 105.86 (n-CsMes), 133.68 (=CH), 139.81 ppm
(=CH). Isomer B: "H NMR (400 MHz, CD;CN): 6=1.63 (s, 30H; Me),
4.92 (brd, 2H; n-CsH,), 5.45 (brd, 2H; n-CsH,), 5.78 (brt, 2H; n-CsH,),
5.90 (m, 2H; n-CsH,), 6.16 (m, 2H; H4), 6.41 (m, 2H; =CH), 7.16 ppm
(m, 2H; =CH); "C NMR (75 MHz, CD;CN): 6=10.48 (Me), 80.32 (n-
CsH,), 8320 (n-CsH,), 96.21 (n-CsH,), 86.77 (n-CsH,), 99.64 (=CH),
104.88 (n-CsH,-ipso), 105.61 (n-CsMes), 133.32 (=CH), 139.70 ppm
(=CH).

Complex 10b was reduced with Zn dust by a procedure similar to that
described in the section of 9b to give (E,E,E)-8b in a quantitative yield.

MO calculations: DFT calculations were performed with Gaussian 98
program® running on the workstations assembled by HIT Inc. The ene-
diyl-, dienediyl-, and trienediyl-bridged binuclear ruthenocenes and their
two-electron-oxidized species were optimized fully using a standard 3-
21G(d) basis set and B3LYP functional, which incorporates the three-pa-
rameter exchange functional by Beckel* with the correlation functional
by Lee, Yang, and Parr™ (B3LYP3-21G(d)). Molecular orbital energy
levels, together with the orbital diagrams, were obtained from B3LYP3-
21G(d) calculations. The graphic representations of the calculated molec-
ular orbitals were obtained using GaussViewW.>*!

Structure determinations: The crystallographic data are listed in Table 4
for 7a and 9a. Data collection of crystal data for 7a and 9a were per-
formed at room temperature on Mac Science MXCI18 K diffractometer

Table 4. Crystallographic data for 7a and 9a.

Ta 9a
formula C,HyRu, C,4H,,B,FgRu,
M, 512.58 686.19
crystal system monoclinic triclinic
space group P2)/c Pl
a[A] 5.750(2) 7.9020(6)
b[A] 14.442(4) 7.9070(7)
c[A] 11.431(4) 19.790(2)
a[°] 91.559(5)
BI°] 102.57(3) 91.854(5)
v [°] 101.862(4)
vV [A7] 926.5(5) 1208.7(2)
V4 2 2
Pecatea [Mgm ™) 1.837 1.885
size [mm] 0.50x0.08x0.08 0.35x0.08%0.08
index range 0<h<7 10<h<10
—-18<k<0 -10<k<10
-14<1<14 0<I<24
reflections measured 2437 4447
unique reflections 2066 4438
u [mm™] 1.634 1.323
reflections observed [({) >20([)] 2066 4438
parameters 58 325
R 0.044 0.057
Rw 0.195 0.170
S 2.588 1.144
max/min electon density [e A %] 1.196/—1.849 1.233/-1.134

and Mac Science DIP3000 image processor with grafite monochromated
Moy, radiation (A=0.71073 A) and an 18 kW rotating anode generator,
respectively. The structures were solved with the Dirdif-Patty method in
MAXUS (software-package fro structure determination) and refined fin-
naly by full-matrix least-squares procedure with SHELEX. Absorption
correction for 7a and 9a with the y-scan method and the Sotav method,
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respectively, and anisotropic refinement for non-hydrogen atom were car-
ried out. The hydrogen atoms, located from difference Fourier maps or
calculation, were refined isotropically.

CCDC-225203 (7a) and CCDC-225204 (9a) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk).
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