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Abstract: The monoynes [Rc*C=CRc*]
and [Rc'C=CRc’] were obtained in im-
proved yields wusing [Mo(CO)]/2-
FC¢H;OH as a catalyst in the alkyne
metathesis of [Rc*C=CMe] and [Rc'C=
CMe], respectively (Rc=ruthenocenyl,
Rc*=1",2"3" 4" 5"-pentamethylruthe-

nocenyl, and Rc'=2'3"4"5tetrame-
thylruthenocenyl groups). The diynes
[Re*(C=C),Rc*] and [Rc'(C=C),Rc']
were synthesized by the oxidative cou-
pling of the corresponding terminal

oxidation waves did not always exhibit
a clear two-electron oxidation process,
the oxidation potentials shifted to a
lower potential with an increase in the
number of methyl substituents on the
ruthenocenyl ring, and shifted to a
higher potential with the increase in
the number of C=C units; this result is
in contrast to that found in the [Rc-
(CH=CH),Rc] series. The chemical ox-
idation of [Rc’'C=CRCc'] yielded a stable
two-electron-oxidized  species,  the

1°1°’-CsMe,C=CCsMe,)(n-CsHs),] (BF,),.
Changing the substituents (Rc, Rc*,
and Rc’) had no effect on the chemical
oxidation, but in the case of the Rc’
series the Me substituent increased the
stability of the two-electron-oxidized
species in solution. The diyne [Rc*(C=
C),Rc*] and the triyne [Rc*(C=
C);Rc*] also gave a similar but unsta-
ble two-electron-oxidized species. In
acetone or acetonitrile, the two-elec-
tron-oxidized species of [Rc*C=CRc*]

ethynes in good yields. The triyne
[Re*(C=C);Rc*] and the tetrayne
[Re*(C=C),Rc*] were prepared by the
hetero- and homocoupling of [Rc*C=
CC=CH], which was obtained from the
reaction of [Rc*C=CCHO] with Li-
[N,CSiMe;], respectively. Although the

lenes -
ruthenium

Introduction

Much attention has been focused on the investigation of the
electronic communication between metal centers, for the de-
veloping of functionalized materials with potential use as or-
ganometallic carbon rods, molecular wires, or electronic de-
vices.?l In the field of organometallics, dinuclear ferrocene

ray crystallography to be
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structure of which was confirmed by X-  and [Rc*(C=C),Rc*] gradually formed
[Ruy(n,-  the corresponding Dbis(fulvene)-type
complexes. This implies that the two-
electron-oxidized species of [Rc*(C=
C),Rc*] are destabilized with the in-
creasing n.

derivatives that provide a two-step one-electron redox
system have been extensively studied from the viewpoint of
mixed-valence complexes.”* Recently, a variety of dinuclear
transition-metal complexes bridged by unsaturated organic
compounds have been reported. Of these, p-C-bridged binu-
clear complexes have attracted considerable attention as a
fundamental class of carbon-rich molecular wires.”2! Most
of the complexes have been shown to undergo consecutive
one-electron redox reactions.*7%131417211 On the other
hand, a few dinuclear transition-metal complexes have been
found in which no one-electron oxidized species could be
detected and an interesting structural rearrangement of the
ligands occurred.’>! Recently, we have found that the di-
nuclear ruthenocene derivatives bridged by unsaturated or-
ganic compounds have shown one-step two-electron redox
behavior. For example, biruthenocene, 1,2-bis(ruthenoce-
nyl)ethenes,” and 1,2-bis(ruthenocenyl)ethynes® under-
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went two-electron oxidation to generate a product with a re-
markable structural rearrangement. It has been found that
the bridging chain length influences the electron communi-
cation in the successive one-electron redox system in
[Cp*(NO)(Ph;P)Re(C=C),Re(PPh;)(NO)Cp*] (Cp*=pen-
tamethylcyclopentadienyl), ! [Cp*(dppe)Fe(C=C),Fe-
(dppe)Cp*]  (dppe = 1,2-bis(diphenylphosphino)ethane),’!
[C¢Fs{(p-Tol);P},Pt(C=C),Pt{P(p-Tol);}CsFs]  (p-Tol=para-
tolyl),*!  [Fc(CH=CH),Fc] (Fc=ferrocenyl),” and
[FcPhC=(C=),CFcPh].B"l These investigations lead to our
interest on the effect of the bridging chain length on the oxi-
dative behavior and the properties of their two-electron-oxi-
dized species of the dinuclear ruthenocenes bridged by an
unsaturated carbon chains. The biruthenocenes bridged by
an oligoene have been confirmed to be a one-step two-elec-
tron redox system with chemically reversible reactions.*!
The oxidation potential in the series shifted to a lower po-
tential with the increase in the number of ethene bonds and
the two-electron-oxidized species were stable despite the
bridging length. Herein, we report the synthesis and redox
properties of the biruthenocenes bridged by mono-, di-, tri-,
and tetraynes, and the related chemistry.

Results and Discussion

Synthesis and structural assignment: It has been reported
that complex [RcC=CMe] (1) was refluxed with 10 mol % of
[Mo(CO)s] and p-CIC,H,OHP? in toluene for 2h to give
[RcC=CRc] (4) in good yield, but the similar reaction of
[Rc*C=CMe] (2) and [Rc'C=CMe] (3) gave the correspond-
ing alkyne derivatives, [Rc*C=CRc*] (5) and [Rc’'C=CRc']
(6), in yields of only 11 and 3% yields, (Rc=rutheno-
cenyl, Rc*=1"2"3"4"5"-pentamethylruthenocenyl, Rc'=
2'3' 4 ,5-tetramethylruthenocenyl) (Scheme 1).**! The use of
20 mol % of the catalyst in the reaction of 2 improved the
yield of 5 to 38%. However, a similar increase of the cata-
lyst in the reaction of 3 did not improve the yield of 6; in-
stead colorless crystals of 7 (Scheme 2) were produced as
the main product (76 %). In the "H NMR spectrum of 7, the
Me signal at d =1.66 ppm was observed as a broad singlet at
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Scheme 2.

room temperature and as a doublet at 60°C; the olefin
proton signal appeared as a quartet at 0 =>5.26 ppm. Based
on the 'THNMR and H,H-COSY spectra, the structure of 7
was assigned to [Rc'(p-CIC¢H,O)C=CH(CHs;)], as shown in
Scheme 2, and was confirmed by X-ray diffraction. This is a
novel example of a 1,2-addition of a phenol group to a
triple bond, although the reaction mechanism is unknown.
The crystallographic data for 7 are listed in Table 1 and the

Table 1. Crystallographic data for 7 and 19.

7 19
formula CyH,sCIORu C;H3B,FgRu,
M, 453.975 770.33
crystal system triclinic monoclinic
space group P1 P2/n
a[A] 8.7890(4) 7.6768(15)
b [A] 9.9120(5) 13.159(3)
c[A] 12.3140(7) 15.404(3)
a [°] 76.357(3)
B 1°] 83.962(3) 90.43(3)
v [°] 87.401(2)
v [AY] 1036.47(9) 1556.0(5)
VA 2 2
Peated [Mgm ] 1.455 1.644
crystal size [mm] 0.50x0.08x0.08 0.31x0.22x0.21
index limits —-11<h<11, —8<h<10
—12<k<12 -17<k<16
—15<1<15 —-20<1<20
reflns measured 6342 11413
unique reflns 3963 3853
u [mm™] 0.894 1.037
reflns used 3963 3853
parameters 235 194
R 0.0477 0.0378
wR 0.1241 0.1023
N 1.217 1.036
max/min peak in final map [e A7) 0.507/—1.033 0.762/-0.516

selected bond lengths and angles are summarized in Table 2.
The ORTEP view of 7 is shown in Figure 1. The olefinic
plane is declined by 61.63(3)° from the plane of the Rc’ n-
CsMe, ring, probably because of the steric repulsion be-
tween the Rc’ group and the chlorophenoxyl group. The

Table 2. Selected bond lengths [A] and bond angles [°] for 7.

C1-Cl15 1477(5) C15—C16 1.328(6)
C16-C17 1.455(7) C15-01 1.389(5)
01-C18 1.385(5) Rul-CCp 2.162(av.)
CCp—CCp 1.398(av.)
C1-C15-C16 124.7(3) C15-C16-C17 126.6(4)
01-C15-C16 124.6(4) C15-01-C18 121.1(3)
C2-C1-C15 124.5(3) C5-C1-C15 127.1(3)
www.chemeurj.org — 2283
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Figure 1. ORTEP view for complex 7.

plane of the benzene ring of the chlorophenoxyl group also
deviates from the olefinic plane by 59.10(3)°. The use of 2-
FC,H,OH™ instead of p-CIC4H,OH in the alkyne metathe-
sis of 2 greatly improved the yield of 5 (60%). The similar
reaction of 3 led to the formation of [Rc'C=CRc’] (6) in
22 % yield.

It has been reported®™ that [RcC=CC=CRc] (8) was ob-
tained in good yield through the oxidative coupling of
[ReC=CH] using Cul/O, in pyridine. However, the oxidative
coupling of [Rc*C=CH] and [Rc'C=CH] under similar con-
ditions did not produce the corresponding diynes in high
and reproducible yields. The diynes [Rc*C=CC=CRc*] (9)
and [Rc'C=CC=CRc’] (10) were obtained in good yields by
using CuCl/DBU/Q, in pyridine (Scheme 1). Use of a strong
base (DBU) is probably necessary because of the electron-
donating properties of the methyl-substituted ruthenocenyl
groups.

The triyne [Rc*C=CC=CC=CRc*] (11) and the tetrayne
[Rc*C=CC=CC=CC=CRc*] (12) were synthesized as shown
in Scheme 3. The ethyne [Rc*C=CH] was lithiated with
nBuLi and followed by treatment with dimethylformamide
to give [Rc*C=CCHO] (13) in 95% yield. The reaction of
13 with LiC(N,)SiMe;, which was prepared from Me;-
SiCH(N,) and lithium diisopropylamide (LDA), below
—78°C, and the subsequent treatment of nBuLi produced
[Rc*C=CC=CSiMe;] (14) in good yield (95 %). The desilyla-
tion of 14 gave the butadiyne [Rc*C=CC=CH] (15) in a
quantitative yield, but was unstable in air at room tempera-
ture. The lithium acetylide prepared from [Rc*C=CH] and
nBuLi was treated with iodine to produce [Rc*C=CI] (16)
in good yield, although it was unstable on heating. The het-
erocoupling reaction of 15 and 16 with Cul in pyrrolidine
led to the triyne 11 in 72 % yield. The carbon signals for the
triple bond of 11 appeared at 6=65.15, 65.93, and
71.24 ppm in the “C NMR spectrum. The homocoupling re-
action of 15 with Cul/O, in pyridine produced the tetrayne
12 in 70 % yield. Complex 12 showed the signals for the C=
C triple bond at 0 =64.62, 65.09, 65.98, and 71.61 ppm in the
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BCNMR spectrum. The electronic spectra of 5, 9, 11, and
12 are shown in Figure 2. Three characteristics stand out:
with the increase in the number of C=C units 1) the absorp-
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Figure 2. UV-visible spectra for [Re*(C=C),Rc*] (n=1: 5, n=2:9, n=3:
11, and n=4: 12) in CH,Cl,.

tion bands shifted to a long-wavelength region, 2) the ab-
sorbance intensified, and 3) fine structure in the absorption
band appeared. These features are in agreement with gener-
al observations of acetylene derivatives.

Redox behavior: The cyclic voltammograms of monoynes 4
6, diynes 8-10, triyne 11, and tetrayne 12 were measured in
CH,Cl,. The cyclic voltammetry data of the oxidation poten-
tials for these complexes are summarized in Table 3, along
with those of the related complexes. The cyclic voltammo-

Chem. Eur. J. 2006, 12, 2282 -2292
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Table 3. Electrochemical data of [Rc(C=C),Rc], [Rc'(C=C),R'] (n=1-2), and [Rc*(C=C),Rc*] (n=1-4) (in V

vs FcH/FcHY).

FULL PAPER

is not reversible, because the

AE (En—E,) is 0.15-020V.

probably because the two-elec-

Complex Ey, Ep. AEY lpelipa Mgy Thin-layer coulometry gave the

(V] (V] (V] apparent electron counts (71,,,)
[ReC=CRc] (4) +0.39 +0.25(sh) - - - for the oxidation waves of 5, 6,

—0.03 - -
and 8-12 (Table 3).
[Re(C=C),Rc] (8) +0.53 +027 - - 45407 8-12 ( )
_ 1002 _ _ The complexes 5, 6, and 10
[Re*C=CR¢*] (5) +0.09 —0.05 0.14 0.83 21401  undergo two-electron oxida-
[Re*(C=C),Rc*] (9) +0.26 +0.14 0.12 115 29+04 tion at about 0.1-0.3 V. The
d] .

+036 +0.22(sh) 0.14 - 43+05" vl voltammograms of 8, 11,
[Rc*(C=C);Rc*] (11) +0.37 +0.22 0.15 1.22 37404 12 exhibit the oxidation peaks
[Re*(C=C),Rc*] (12) +039 +021 0.18 0.94 48406 extubt Xidation peaks,
[Re'C=CRC] (6) +0.14 ~0.02(sh) 0.14 - 20403  which might be due to a four-

- -0.23 - - electron transfer, at approxi-

[Rc'(C=C),R¢] (10) +027 +0.10 017 0.96 22403 mately 04-0.5V. Two oxida-
[ReC=CMe] (1) +0.50 +0.34 0.16 0.84 . .
[Re*C=CMe] (2) +0.33 +0.17 0.16 0.66 tion pegks were observed in
[Re'C=CMe] (3) 1035 1016 0.19 0.49 the cyclic voltammogram of 9,
(

a] AE=E, —E,. E,, is the potential for an oxidation wave and E, is the potential for a reduction wave.
[b] 1, is the apparent number of electrons involved in each step which is determined by the results of thin-
layer coulometry for each oxidation peak. [c] The electron count could not be measured because of the insuffi-
cient solubility of the complex. [d] The electron count was obtained by the electrolysis after the second wave.

grams of 5, 9, and 11 are shown in Figure 3. As seen in
Figure 3 and Table 3, the redox process of these complexes

T LI N B
040 030 020 0.10 0
Potential / V

T ™
-0.10 -0.20

Figure 3. Cyclic voltammograms for 5 (bottom), 9 (middle), and 11 (top)
in CH,Cl, (sweep rate=0.1 Vs, [complex]=0.5 mmol).
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tron-oxidized species was not
very stable (vide infra). Fur-
ther, it is interesting to note
that the cyclic voltammogram
of 9 (middle of Figure 3) gives
the first oxidation peak, which might be based on a three-
electron-transfer process, at 0.26 V and the second oxidation
peak, which might be caused by a one-electron-transfer pro-
cess, at 0.36 V. The less precise electron counts and multi-
ple-electron transfers (3e™ and 4e™) suggest that this electro-
chemical process is not as simple as that in the dinuclear
ruthenocenes bridged by oligoenes, which showed a clear
two-electron oxidation process.”!!

The oxidation potentials of monoynes and diynes showed
a cathodic shift, as follows: 4 (+ 0.39 V)>6 (+ 027 V)>5
(+0.09V), 8 (+0.53V)>10 (+ 027 V)>9 (+0.26 V). The
trend seems to reflect an increase in the number of elec-
tron-donating methyl groups on the cyclopentadienyl ring of
the ruthenocenyl moiety. Also, the oxidation potentials of
4-6 are lower than those of the corresponding propynes (1-
3), while the oxidation potentials of dinuclear ruthenocenes
bridged by oligoynes are shifted to a higher potential with
the increase in the number of ethyne bonds, for example, as
follows: [Re*C=CRc*] (=0.09 V) < [Rc*(C=C),Rc*]
(0.29 V) <[Rc*(C=C);Rc*] (0.37 V) <[Re*(C=C),Rc*]
(0.39 V). A similar trend was observed in the Rc and Rc’
series: [RcC=CRc] (0.39 V) <[Rc(C=C),Rc] (0.53 V) and
[R'C=CRc] (0.14 V) <[Rc(C=C),Rc’] (0.27 V). This ten-
dency is in sharp contrast with that observed in the oli-
goene-bridged dinuclear ruthenocenes, in which the oxida-
tion potentials are shifted to a lower potential with the ex-
tension of conjugation.®!! The anodic shift of the oxidation
potential in the present series may be caused by the de-
crease in the metal-metal interaction as the number of C=C
units increases, because a similar tendency was observed in
the successive one-electron redox systems, for example,
[Cp*(NO)(PhsP)Re(C=C),Re(PPh;)(NO)Cp*] 1 [Cp*-
(dppe)Fe(C=C),Fe(dppe)Cp*],”! and [Fc(C=C),Fc],”" in
which the metal-metal interaction weakens as linker chains
become longer.

— 2285
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Theoretical study: To elucidate the electrochemical proper-
ties and the electronic features of the preceding complexes,
we performed a computational study on [Rc*C=CRc*] (5),
[Re*(C=C),Rc*] (9) and [Re*(C=C);Rc*] (11). The struc-
tures of the complexes were geometry optimized and the
optimized structure of § is shown in Figure 4 as an example.

Figure 4. Optimized structure for 5 (top) and 18 (bottom).

The structural parameters obtained from the optimized
structure of 5 are comparable with the crystallographically
determined parameters for 5.%! The calculated C=C
(1.217 A) and C—C (1.410 A) bond lengths of the bridge are
in good agreement with the observed distances (1.194(6) A
for the C=C bond and 1.419(6) and 1.420(5) A for the C—C
bonds). The Ru—C (2.208 A) and C—C (1.435 A) distances
in the Rc* moiety are also well reproduced (2.188 (av) and
1.429 A (av) for the observed structure, respectively). In the
optimized structure of §, the two Rc* groups are twisted by
nearly 90° relative to each other around the linker. The
twist conformation is more stable by 47.5 kImol™! than the
anti conformation, in which the two Rc* groups are in an
anti position to each other. The large energy difference may
stem from the considerable overlap of the linker p orbital
with both the Cp-ring p orbital and the Ru metal d orbital
of the Rc* moiety in the HOMO of the twisted conforma-
tion, as seen in Figure 5; such an overlap was not seen in
the anti conformation.

In contrast with the Re(CH=CH),Rc series, in which the
energy of the HOMO increased with the increase in the
number of CH=CH units,*!! the MO calculation in the [Rc*-

2286
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Figure 5. The graphic representation of the LUMO (top), HOMO
(middle), and HOMO-1 (bottom) for the optimized structure of 5.

(C=C),Rc*] series showed that the energy of the HOMO
decreases in the following order: [Rc*C=CRc*] (5)
(—0.18273 a.u.) > [Rc*(C=C),Rc*] (9) (—0.1859 a.u.) >[Rc*-
(C=C);Rc] (11) (—0.18673 a.u.). On the other hand, the
HOMO energy level of the oligoynes has been reported to
increase with increased length in conjugation, for example,
acetylene (Ip=11.40 eV, Ip=ionization potential) and buta-
diyne (Ip=10.17 eV). The same dichotomous trend was re-
cently reported and rationalized in the computational inves-
tigation on the chain-length effects in diplatinum(i)—polyy-
nediyl complexes and free polynenes.*™ If electrochemical
oxidation is assumed to involve the removal of an electron
from the HOMO, the descending order of the HOMO
energy may explain the ascending order of the oxidation
potentials in the [Rc*(C=C),Rc*] series [§ (n=1)
(+0.09 V)® <9 (n=2) (+026 V)<1l (n=3) (+0.37V)],
although each oxidation process in these complexes may be
somewhat different. The MO calculation also showed that
the contribution of the metal d orbital to the HOMO dra-

Chem. Eur. J. 2006, 12, 2282 -2292
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matically decreases with the extension of the conjugation
(n=1, 67.6; n=2, 55.1; n=3, 22.2%). This seems to imply
that the interaction between the terminal metals decreases
as the C=C chain of the bridge becomes longer.

We also performed the MO calculation for the two-elec-
tron oxidized species of 4, [Rc*C=CRc*]** (18), the opti-
mized structure of which is shown in Figure 4. The opti-
mized geometry for 18 reveals the following features:

1) The Rc* part adopts a fulvene-type structure, in agree-
ment with the crystal structure; however, the Ru—C(a)
(2.447 A) and C(a)—C(ipso) (1.384 A) distances for the
optimized structure are somewhat longer than those for
the observed structure (2.254(3) and 1.405(4) A, respec-
tively).*!

2) The bridging carbon chain seems to behave like a cumu-
lative bond; the center C—C bond length (1.273 A) on
the bridge is approximately the same as the mean length
(1.27 A) between the double and triple bonds and is sim-
ilar to that observed.

3) The bridging carbon chain is no longer linear; the C-
(ipso0)-C(a)-C(a) angle (159.7°) is somewhat wider than
the observed angle (153.5(3)°).

4) The C(a)—C(ipso) bond is folded at an angle of 34.2°
from the n-CsH, ring plane, the tilt angle is smaller than
the value observed (41.3(3)°).

These features would suggest that the contribution of the
fulvene structure to the oxidized species is smaller in the op-
timized structure than in the crystal structure. The features
found in 18 were also observed in the two-electron-oxidized
species (19) of [Rc'C=CRc’] (vide infra). Thus, the MO cal-
culations proved very helpful, allowing us to predict the
structure of the oxidized species in the ruthenocene-termi-
nated oligoyne series.

Chemical oxidation: It has been reported that the monoynes
4 and 5 were oxidized with p-BQ/BF5-OEt, (p-BQ =para-
benzoquinone) to give stable two-electron-oxidized species,
[Ruy(p-1°m®*-CsH,C=CCsH,)(n-CsHs),](BF,),  (17)  and
[Ru(p-1° - CsH,C=CCsH,)(1-CsMes),] (BF,), (18), respec-
tively.” When monoyne 6 was oxidized under similar condi-
tions, the two-electron-oxidized species 19 was obtained as
stable orange crystals (Scheme 4). The "H NMR spectrum of

2 equiv p-BQ / BF;0Et,

2 equiv p-BQ / BF;0Et,

Chem. Eur. J. 2006, 12, 2282 -2292
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19 showed only two signals for the methyl protons at 6 =
2.04 and 2.32 ppm, implying that 19 has a symmetric struc-
ture. In the >C NMR spectrum of 19, the carbon signal on
the bridging chain appeared at 0=76.26 ppm, similar to
those found for 17 (6 =77.67 ppm) and 18 (6 =80.10 ppm).
From these spectral data, the structure of 19 was assigned as
[Ru,(p-n°m°-CsMe ,C=CCsMe,)(n-CsHs), | (BE,),.

The structure of 19 was also confirmed by X-ray diffrac-
tion. The crystallographic data for 19 are listed in Table 1
and the selected bond lengths and angles are summarized in
Table 4. The ORTEP view of 19 is shown in Figure 6; it

Table 4. Selected bond lengths [A] and bond angles [°] for 19.

Rul—Cl 2.178(5) Rul—C2 2.067(3)
Rul-C3 2.190(3) Rul—C4 2.264(3)
Rul—C5 2.261(3) Rul—C6 2.184(3)
Rul-C7 2.178(4) Rul-C8 2.192(4)
Rul—C9 2.181(4) Rul—C10 2214(3)
Rul—Cl1 2.179(4) Cl-Cl# 1.278(6)
cl-C2 1.409(5) c2-C3 1.467(5)
C3-C4 1.416(5) C4-C5 1.440(5)
C5-C6 1.412(4) C2-C6 1.457(5)
C(C3H;)~C(CsHs) 1.395(av.)

Cl#-C1-C2 154.1(4) C1#-C1-Rul 139.5(3)
C1-C2-C3 114.7(3) C1-C2-C6 1153(3)
C3-C2-C6 109.7(3) C2-C3-C4 105.3(3)
C3-C4-C5 109.5(3) C4-C5-C6 109.8(3)
C5-C6-C2 105.7(3) C1-C2-Cpley 33.7(2)

Figure 6. ORTEP view for complex 19.

shows that the bridging ligand is coordinated in the n°*-mode
and in the anti configuration by two (n-CsHs)Ru groups.
The Rul—C1 distance is 2.178(3) A, somewhat shorter than
in [Ru(n-CsHs)(n’-CsH,CH,)]*  (2.272(4) A)P)y and 18
(2.410 A).”¥) The C1—C2 bond is folded at an angle of 32.7°
towards the n*-CsMe, ring; this value is considerably smaller
than those for [Ru(n-CsMe;)(n°-CsMe,CH,)]* (40.3°),F"
[Ru(n-CsHs)(n*-CsH,CH,) |+ (42.6°),5% and 18 (41.3(3)°).%
Also, the C1—C2 bond length (1.409(4) A) is approximately
the same as those of the fulvene complexes [Ru(n-
CsMes)(n°-CsMe,CH,)]* (1.401(4) A)P" and  [Ru(n-
CsH,)(n-CsH,CH,)]*  (1.405(5) A).PY The CI1-Cl bond
length (1.262(4) A) is comparable to that of 18 (1.262(4) A)
and intermediate between the double- and triple-bond
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lengths. A clear bond alternation is observed in the CsMe,
ring of 19. The angle C1-C1-C2 (154.1(4)°) is similar to that
in 18 (153.5(3)°).”®! These data suggest that the dication of
19 can be regarded as a p,-bis(cyclopentadienylidene)ethene
diruthenium complex. In the chemical oxidation of the mono-
yne-bridged binuclear ruthenocenes, the methyl substituents
have no effect, because 4, 5, and 6 all yield stable two-elec-
tron-oxidized species with similar structures.

The diyne 9 was oxidized in similar conditions to give a
yellow-brown powder (20), which was unstable in solid form
at room temperature, but was stable for few weeks at low
temperatures. The dissolution of 20 in CD;NO, generated a
red-orange solution that remained stable below —20°C. In
the '"HNMR spectrum of 20 in CD,NO, at —20°C, the
chemical shift and signal pattern of the n-CsH, ring protons
were similar to those of 18. The “C NMR spectrum showed
the signals of the bridging carbon chain at d=78.53 and
148.66 ppm, the latter of which was in the range observed in
the cumulative bond of tetraphenylbutatriene (0=
152.03 ppm).P¥ Based on these spectral data, the dication of
20 should be assigned to the p,-bis(cyclopentadienylidene)-
butatriene diruthenium complex, [Ru,(p,-1°n*-CsH,C=C=
C=CC;sH,)(n-CsMes),]**, as shown in Scheme 5.

Or-ere-cro—Sy

9)

pBQ/BFGOEtZ @:C c=c= C_@ T
(20)

!

@=0—CEC—C= @=c c=c- c—@
H H H-source
Ru Ru -

(24) (20A)

The oxidation of triyne 11 under similar conditions gave a
yellow-brown powder (21) that was unstable at room tem-
perature. Immediately after the isolation of 21 in CD;NO,,
the 'H NMR spectrum showed a chemical shift of the Me
and n-CsH, ring protons very similar to those of 18 and 20,
indicating the formation of a two-electron-oxidized species
in which the two fulvene complexes are connected symmet-
rically by a cumulative bond. Therefore, it is supposed that
the dication of 21 can also be formulated as the p,-bis(cyclo-
pentadienylidene)hexapentaene  diruthenium  complex,
[Ru,(p-1°m®-CsH,C=C=C=C=C=CC;H,)(n-C;Me;),]’*
However, this species was highly unstable even in CD;NO,
at 0°C, which gave rise to another set of peaks in the
"H NMR spectrum (vide infra). The two-electron oxidized
species of the tetrayne 12 gave no clear 'H NMR spectrum
in CD;NO,.

The solution of 18 in CD;NO, was stable for several days
at room temperature; however when it was dissolved in
(CD,),CO, it was gradually converted to [Ru,(u,-n°m’-
CsH,CHCHGC;H,)(n-CsMes),**(BF,), (22). After 8h, the
"H NMR spectrum of 18 in (CD;),CO at room temperature
showed new signals for the n-CsH, ring protons at § =4.93,
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5.43, 5.86, and 5.98 ppm and for the olefinic proton at d =
5.35 ppm, as observed in 22.%") The formation of 22 from 18
in (CD;),CO may be elucidated as follows (Scheme 6). In
18, there might be the contribution of the structure 18B to a

(BF.),

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MeCN H-source #
ey = EeH X
T HH + c-C
Ru Ru Ru=NCMe Ru+ H

Scheme 6.

certain extent. If the biradical on the bridging ligand in 18 B
abstracts a hydrogen atom from H,O in the solvent, the for-
mation of 22 can occur. These findings seem to indicate that
some electrons can stay as a biradical on the bridging hydro-
carbon as the result of spin uncoupling, as seen in the struc-
ture 18 B. The solution of 18 in CD;CN showed a behavior
similar to that in (CD,),CO, but no generation of the Ru"-
Ru" mixed-valence complex 23 occurred, as it did for the
two-electron-oxidized species of biruthenocene.” On the
other hand, the dication 19 remained stable for several days
in CD;NO,, CD;CN, and (CD;),CO, probably because of
the steric protection of the methyl groups of the n-CsMe,
ligand.

The 'H NMR spectrum of 20 in CD;NO, changed slowly
at 0°C. After 15 h, the signals due to the other product (24)
were observed at about half the strength of that in 20. In 24,
four n-CsH, ring proton signals were observed, indicating an
asymmetric environment, and their chemical shifts resem-
bled those of 22. Moreover, the *C NMR spectrum of 24
showed the one acetylene carbon signal at 0="70.26 ppm
and the exo-carbon signal of the fulvene ligand at 6=
86.38 ppm. These spectral data suggest that the dication of
24 is assignable to the bis(fulvene) complex [Ru,(u,-n*m’-
CsH,CHC=CCHC;H,)(n-CsMes),]** (BF,),. The formation
of 24 seems to be explained by the possibility that a biradi-
cal is generated at the 1,4-positions of the bridging carbon
chain as the result of spin uncoupling (20A) (Scheme 5).
Also, the minor component found in the 'H NMR spectrum
of 21 is suggested to be a higher analogue of 24, namely
[Ru, (-1 n°-CsH,CHC=CC=CCHCsH,)(n-CsMes),|**
(BF,),, because the "H NMR spectrum (the n-CsH, ring pro-
tons at 6=5.03, 542, 5.56, and 6.17 ppm, and the methyl
protons at 0 =2.25 ppm) bears a close resemblance to that
of 24. These results indicate that a biradical can form on the
bridging hydrocarbon of 18, 20, and 21 in solution and sug-
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gest that their two-electron-oxidized species cannot acquire
enough resonance stability through the structural isomeriza-
tion to a fulvene complex, which is caused by spin coupling.
This finding is in sharp contrast to that observed in the oli-
goene bridged dinuclear ruthenocenes.”!

Conclusion

Three new binuclear ruthenocene derivatives bridged by an
oligoyne, [Rc*(C=C),Rc*] (n=2-4), were prepared. The ox-
idation wave in [Rc*C=CRc*] appeared at a remarkably
low potential relative that in Re*C=CCHs, and that in [Rc*-
(C=C),Rc*] (n=2-4) showed an anodic shift with the in-
crease in the number of C=C units. This is in remarkable
contrast to that observed in the case of [Rc*(CH=
CH),Rc*], in which the oxidation wave shifted to the catho-
dic side. A MO calculation for the [Rc*(C=C),Rc*] series
showed that the energy of HOMO level decreased as the n
value increased, which may be one of the reasons for the
anodic shift of the oxidation potential. The optimized struc-
ture of the two-electron-oxidized species of [Rc*C=CRc*]
was in good agreement with X-ray structure in the dicationic
complex 18. The two-electron-oxidized species of [Rc'C=
CRc'] and [Rc*(C=C),Rc*] (n=2 and 3) were newly isolat-
ed, but [Rc*(C=C),Rc*] could generate no stable oxidized
species. The dications of [Rc*(C=C),Rc*] (n=1-3) were un-
stable in solution and produced a bis(fulvene)-type complex,
which is probably due to the generation of a biradical on
the bridging chain. The stability of the two-electron-oxidized
species of [Rc*(C=C),Rc*] tends to decrease with the in-
crease in the number of C=C units. This suggests that the
spin coupling, which causes the structural isomerization to a
fulvene complex, is weakened with the elongation of the
bridging C=C chain.

Experimental Section

All reactions were carried out under an atmosphere of N, and/or Ar and
workups were performed without precautions to exclude air. NMR spec-
tra were recorded on Bruker AC300P, AM400 or ARX400 spectrometers.
IR (KBr disc) spectra were recorded on Perkin—Elmer System 2000 spec-
trometer. Cyclic voltammetry was carried out by using BAS ALS600 in
107'm solution of nBu,NCIO, (polarography grade, Nacalai tesque) in
CH,Cl,. CV cells were fitted with glassy carbon (GC) working electrode,
Pt wire counter electrode and Ag/Ag* pseudoreference electrode. The
cyclic voltammograms were obtained at a scan rate of 0.1 Vs™' on the 5x
10*m solutions of the complexes. All potentials were referenced vs FcH/
FcH™" and were obtained by the preceding measurement of ferrocene at
the same conditions (0.22V for Ag/Ag+). Thin-layer coulometry was
carried out on apparatus described previously.* Dry solvents were pre-
pared by distillation from a drying agent prior to use as follows: CH,Cl,
(CaCl,); benzene (Na); toluene (Na); pyridine (KOH); THF (Na-benzo-
phenone); ether (LiAlH,). 1-(1”,2",3",4",5"-Pentamethylruthenocenyl)e-
thyne, " 1-(2',3' 4',5'-tetramethylruthenocenyl)ethyne,*! 1-(17,2”,3",4",5"-
pentamethylruthenocenyl)propyne (2),% and 1-(2',3'4',5'-tetra-methylru-
thenocenyl) propyne (3)**! were prepared according to literature proce-
dures. Other reagents were used as received from commercial suppliers.
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Bis(1",2",3",4",5"-pentamethylruthenocenyl)ethyne (5):*¥ A solution of 2
(0.34 g, 1 mmol), [Mo(CO),] (52 mg, 0.2 mmol), and 2-FC¢qH,OH (0.11 g,
1 mmol) in toluene (4 mL) was refluxed under bubbling of Ar for 2 h.
After cooling to room temperature, the solution was quenched with
0.5% aqueous NaOH (20 mL) and the mixture was extracted with dieth-
yl ether. The organic extract was washed with the 0.5% aqueous NaOH
and then water. After drying over MgSO,, the solution was evaporated.
The residue was subject to chromatography on SiO, by elution of hexane
to give the recovered starting material (20 mg, 6%) and 5 (189 mg, 60 %)
as pale yellow crystals.

Bis(2',3' 4,5 -tetramethylruthenocenyl)ethyne (6): This complex was pre-
pared from 3 according to the procedure described above. Pale yellow
crystals (22%). M.p. 188-189°C; elemental analysis caled (%) for
CyHsRu,: C 60.38, H 5.74; found: C 60.54, H 5.69; UV/Vis (CH,CL,):
Amax (8)=232 (26500), 279 (14200), 328 nm (3100 mol™'dm’cm™');
'"H NMR (400 MHz, CDCl;, TMS): 6=1.97 (s, 12H; Me), 2.08 (s, 12H;
Me), 4.25 ppm (s, 10H; n-CsHs); *C NMR (100 MHz , CDCl;, TMS): 6 =
12.32 (Me), 12.99 (Me), 71.26 (C), 73.12 (n-CsHs), 85.82 (n-CsMe,-ipso),
86.08 (n-CsMe,), 86.63 ppm (n-CsMe,).

(E)-[Rc'(p-CICH,0)C=CH(Me)] (7): When a solution of 3 (0.32¢g,
1 mmol), [Mo(CO);] (26 mg, 0.1 mmol), and 4-CIC(H,OH (0.13 g,
1 mmol) in toluene (4 mL) was allowed to react under similar conditions
to those described above for the preparation of compound 5, complex 7
(0.34 g, 76 %) was obtained as the main product and the alkyne deriva-
tive 6 was detected in trace yield by the "H NMR spectrum. Data for 7:
Colorless solid; M.p. 80-82°C; elemental analysis calculated (%) for
C;H,sCIORu: C 60.85, H 5.55; found: C 61.23, H 5.65; 'HNMR
(400 MHz, CDCl;, TMS): 6=1.66 (brs, 3H; Me), 1.96 (s, 6H; Me), 1.98
(s, 6H; Me), 4.13 (s, 5H; n-CsHs), 5.26 (q, *J(H,H)=7.2 Hz, 1H; =CH),
6.92 (brd, *J(H,H)=7.6 Hz, 2H; C¢H,), 7.23 ppm (d, */(H,H)=8.7 Hz,
2H; CeH,); "CNMR (100 MHz, CDCl;, TMS): §=12.31 (Me), 13.12
(Me), 72.98 (n-CsHs), 85.00 (n-CsMe,), 86.01 (n-CsMe,), 111.48 (C.H,),
119.03 (C¢H,), 126.47 (CIC{H,), 129.10 (=C—H), 149.34 (=C-0O),
156.15 ppm (OC4H,).
1,4-Bis(1",2",3",4",5"-pentamethylruthenocenyl)-1,3-butadiyne (9): A so-
lution of 1-(1",2",3"4"5 -pentamethylruthenocenyl)ethyne (325 mg,
1.0 mmol) in pyridine (25 mL) was added to a solution of CuCl (99 mg,
1 mmol), DBU (304 mg, 2 mmol) in pyridine (5mL). The mixture was
stirred for 3.5 h under bubbling of O, at 50°C. The reaction mixture was
diluted with benzene (20 mL). The mixture was washed with dilute aque-
ous HCI and then water. After drying over MgSO, and then evaporating
under reduced pressure, the residue was subjected to chromatography on
ALOj; (deactivated with 5% H,O) by elution with benzene. The crystals
obtained were recrystallized from cyclohexane/hexane to give 9. Pale
yellow fine crystals (77%); m.p. 230°C (decomp); elemental analysis
caled (%) for Cy3HyRu,: C 62.94, H 5.90; found: C 63.25, H 6.03; IR
(KBr): #=2219, 2150 cm™ (C=C); UV/Vis (CH,CL): Amax (¢)=230
(32800), 274 (20600), 309 (13900), 341 nm (10500 mol~'dm’cm™");
'HNMR (400 MHz, CDCl;, TMS): 6=1.89 (s, 30H; Me), 423 (t, *J-
(HH)=1.7Hz, 4H; n-CH,), 440ppm (t, *J(HH)=1.7Hz, 4H; n-
CsH,); "*CNMR (100 MHz, CDCl;, TMS): 6=11.40 (Me), 65.27 (=C),
7081 (=C), 7347 (n-CsH,), 7725 (n-CsH,), 77.54 (ipso-n-CsH,),
85.96 ppm (n-CsMes).

1,4-Bis(2',3' 4,5 -tetramethylruthenocenyl)buta-1,3-diyne ~ (10):*!  This
compound was also prepared in 72 % yield from 1-(2',3',4’,5"-tetramethyl-
ruthenocenyl)ethyne according to the procedure described for the prepa-
ration of 9.

3-1",2",3",4",5"-Pentamethylruthenocenyl)propyn-1-al (13): A 1.6Mm solu-
tion of nBuLi in hexane (1.1 mL, 1.6 mmol) was added to a solution of 1-
(17,27,3" 4" ,5"-pentamethylruthenocenyl)ethyne (0.48 g, 1.5 mmol) in ab-
solute THF (10 mL) below —78°C under Ar. After the solution had been
stirred at this temperature for 30 min, DMF (0.15 mL, 1.8 mmol) was
added slowly. The solution was warmed gradually to room temperature
over a period of 1.5 h and then quenched with saturated aqueous NH,CI
(40 mL). The mixture was extracted with diethyl ether (40 mL) and then
the ether extract was washed with H,O (40 mL x3). The ether phase was
dried over MgSO, and then evaporated in vacuo. The residue was sub-
jected to chromatography on SiO, by elution with benzene to give com-
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pound 13. Orange crystals (95%); M.p. 93-94°C; elemental analysis
caled (%) for C;sH,ORu: C 61.17, H 5.70; found: C 61.21, H, 5.66; IR
(KBr): #=2167 (C=C), 1652cm™" (CO); 'HNMR (400 MHz, CDCl,,
TMS): 6=1.87 (s, 15H; Me), 4.41 (t, *J(H,H)=1.7 Hz, 2H; n-CsH,), 4.50
(t, 3I(HH)=1.7 Hz, 2H; n-CH,), 9.33 ppm (s, 1H; CHO); "C NMR
(100 MHz, CDCl;, TMS): 0=11.30 (Me), 63.00 (=C), 75.69 (n-CsH,),
76.74 (n-CsH,), 86.67 (n-CsMe;s), 88.80 (ipso-n-CsH,), 99.93 (=C),
176.47 ppm (CO).
1-(1",2",3",4",5"-Pentamethylruthenocenyl)-4-trimethylsilyl-1,3-butadiyne
(14): A 2.0m solution of Me;SiCHN, in hexane (1.0 mL, 1.8 mmol) was
slowly added to a solution of LDA prepared from (iPr),NH (0.3 mL,
2.0 mmol) and a 1.6M solution of nBuLi in hexane (1.1 mL, 1.8 mmol) in
dry THF (15 mL) below —78°C. After the solution had been stirred for
30 min at this temperature, a solution of 13 (0.54 g, 1.5 mmol) in dry
THF (5 mL) was added dropwise. The solution was stirred for a further
1 h at this temperature and then gradually warmed to room temperature.
After stirring for 4 h at room temperature, the solution was again cooled
below —78°C and a 1.6 M solution of #nBuLi in hexane (1.1 mL, 1.8 mmol)
was added. The solution was slowly warmed to room temperature and
then quenched with saturated aqueous NaHCO; (40 mL). The mixture
was extracted with diethyl ether (40 mL) and then the ether extract was
washed with H,O (40 mL x4). The ether phase was dried over MgSO,
and then evaporated in vacuo. The residue was subjected to chromatog-
raphy on Al,O; (deactivated with 5% H,0) by elution with pentane to
give compound 14. This compound was thermally unstable and changed
color to brown in air. Fine yellow crystals (95%); MS (70 eV): m/z (%):
422 (100) [M*]; '"H NMR (400 MHz, CDCl,, TMS): 6=0.21 (s, 9H; Me),
1.89 (s, 15H; Me), 4.23 (t, *J(H,H)=1.7 Hz, 2H; 1-CsH,), 4.38 ppm (t, *J-
(H,H)=1.7 Hz, 2H; n-CsH,); "CNMR (100 MHz, CDCl;, TMS): o
—0.25 (Me), 11.16 (Me), 66.01 (=C), 70.40 (=C), 73.74 (n-CsH,), 76.37 (n-
CsH,), 76.50 (ipso-n-CsH,), 86.19 (n-CsMes), 87.19 (=C), 89.98 ppm (=C).
1-1",2",3",4",5"-pentamethylruthenocenyl)-1,3-butadiyne (15): KOH in
methanol (1M, 2 mL) was added to a solution of 14 (0.34 g, 0.87 mmol) in
dry diethyl ether (5 mL). After stirring for 2 h, the solution was quenched
with saturated aqueous NH,CI (20 mL). The mixture was extracted with
diethyl ether (20 mL) and then the ether extract was washed with H,O
(10 mL x3). The ether phase was dried over MgSO, and then evaporated
in vacuo. The residue was subjected to chromatography on SiO, by elu-
tion of pentane containing diethyl ether (2.5%) to give compound 15.
This compound changed color to brown in air. Yellow crystals (98%);
MS (70 eV): miz (%): 349 (100) [M*]; 'HNMR (400 MHz, CDCl,,
TMS): 6=1.89 (s, 15H; Me), 2.35 (s, 1 H), 4.25 (t, *J(H,H)=1.7 Hz, 2H;
n-CsH,), 4.41 ppm (t, *J(H,H)=1.7 Hz, 2H; n-CsH,).
1-lodo-2-(1",2",3",4",5"-pentamethylruthenocenyl)ethyne (16): A 1.6m
solution of nBuLi in hexane (0.9 mL, 1.3 mmol) was added to a solution
of [Rc*C=CH] (0.38 g, 1.2 mmol) in absolute THF (15 mL) below —78°C
under Ar. After stirring for 30 min at this temperature, iodine (0.31 g,
1.2 mmol) was added quickly to the solution. The mixture was stirred for
a further 30 min and then gradually warmed to room temperature. The
resulting violet solution was quenched with saturated aqueous NH,CI
(40 mL). The mixture was extracted with diethyl ether (40 mL). The
ether extract was washed with saturated aqueous Na,S,0; (three times)
and water, and then dried over MgSO,. After evaporating in vacuo, the
residue was subjected to chromatography on Al,O; (deactivated with 5%
H,0) by elution of pentane containing diethyl ether. Greenish-yellow
crystals (0.39 g, 72%); MS (70 eV): m/z (%): 452 (80) [M*], 325 (100);
'"HNMR (400 MHz, CDCl;, TMS): 6=1.90 (s, 15H; Me), 4.26 (t, *J-
(H,H)=1.8 Hz, 2H; n-CsH,), 442ppm (t, J(HH)=18Hz, 2H; n-
CsH,); "*CNMR (100 MHz, CiD,, TMS): 6=11.15 (Me), 65.90 (=C),
7239 (=C), 74.03 (n-CsH,), 7691 (n-GsH,), 79.86 (ipso-n-CsH,),
86.19 ppm (n-CsMes).
1,6-Bis(1",2",3",4",5"-pentamethylruthenocenyl)hexa-1,3,5-triyne (11): A
mixture of 15 (87 mg, 0.25 mmol), 16 (58 mg, 0.13 mmol), and Cul
(10 mg, 0.05 mmol) in pyrrolidine (0.5 mL) was stirred at room tempera-
ture for 30 min under nitrogen. To the resulting red-orange solution was
added saturated aqueous NH,Cl (10 mL). The mixture was extracted
with diethyl ether (50 mL). The ether extract was washed with 0.5%
aqueous H,SO, solution (10 mLx2) and H,O (20 mL), and then dried
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over MgSO,. After evaporation in vacuo, the residue was subjected to
chromatography on silica gel by elution of hexane containing diethyl
ether (5%) to give compound 11. Orange-yellow crystals (72%); m.p.
239°C; elemental analysis caled (%) Ci;HzRu,: C 64.26, H 5.69; found:
C 6425, H 5.62; MS (70 eV): m/z (%):674 (20) [M*], 649 (100); IR
(KBr): #=2196cm™" (C=C); UV/Vis (CH,ClL): . (£)=234 (56100),
300 (22600), 360 (10000), 390 nm (9600 mol'dm’cm™); 'H NMR
(400 MHz, CDCl;, TMS): 6 =1.89 (s, 30H; Me), 4.26 (t, *J(H,H)=1.7 Hz,
4H; n-CsH,), 442ppm (t, *J(HH)=1.7Hz, 4H; n-CH,); “CNMR
(100 MHz, CDCl;, TMS): 6 11.39 (Me), 65.15 (=C), 65.93 (=C), 71.24 (=
C), 73.96 (n-CsH,), 76.55 (n-CsH,), 77.50 (ipso-n-CsH,), 86.30 ppm (1-
Cs;Mes).
1,8-Bis(1",2",3",4",5"-pentamethylruthenocenyl)octa-1,3,5,7-tetrayne (12):
A mixture of 15 (0.30 g, 0.85 mmol) and Cul (0.5 g, 2.6 mmol) in pyridine
(20 mL) was stirred at room temperature overnight under bubbling of
air. The mixture was diluted with Et,0 (40 mL) and then filtered under
reduced pressure. The precipitate was washed with Et,0 and the filtrate
and washing were combined. The organic layer was washed three times
with 1% aqueous H,SO, solution (50 mL) and with H,O (20 mL), and
then dried over MgSO,. After evaporation in vacuo, the residue was sub-
jected to chromatography on silica gel by elution of hexane containing
benzene (10 %) to give compound 12. Yellow crystals (70 % ); m.p. 231°C
(decomp); elemental analysis caled (%) for C;HzRu,: C 65.50, H 5.50;
found: C 65.58, H 5.45; MS (70 eV): m/z (%): 697 (100) [M*]; IR (KBr):
7=2192cm™ (C=C); UV/Vis (CH,CL): A (£)=226 (71200), 250
(52400), 301 (30800), 318 (27100), 368 (13800), 397 (14900), 432 nm
(11000 mol 'dm*’cm™); 'HNMR (400 MHz, C,D,, TMS): 6=1.88 (s,
30H; Me), 4.11 (t, *J(H,H)=1.7 Hz, 4H; n-CsH,), 4.43 ppm (t, *J(H,H) =
1.7 Hz, 4H; n-CsH,); *C NMR (100 MHz, CiD,, TMS): 6=10.85 (Me),
64.62 (=C), 65.09 (=C), 65.98 (=C), 71.61 (=C), 73.91 (n-CsH,), 76.56 (n-
CsH,), 77.98 (ipso-n-CsH,), 85.97 ppm (1-CsMes).
[Ru,(u,-n°m*-CsMe,C=CC;Me,) (n-CsH;),](BF,), (19): One drop of
BF;-OEt, was added to a solution of 6 (18 mg, 0.03 mmol) and p-BQ
(6.3 mg, 0.06 mmol) in CH,Cl, (4 mL) at 0°C under nitrogen. Immediate-
ly, the solution changed color from yellow to deep red and an amorphous
precipitate formed. The mixture was stirred for 4 h and then the precipi-
tate was collected by filtration, giving a yellow powder (80 % ). Recrystal-
lization from CH;NO,/Et,O produced orange crystals. M.p. >250°C; ele-
mental analysis caled (%) for C3H3,B,FsRu,: C 46.77, H 4.45; found: C
46.35, H 4.22; '"HNMR (400 MHz, CD;NO,, TMS): 6=2.04 (s, 12H;
Me), 2.32 (s, 12H; Me), 5.40 ppm (s, 10H; n-CsHs); *C NMR (100 MHz,
CD;NO,, TMS): 6=11.82 (Me), 78.67 (=C=), 91.60 (n-CsH5), 102.32 (n-
CsMe,), 112.71 (n-CsMe,), 141.86 ppm (ipso-n-CsMe,).
[Ru,(1,-n°m°®-CsH,C=C=C=CC;sH,)(n-CsMe;),](BF,), (20): One drop of
BF;-OEt, was added to a solution of 9 (19.5 mg, 0.03 mmol) and p-BQ
(6.3 mg, 0.06 mmol) in CH,Cl, (4 mL) and benzene (2 mL) at 0°C under
nitrogen. Immediately, the solution changed color from yellow to red-
brown. The mixture was kept for 2h at 0°C. The resulting precipitate
was collected by filtration and washed with a small amount of dry diethyl
ether, giving yellow-brown powder (80% ). '"H NMR (400 MHz, CD;NO,,
—20°C): 0=2.05 (s, 30H; Me), 5.24 (t, *J(H,H)=1.8 Hz, 4H; n-CsH,),
622ppm (t, J(HH)=18Hz, 4H; n-CH,); “CNMR (100 MHz,
CD;NO,, —20°C): 6=8.04 (Me), 78.54 (=C=), 81.59 (n-C;H,), 97.02 (n-
CsH,), 101.48 (n-CsMes), 136.80 (ipso-n-CsH,), and 148.66 (=C=). Com-
plex 20 was unstable even at 0°C. Besides the signals of 20, new signals
for 24 was also observed: '"H NMR (400 MHz, CD;NO,, 0°C): 6 =2.24 (s,
30H; Me), 5.02 (t, Y(H,H)=2.0Hz, 2H; n-CsH,), 541 (t, Y(HH)=
2.0 Hz, 2H; n-CsH,), 5.57 (t, *J(H,H)=2.0 Hz, 2H; n-CsH,), 6.17 (t, *J-
(H,H)=2.0Hz, 2H; n-GH,), 6.68ppm (s, 2H; =CH); “CNMR
(100 MHz, CD3;NO,, 0 C): 6=9.84 (Me), 70.26 (C), 81.73 (n-CsH,), 84.22
(n-CsH,), 86.48 (=CH), 96.42 (n-CsH,), 98.41 (n-CsH,), 102.46 ppm (-
CsMes).

MO calculations: DFT calculations were performed with Gaussian 98
program'®! running on the workstations assembled by HIT Inc. The yne-
diyl-, diynediyl-, and triynediyl-bridged binuclear ruthenocenes and their
two-electron-oxidized species were optimized fully by using a standard 3—
21G(d) basis set and B3LYP functional, which incorporated the three-pa-
rameter exchange functional by Becke!! with the correlation functional
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by Lee, Yang, and Parrl (B3LYP/3-21G(d)). Molecular orbital energy
levels, together with the orbital diagrams were obtained from B3LYP/3—
21G(d) calculations. The graphic representations of the calculated molec-
ular orbitals were obtained using GaussView.!*"!

Structure determination: The crystallographic data are listed in Table 1
for 7 and 19. Data collection of crystal data for 7 and 19 were performed
at room temperature on a Mac Science DIP3000 image processor and a
Bruker Apex diffractometer with graphite-monochromated Mok, radia-
tion and an 18 kW rotating anode generator, respectively. The structure
of 7 was solved with the Dirdif-Patty method in MAXUS (software-pack-
age for structure determination) and refined finally by full-matrix least-
squares procedure with SHELXL.1*! The structure of 19 was solved and
refined by SHELXL.*! The absorption correction for 7 was carried out
by the Sortav method and anisotropic refinement for non-hydrogen atom
was also performed. The hydrogen atoms, located from difference Fouri-
er maps or calculation, were isotropically refined.

CCDC-279678 (7) and CCDC-279679 (19) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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