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Treatment of RuHCl(CO)(PPh3)3 with (E)-HCtCCHdCHCtCH produces [RuCl(CO)-
(PPh3)2]2(µ-(E,E,E)-CHdCHCHdCHCHdCH). The latter complex reacts with PMe3, 4-phen-
ylpyridine (PhPy), and 2,6-(Ph2PCH2)2C5H3N (PMP) to give [RuCl(CO)(PMe3)3]2(µ-CHd
CHCHdCHCHdCH), [RuCl(CO)(PhPy)(PPh3)2]2(µ-CHdCHCHdCHCHdCH), and [RuCl-
(CO)(PMP)]2(µ-CHdCHCHdCHCHdCH), respectively. Treatment of [RuCl(CO)(PPh3)2]2(µ-
(E,E,E)-CHdCHCHdCHCHdCH) with t-BuNC and NaBPh4 gives {[Ru(t-BuNC)3(PPh3)2]2-
(µ-COCHdCHCHdCHCHdCHCO)}(BPh4)2, the structure of which has been confirmed by
X-ray diffraction. Treatment of RuHCl(CO)(PPh3)3 with excess (Z)-HCtCCHdCHCtCH
followed by PMe3 produces RuCl((E,Z)-CHdCHCHdCHCtCH)(CO)(PMe3)3. The mono-
nuclear complex reacts with RuHCl(CO)(PPh3)3 to give (PMe3)3(CO)ClRu-CHdCHCHdCHC-
(dCH2)-RuCl(CO)(PPh3)2, which reacts with t-BuNC to give [(PMe3)3(CO)ClRu-CHd
CHCHdCHC(dCH2)CO-Ru(t-BuNC)3(PPh3)2]Cl.

Introduction

Bimetallic and polymetallic complexes with conju-
gated hydrocarbon ligands bridging metal centers are
attracting considerable interest for their structural and
material properties.1,2 Linear Cx and (CH)x are probably
the simplest hydrocarbon bridging ligands. In the past
decade, a variety of complexes of the type LnM(µ-Cx)-
M′L′n with x up to 20 and with M or M′ ) Re, Fe, Ru,
Pt, Pd, Mn, W, and Rh have been synthesized.3-6 These
complexes can behave like molecular wires and have
luminescent properties. In contrast to bimetallic com-

plexes with Cx bridges, relatively few studies have been
carried out on bimetallic complexes with linear (CH)x
bridges. Bimetallic complexes with linear (CH)x bridges
are interesting, as many conjugated organic materials
(e.g., polyacetylenes, push/pull stilbenes) have only sp2-
hybridized carbons in their backbones.7 Until now, only
a few examples of (CH)x-bridged bimetallic complexes
where x ) 2,8 4,9-11 5,12 and 613 have been reported.
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Other reported bimetallic complexes with hydrocarbon
bridges containing only sp2-hybridized carbons in the
backbone include bimetallic complexes of the type LnMd
C(OR)-CHdCH-C(OR)dMLn or LnMdCR-R-CRdM-
Ln,14 LnM-Ar-MLn,15 LnMCHdCH-Ar-CHdCHMLn,16

and LnM-C4R3-MLn.17

In this report, the synthesis, characterization, and
electrochemical properties of several (CH)6-bridged
bimetallic complexes will be described. Reported bime-
tallic complexes with a (CH)6 bridge are limited to
(S)(RO)2(ArN)ModCH-(CHdCH)2-CHdMoNAr)(OR)2-
(S) (RO ) OCMe(CF3)2; Ar ) 2,6-diisopropylphenyl;
S ) MeOCH2CH2OMe, ether, THF), which were derived
from the reactions of Mo(CHR′)(NAr)(OR)2 (R′ ) CMe3,
CMe2Ph) with cyclooctatetrene.13

Results and Discussion

Reactions of (E)-HCtCCHdCHCtCH with Ru-
HCl(CO)(PPh3)3. Reactions of RuHCl(CO)(PPh3)3 with
HCtCR are known to give RuCl((E)-CHdCHR)(CO)-
(PPh3)2.18,19 Thus it is expected that reactions of RuHCl-
(CO)(PPh3)3 with (E)-HCtCCHdCHCtCH will pro-
duce [RuCl(CO)(PPh3)2]2(µ-(E,E,E)-CHdCHCHdCHCHd
CH).

The starting material (E)-HCtCCHdCHCtCH (4a)
was initially prepared from the reaction of p-toluene-
sulfonate of hexa-1,5-diyn-3-ol with diazabicyclo[4.3.0]-
non-5-ene.20 The reaction produces a mixture of (E)- and
(Z)-HCtCCHdCHCtCH, which are difficult to sepa-
rate. We have generated the compound (E)-HCtCCHd

CHCtCH (4a) by desilylation of (E)-Me3SiCtCCHd
CHCtCSiMe3 (3a), a method reported by Wudl et al.21

(E)-Me3SiCtCCHdCHCtCSiMe3 (3a) was in turn syn-
thesized from Pd-catalyzed coupling reaction of (E)-
ClCHdCHCtCSiMe3 (1)22 and HCtCSiMe3 (2) (Scheme
1). The one-pot reaction of (E)-ClCHdCHCl and HCt
CSiMe3 could also generate 3a. However, significant
amounts of side-products such as (Z)-Me3SiCtCCHd
CHCtCSiMe3 (3b) and Me3SiCtCCHdCHC(dCHSi-
Me3)CtCSiMe3 were also produced in the reaction.23

Addition of 4a to a suspension of RuHCl(CO)(PPh3)3
(5) in dichloromethane produced the insertion pro-
duct [RuCl(CO)(PPh3)2]2(µ-(E,E,E)-CHdCHCHdCHCHd
CH) (6), which can be isolated as a purple solid in 81%
yield (Scheme 1). The compound has been characterized
by NMR and elemental analysis. The 31P{1H} NMR
spectrum in CD2Cl2 showed a singlet at 29.5 ppm, which
is typical for RuCl((E)-CHdCHR)(CO)(PPh3)2. The 1H
NMR spectrum in CD2Cl2 displayed the Ru-CH signal
at 7.94 ppm, the â-CH signal at 5.39 ppm, and the δ-CH
signal at 5.21 ppm. Monomeric complexes RuCl(RCd
CHR′)(CO)(PPh3)2 are known to adopt a distorted trigo-
nal bipyramidal geometry around ruthenium with the
two PPh3 ligands in the apical positions.18 Thus it is
reasonable to assume that complex 6 has a similar
geometry around ruthenium. Reported bimetallic com-
plexes closely related to 6 are [RuCl(CO)(PPh3)2]2(µ-
CHdCH-Ar-CHdCH)16a,b and [RuCl(CO)(PPh3)2]2(µ-
CHdCH-CHdCH).11

Reactions of 6 with PMe3, 4-Phenylpyridine,
PMP, and t-BuNC. Several bimetallic complexes were
prepared from complex 6. Treatment of 6 with PMe3
produced the six-coordinated complex [RuCl(CO)(P-
Me3)3]2(µ-CHdCHCHdCHCHdCH) (7) (Scheme 2). The
PMe3 ligands in 7 are meridionally coordinated to
ruthenium as indicated by the AM2 pattern 31P{1H}
NMR spectrum. The presence of the (CH)6 chain is
indicated by the 1H NMR spectrum (in CD2Cl2), which
showed the vinyl proton signals at 7.75 (Ru-CH), 6.88
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(â-CH), and 6.52 (γ-CH) ppm. In the 13C{1H} NMR
spectrum (in CD2Cl2), the CH signals were observed at
166.6 (Ru-CH), 138.4 (â-CH), and 129.4 (γ-CH) ppm. The
vinyl group is trans to the unique PMe3, as indicated
by the large 2J(PC) coupling constant (75.5 Hz).

Reactions of 6 with 4-phenylpyridine and 2,6-(Ph2-
PCH2)2C5H3N (PMP) give the corresponding six-coor-
dinated complexes [RuCl(PhPy)(CO)(PPh3)2]2(µ-CHd
CHCHdCHCHdCH) (8) and [RuCl(CO)(PMP)]2(µ-CHd
CHCHdCHCHdCH) (9), respectively. These complexes
have been characterized by NMR spectroscopy and
elemental analysis. Related mononuclear complexes
RuCl(CHdCHR)(L)(CO)(PPh3)2 (L ) 2e nitrogen donor
ligands) have been previously prepared from the reac-
tion of HCtCR with RuHCl(L)(CO)(PPh3)2.24 Ruthe-
nium PMP complexes, for example, RuCl2(PPh3)(PMP)
and RuHX(PPh3)(PMP) (X ) Cl, OAc), have been
reported recently.25

Complex 6 reacted with t-BuCN to give the bimetallic
complex {[Ru(BuCN)3(PPh3)2]2(µ-COCHdCHCHdCH-
CHdCHCO)}2+, which was isolated as the BPh4 salt 10
by treatment of the crude product with NaBPh4 (Scheme
2). The compound has been characterized by NMR
spectroscopy and elemental analysis. The presence of
the COCHdCHCHdCHCHdCHCO bridging ligand is
supported by the 1H and 13C{1H} NMR spectroscopy.
In the 1H NMR spectrum (in CD2Cl2), the three olefinic
signals were observed at 5.28, 5.56, and 5.69 ppm. In
the 13C{1H} NMR spectrum, the Ru-acyl signal was
observed at 260.2 ppm and the COCH signal was
observed at 142.2 ppm. The other two CH signals were
observed at 126.1 (δ-CH) and 137.6 (γ-CH) ppm. For
comparison, the 13C signal for the acyl carbon was
observed at 260.5 ppm for [Ru(COPh)(t-BuNC)2(CO)-

(PMe2Ph)2]+ 26 and at 258.1 ppm for [Ru(COCHd
CHCMe3)(t-BuNC)3(PPh3)2]+.27

The structure of 10 has been confirmed by X-ray
diffraction. The molecular structure of the complex ion
of 10 is depicted in Figure 1. The crystallographic details
and selected bond distances and angles are given in
Tables 1 and 2, respectively. As shown in Figure 1, the
compound contains two ruthenium centers linked by a
COCHdCHCHdCHCHdCHCO bridge. The two ruthe-
nium centers are related to each other by an inversion
center at the midpoint of the C4-C4A bond. The
geometry around ruthenium can be described as a
distorted octahedron with three meridionally bound
t-BuCN ligands, two trans-disposed PPh3 ligands, and
an acyl ligand trans to the unique t-BuCN ligand, as
suggested by the solution NMR data. The unique Ru-
C(31) bond (2.038(4) Å) is slightly longer than those of
the mutually trans Ru-C (isonitrile) bonds (1.980(3)
and 1.996(3) Å), probably due to the strong trans
influence of the acyl ligand.

The most interesting features of the structure are
those related to the COCHdCHCHdCHCHdCHCO

(24) (a) Santos, A.; López, J.; Galán, A.; González, J. J.; Tinoco, P.;
Echavarren, A. M. Organometallics 1997, 16, 3482. (b) Romereo, A.;
Santos, A.; López, J.; Echavarren, A. M. J. Organomet. Chem. 1990,
391, 219.

(25) (a) Jia, G.; Lee, H. M.; Williams, I. D.; Lau, C. P.; Chen, Y.
Organometallics 1997, 16, 3941. (b) Rahmouni, N.; Osborn, J. A.; De
Cian, A.; Fischer, J.; Ezzamarty, A. Organometallics 1998, 17, 2470,
and references therein.

(26) Dauter, Z.; Mawby, R.; Reynolds, C. D.; Saunders, D. R. J.
Chem. Soc., Dalton Trans. 1987, 27.

(27) Montoya, J.; Santos, A.; López, J.; Echavarren, A. M.; Ros, J.;
Romero, A. J. Organomet. Chem. 1992, 426, 383.

Scheme 2

Figure 1. Molecuclar structure of the complex ion {[Ru-
(t-BuNC)3(PPh3)2]2(µ-COCHdCHCHdCHCHdCHCO)}2+.
The counteranion and the hydrogen atoms of PPh3 and
t-BuNC are omitted for clarity.
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bridge. The Ru-C(1) bond distance of 2.118(3) Å is close
to those found in η1-acyl complexes such as Ru(Cp)-
(COCHdCPh2)(CO)(P(i-Pr)3) (2.060(2) Å),28 [Ru(COPh)-
(CO)(t-BuCN)2(PMe2Ph)2]+ (2.128(10) Å),26 and [Ru-
(COMe)(cym)(phen)]BAr4 (2.084(11) Å, cym ) 4-methyl-
isopropylbenzene, phen ) phenanthroline, Ar ) 3,5-bis-
(trifluoromethyl)phenyl)29 and is slightly longer than
that found in the η2-acyl complex RuCl(η2-COC6H4NH2)-
(CO)(PPh3)2 (1.958(3) Å).30 The atoms Ru, C(11), C(21),
C(31), C(1), and O(1) are essentially coplanar with
maximum deviation from the least-squares plane of

0.022 Å for O(1). The carbon atoms of the COCHd
CHCHdCHCHdCHCO chain and the ruthenium atoms
are also essentially coplanar with maximum deviation
from the least-squares plane of 0.026 Å for C(3). The
two planes have a dihedronal angle of 30.6°, indicating
that the π-conjugation in the chain is not very effective.
The coplanarity of the acyl group (C(1)O(1)) and the
isonitrile ligands is probably due to the fact that these
ligands are both good π-acceptors and stabilization due
to π-interaction of isonitrile and acyl group with the
metal centers can be maximized in such a conformation.
A similar argument has been proposed for the confor-
mational preferences of vinyl groups in CO-containing
vinyl complexes M(CRdCR′R′)(CO)Ln.31

The (CH)6 ligand shows a single/double carbon-
carbon bond alternation. All the olefinic double bonds
are in trans geometry. The formal CdC double bonds
have an average bond distance of 1.328 Å, and the
formal single bond (C(3)-C(4) has a bond distance of
1.433(4) Å, which is slightly shorter than that (1.494(4)
Å) between C(2) and C(1) (the acyl carbon). The differ-
ence between the single and the average double bond
distances of the (CH)6 chain is 0.105 Å. The structural
parameters of the (CH)6 chain are similar to those of
PhCHdCH(CHdCH)2CHdCHPh,32 where the differ-
ence between the average single and double bond
distances is 0.092 Å.

As mentioned previously, reported (CH)6-bridged
bimetallic complexes are limited to (S)(RO)2(ArN)Mod
CH-(CHdCH)2-CHdMoNAr)(OR)2(S) (RO ) OCMe-
(CF3)2; Ar ) 2,6-diisopropylphenyl; S ) MeOCH2CH2-
OMe, ether, THF), which were derived from the reactions
of Mo(CHR′)(NAr)(OR)2 (R′ ) CMe3, CMe2Ph) with
cyclooctatetrene.13 Several C6-bridged bimetallic com-
plexes have been reported, including, Cp*(dppe)Fe-(Ct
C)3-Fe(dppe)Cp*,1g Cp*(NO)(PR3)Re-(CtC)3-Re(NO)-
(PR3)Cp* (PR3 ) PPh3, P(tolyl)3),3 Cp(PPh3)2Ru-(Ct
C)3-Ru(PPh3)2Cp,4 and Cy3PAu-(CtC)3-AuPCy3.5

Reactions of (Z)-HCtCCHdCHCtCH with Ru-
HCl(CO)(PPh3)3. For comparison, we have also at-
tempted to prepare analogous bimetallic complexes
using (Z)-HCtCCHdCHCtCH (4b) instead of (E)-HCt
CCHdCHCtCH (4a). Compound 4b was generated by
desilylation of (Z)-Me3SiCtCCHdCHCtCSiMe3 (3b),
a method recently reported by McMahon et al.33

Surprisingly, the expected bimetallic complex could
not be produced in the reaction of RuHCl(CO)(PPh3)3
with 0.5 equiv of 4b. As indicated by the 1H and 31P-
{1H} NMR spectra, the reaction produced a complicated
mixture, which was difficult to purify and identify. To
better understand the reaction, the reaction of RuHCl-
(CO)(PPh3)3 with excess 4b was carried out. An in situ
31P{1H} NMR experiment suggests that the mono-
nuclear complex RuCl((E,Z)-CHdCHCHdCHCtCH)-
(CO)(PPh3)2 was generated in the reaction. However,
the compound is unstable and could be isolated in pure
state. On the other hand, reaction of RuHCl(CO)(PPh3)3
with excess 4b followed by treatment of the reaction
mixture with PMe3 produced the six-coordinated com-

(28) Esteruelas, M. A.; Gómez, A. V.; Lahoz, F. J.; López, A. M.;
Oñate, E.; Oro, L. A. Organometallics 1996, 15, 3423.

(29) Menéndez, C.; Morales, D.; Pérez, J.; Riera, V.; Miguel, D.
Organometallics 2001, 20, 2775.

(30) Clark, G. R.; Roper, W. R.; Wright, L. J.; Yap, V. P. Organo-
metallics 1997, 16, 5135.

(31) Choi, S. H.; Bytheway, I.; Lin, Z.; Jia, G. Organometallics 1998,
17, 3974.

(32) Drenth, W.; Wiebenga, E. H. Acta Crystallogr. 1955, 8, 755.
(33) McMahon, R. J.; Halter, R. J.; Fimmen, R. L.; Wilson, R. J.;

Peebles, S. A.; Kuczkowski, R. L.; Stanton, J. F. J. Am. Chem. Soc.
2000, 122, 939.

Table 1. Crystal Data and Structure Refinement
for {[Ru(t-BuNC)3(PPh3)2]2-

(µ-COCHdCHCHdCHCHdCHCO)}(BPh4)2‚6CH2Cl2

formula C158H160B2N6O2P4Ru2‚6CH2Cl2
fw 3032.12
cryst syst monoclinic
space group P2(1)/c
a, Å 12.2869(16)
b, Å 17.200(2) Å
c, Å 38.490(5) Å
â, deg 99.158(3)
V, Å3 8030.7(18) Å3

Z 2
Dcalc, g cm-3 1.254
abs coeff, mm-1 0.479
F(000) 3152
θ range, deg 1.84 to 27.56
index ranges -15 e h e 15, -19 e k e 22,

-50 e l e 43
no. of reflns collected 54 071
no. of ind reflns 18450 [R(int) ) 0.0659]
completeness to θ ) 27.56° 99.5%
no. of obsd reflns [I >2σ(I)] 9177
max. and min. transmn 1.0000 and 0.8265
no. of data/restraints/params 18450/0/865
goodness-of-fit on F2 0.877
final R indices [I > 2σ(I)] R1 ) 0.0500, wR2 ) 0.1054
R indices (all data) R1 ) 0.1173, wR2 ) 0.1240
largest diff peak and hole 0.742 and -0.582 e‚Å-3

Table 2. Selected Bond Distances (Å) and Angles
(deg) for {[Ru(t-BuNC)3(PPh3)2]2-

(µ-COCHdCHCHdCHCHdCHCO)}(BPh4)2‚6CH2Cl2

Bond Distances
Ru(1)-P(1) 2.3799(9) Ru(1)-P(2) 2.3682(9)
Ru(1)-C(1) 2.118(3) Ru(1)-C(11) 1.980(3)
Ru(1)-C(21) 1.996(3) Ru(1)-C(31) 2.038(4)
O(1)-C(1) 1.224(4) C(1)-C(2) 1.494(4)
C(2)-C(3) 1.322(4) C(3)-C(4) 1.433(4)
C(4)-C(4)#1 1.334(6) C(11)-N(1) 1.156(4)
N(1)-C(13) 1.454(4) C(21)-N(2) 1.151(4)
N(2)-C(23) 1.460(4) C(31)-N(3) 1.155(4)
N(3)-C(33) 1.462(5)

Bond Angles
P(2)-Ru(1)-P(1) 175.43(3) C(31)-Ru(1)-C(1) 171.72(13)
C(11)-Ru(1)-C(21) 171.55(12) C(11)-Ru(1)-C(1) 89.81(13)
C(21)-Ru(1)-C(1) 81.76(13) C(11)-Ru(1)-C(31) 98.41(13)
C(21)-Ru(1)-C(31) 90.00(13) C(1)-Ru(1)-P(1) 91.45(9)
C(1)-Ru(1)-P(2) 91.34(9) C(11)-Ru(1)-P(1) 86.53(9)
C(11)-Ru(1)-P(2) 89.86(9) C(21)-Ru(1)-P(1) 92.97(9)
C(21)-Ru(1)-P(2) 91.01(9) C(31)-Ru(1)-P(1) 88.02(9)
C(31)-Ru(1)-P(2) 89.73(9) O(1)-C(1)-Ru(1) 122.7(2)
O(1)-C(1)-C(2) 115.2(3) C(2)-C(1)-Ru(1) 122.0(2)
C(3)-C(2)-C(1) 122.2(3) C(2)-C(3)-C(4) 126.6(3)
C(4)#1-C(4)-C(3) 125.0(4) N(1)-C(11)-Ru(1) 177.0(3)
N(2)-C(21)-Ru(1) 173.0(3) N(3)-C(31)-Ru(1) 173.7(3)
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plex Ru((E,Z)-CHdCHCHdCHCtCH)Cl(CO)(PMe3)3 (11,
see Scheme 3). Compound 11 has been characterized
by multinuclear NMR and elemental analysis. The 31P-
{1H} NMR spectrum in CD2Cl2 showed a doublet at
-9.3 ppm and a triplet at -20.6 ppm, indicating that
the three PMe3 ligands are meridionally coordinated to
ruthenium. In the 1H NMR spectrum (in CD2Cl2), the
signals of the CHdCHCHdCHCtCH group are ob-
served at 8.16 (Ru-CH), 6.99 (â-CH), 6.48 (γ-CH), 4.89
(δ-CH), and 3.20 (tCH) ppm. In the 13C{1H} NMR
spectrum (in CD2Cl2), the signals of the CHdCHCHd
CHCtCH group were observed at 185.1 (Ru-CH), 147.0
(â-CH), 134.9 (γ-CH), and 94.1 (δ-CH), 82.8 (tC), and
78.9 (tCH) ppm. The vinyl group is trans to the unique
PMe3, as indicated by the large 2J(PC) coupling constant
(77.5 Hz).

Preparation of Bimetallic Complexes from Ru-
Cl((E,Z)-CHdCHCHdCHCtCH)(CO)(PMe3)3 (11).
We have tried to use compound 11 as the starting
material to prepare bimetallic complexes. It is expected
that reaction of 11 with RuHCl(CO)(PPh3)3 would pro-
duce the bimetallic complex (PMe3)3(CO)ClRu-(E,Z,E)-
CHdCHCHdCHCHdCH-RuCl(CO)(PPh3)2. Treatment
of compound 11 with 1 equiv of RuHCl(CO)(PPh3)3
produced, unexpectly, the bimetallic complex (PMe3)3-
(CO)ClRu-(E,Z)-CHdCHCHdCHC(dCH2)-RuCl(CO)-
(PPh3)2 (12), rather than (PMe3)3(CO)ClRu-(E,Z,E)-
CHdCHCHdCHCHdCHRuCl(CO)(PPh3)2 (Scheme 3).
The reaction is unusual because reactions of RuHCl-
(CO)(PPh3)3 with RCtCH normally give RuCl(CHd
CHR)(CO)(PPh3)2, rather than RuCl(CRdCH2)(CO)-
(PPh3)2. It is not clear to us why ruthenium is not
attached to the terminal carbon in the insertion reac-
tion.

The formation of the bimetallic complex is confirmed
by elemental analysis and NMR spectroscopy. The 31P-
{1H} NMR spectrum in CD2Cl2 showed a singlet for the
PPh3 ligand at 30.5 ppm and AM2 pattern PMe3 signals
at -20.7 (t, J(PP) ) 23.1 Hz) and -9.0 ppm (d, J(PP) )

23.1 Hz). The presence of the CHdCHCHdCHC(dCH2)
group is supported by the 1H NMR spectrum (in CD2-
Cl2), which showed a characteristic doublet signal at
5.96 ppm for dCHCdCH2.

Further support for the structural assignment is from
its reaction with t-BuNC. Reaction of complex 12 with
t-BuNC produced [(PMe3)3(CO)ClRuCHdCHCHdCHC-
(dCH2)CORu(t-BuNC)3(PPh3)2]Cl (13). The presence of
the CHdCHCHdCHC(dCH2)CO bridging ligand is
clearly indicated by 1H and 13C{1H} NMR spectroscopy.
In the 13C{1H} NMR spectrum, the Ru-acyl signal was
observed at 257.2 ppm. In the 1H NMR spectrum, the
dCH2 signals was observed at 4.90(s) and 5.30(s) ppm,
and the other four 1H signals of the bridging ligand were
observed at 5.06 (d, J(HH) ) 11.8 Hz, δ-CH), 5.90 (t,
J(HH) ) 11.8 Hz, γ-CH), 6.67 (m, â-CH), and 7.85 (m,
Ru-CH) ppm. It is interesting to note that only one side
of the metal center undergoes CO insertion reaction.

Electrochemical Study. Electrochemistry can often
be used to probe metal-metal interactions in bimetallic
complexes with σ,σ-bridging hydrocarbon chains.1g Elec-
trochemical properties of bimetallic complexes with Cx
bridges have been extensively studied by cyclic voltam-
metry. In contrast, electrochemical properties of bime-
tallic complexes with (CH)x bridges have rarely been
exploited. In this work, we have collected cyclic voltam-
mograms of complexes 6-9 in dichloromethane contain-
ing 0.10 M n-Bu4NClO4 as the supporting electrolyte.

The five-coordinated complex 6 exhibited two partially
reversible oxidation waves at 0.15 and -0.15 V vs
Ag/AgCl. These two waves can be attributed to the
formation of [(PPh3)2(CO)ClRu-(CHdCH)3-RuCl(CO)-
(PPh3)2]+ and [(PPh3)2(CO)ClRudCH-(CHdCH)2-CHd
RuCl(CO)(PPh3)2]2+, respectively. The peak separation
of the two oxidation waves is at 0.30 V.

The cyclic voltammograms of the six-coordinated
complexes 7-9 have features very similar to those of 6.
As an example, the cyclic voltammogram of 7 is pre-
sented in Figure 2. As shown in Figure 2, the PMe3-
containing complex 7 showed two partially reversible
oxidation waves at -0.07 and 0.31 V vs Ag/AgCl. The
pyridine-containing complexes 8 and 9 can be oxidized
more easily compared to the PMe3-containing complex
7. Complex 8 showed two partially reversible oxidation
waves at -0.22 and 0.16 V vs Ag/AgCl. Complex 9
showed two partially reversible oxidation waves at
-0.26 and 0.09 V vs Ag/AgCl. The two waves observed
for 7-9 can be attributed to the formation of [L5Ru-
(CHdCH)3-RuL5]+ and [L5RudCH-(CHdCH)2-CHd
RuL5]2+, respectively. The peak separations of the two
oxidation waves for complexes 7, 8, and 9 are at 0.38,
0.38, and 0.35 V, respectively. Observation of two
oxidation waves for complexes 6-9 may imply that the

Scheme 3

Figure 2. Cyclic voltammogram of [RuCl(CO)(PMe3)3]2-
(µ-CHdCHCHdCH-CHdCH).
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two metal centers can interact with each other. For
comparison, the peak separation for the (CH)4-bridged
complex Cp(dppm)Fe-(CHdCH)2-Fe(dppm)Cp is at
0.44 V.14b

The electrochemical properties of C6-bridged bimetal-
lic complexes such as Cp*(dppe)Fe-(CtC)3-Fe(dppe)-
Cp*1g and Cp*(NO)(PR3)Re-(CtC)3-Re(NO)(PR3)Cp*3

have been reported. The complex Cp*(dppe)Fe-(Ct
C)3-Fe(dppe)Cp* exhibits two oxidation waves at -0.42
and 0.11 V vs SCE with a peak separation of 0.53 V;
the complex Cp*(NO)(PPh3)Re-(CtC)3-Re(NO)(PPh3)-
Cp* exhibits two oxidation waves at 0.10 and 0.48 V vs
SCE with a peak separation of 0.38 V; the complex Cp*-
(NO)(P(tolyl)3)Re-(CtC)3-Re(NO)(P(tolyl)3)Cp* exhib-
ited two oxidation waves at 0.02 and 0.41 V vs SCE with
a peak separation of 0.39 V. It appears that both C6 and
(CH)6 bridges can mediate electronic communication
between the two metal centers. However, the relative
effectiveness of (CH)6 and C6 in the mediation of
electronic communication between metal centers could
not be evaluated just based the CV data of our (CH)6-
bridged complexes and those of reported C6-bridged
complexes, because the peak separations in cyclic vol-
tammograms are also dependent on metals as well as
other ligands.

Experimental Section

All manipulations were carried out at room temperature
under a nitrogen atmosphere using standard Schlenk tech-
niques, unless otherwise stated. Solvents were distilled under
nitrogen from sodium-benzophenone (hexane, diethyl ether,
THF, benzene) or calcium hydride (dichloromethane, CHCl3).
The starting materials RuHCl(CO)(PPh3)3,34 (1E)-1-chloro-4-
(trimethylsilyl)but-1-en-3-yne,22 and 2,6-(Ph2PCH2)2C5H3N
(PMP)35 were prepared according to literature methods. (E)-
Me3SiCtCCHdCHCtCSiMe3

21 and (Z)-Me3SiCtCCHdCHCt
CSiMe3

33 were prepared by modified literature methods.
Microanalyses were performed by M-H-W Laboratories (Phoe-
nix, AZ). 1H, 13C{1H}, and 31P{1H} NMR spectra were collected
on a Bruker ARX-300 spectrometer (300 MHz). 1H and 13C
NMR chemical shifts are relative to TMS, and 31P NMR
chemical shifts are relative to 85% H3PO4.

The electrochemical measurements were performed with a
PAR model 273 potentiostat. A three-component electrochemi-
cal cell was used with a glassy-carbon electrode as the working
electrode, a platinum wire as the counter electrode, and a Ag/
AgCl electrode as the reference electrode. The cyclic voltam-
mograms were collected with a scan rate of 100 mV/s in CH2Cl2

containing 0.10 M n-Bu4NClO4 as the supporting electrolyte.
The peak potentials reported are referenced to Ag/AgCl. The
ferrocene/ferrocenium redox couple was located at 0.26 V under
our experimental conditions.

(E)-1,6-Bis(trimethylsilyl)hex-3-ene-1,5-diyne (3a). A
solution of trimethylsilylacetene (4.0 g, 41 mmol) in benzene
(15 mL) was slowly added to a mixture of (1E)-1-chloro-4-
(trimethylsilyl)but-1-en-3-yne (1) (6.5 g, 41 mmol), Pd(PPh3)4

(3.0 g, 2.6 mmol), and CuI (0.92 g, 4.8 mmol) in piperidine (12
mL). The reaction mixture was stirred for 3 h. The reaction
was then quenched with a saturated aqueous solution of NH4-
Cl (80 mL) and extracted with Et2O (3 × 50 mL). The combined
organic layers were washed with brine (2 × 50 mL), dried over
MgSO4, and filtered. The solvents were removed by rotary
evaporation to yield a brown oil. A pentane/ether solution (1:
1; 100 mL) was added, and the precipitate formed was removed

by filtration. The solvents of the filtrate were removed by
rotary evaporation, and the resulting brown oil was further
purified by flash column chromatography (silica gel, hexane)
to give a yellow solid. Yield: 5.5 g, 61%. The compound is pure
as judged by its NMR data. The moderate yield is due to loss
in purification. 1H NMR (CDCl3, 300.13 MHz): δ 0.26 (s, 18
H, SiMe3), 6.19 (s, 2 H, HCdCH). 13C{1H} NMR (CDCl3, 75.5
MHz): δ -0.62 (s, SiMe3), 100.5 (s, CtC), 103.1 (s, CtC), 121.7
(s, dCH).

[RuCl(CO)(PPh3)2]2(µ-(E,E,E)-CHdCHCHdCHCHdC-
H) (6). Compound 3a (0.500 g, 2.27 mmol) in THF (5 mL) was
slowly added to a mixture of tetra-n-butylammonium fluoride
(5 mL, 1.0 M in THF) and ethylene glycol (4 mL). The solution
was stirred for 3 h at room temperature. Most of the THF was
removed by rotary evaporation. The enediyne 4a was collected
from the reaction mixture by vacuum distillation into a liquid
nitrogen cooled flask. The collected 4a was then diluted with
CH2Cl2 (15 mL). The solution was then slowly added to a
suspension of RuHCl(CO)(PPh3)3 (1.50 g, 1.57 mmol) in CH2-
Cl2 (30 mL). The reaction mixture was stirred for 30 min to
give a red solution. The mixture was filtered through a column
of Celite. The volume of the filtrate was reduced to ca. 3 mL
under vacuum. Addition of hexane (50 mL) to the residue
produced a purple solid, which was collected by filtration,
washed with hexane, and dried under vacuum. Yield: 0.92 g,
81%. 31P{1H} NMR (CD2Cl2, 121.5 MHz): δ 29.5 (s). 1H NMR
(CD2Cl2, 300.13 MHz): δ 5.21 (br, 2 H, γ-CH), 5.39 (br, 2 H,
â-CH), 7.41-7.73 (m, 60 H, PPh3), 7.94 (br, 2 H, Ru-CH). Anal.
Calcd for C80H66Cl2O2P4Ru2‚0.5CH2Cl2: C, 64.51; H, 4.51.
Found: C, 64.71; H, 5.00.

[RuCl(CO)(PMe3)3]2(µ-CHdCHCHdCHCHdCH) (7). To
a solution of complex 6 (0.50 g, 0.34 mmol) in CH2Cl2 (20 mL)
was added 5 mL of a THF solution of PMe3 (1.0 M, 5.00 mmol).
The reaction mixture was stirred for 15 h. The volatile
materials were removed under vacuum. The solid was redis-
solved in benzene (3 mL). Addition of hexane (40 mL) to the
residue produced a pale yellow solid, which was collected by
filtration, washed with hexane, and dried under vacuum.
Yield: 0.23 g, 78%. 31P{1H} NMR (C6D6, 121.5 MHz): δ -20.6
(t, J(PP) ) 22.1 Hz), -8.6 (d, J(PP) ) 22.1 Hz). 1H NMR (C6D6,
300.13 MHz): δ 1.12 (d, J(PH) ) 6.6 Hz, 18 H, PMe3), 1.22 (t,
J(PH) ) 3.4 Hz, 36 H, PMe3), 6.52 (m, 2 H, γ-CH), 6.88 (m, 2
H, â-CH), 7.75 (m, 2 H, Ru-CH). 13C{1H} NMR (C6D6, 75.5
MHz): δ 16.1 (t, J(PC) ) 15.3 Hz, PMe3), 19.6 (d, J(PC) )
19.9 Hz, PMe3), 129.4 (s, γ-CH), 138.4 (s, â-CH), 166.6 (dt,
J(PC) ) 75.5, 16.2 Hz, Ru-CH), 202.5 (q, J(PC) ) 12.9 Hz,
CO). Anal. Calcd for C26H60Cl2O2P6Ru2: C, 36.16; H, 7.00.
Found: C, 36.11; H, 7.10.

[RuCl(CO)(PhPy)(CO)(PPh3)2]2(µ-CHdCHCHdCHCHd
CH) (8). A mixture of complex 6 (0.5 g, 0.34 mmol) and
4-phenylpyridine (0.21 g, 1.4 mmol) in CH2Cl2 (30 mL) was
stirred for 30 min. The mixture was then filtered through a
column of Celite. The volume of the filtrate was reduced to
ca. 5 mL under vacuum. Addition of hexane (30 mL) to the
residue produced a yellow solid, which was collected by
filtration, washed with hexane, and dried under vacuum.
Yield: 0.47 g, 86%. 31P{1H} NMR (CD2Cl2, 121.5 MHz): δ 25.2
(s). 1H NMR (CD2Cl2, 300.13 MHz): δ 5.43 (br, 2 H, γ-CH),
6.88 (br, 4 H, C5H2H2N), 7.21-7.64 (m, 72 H, Ph, â-CH), 7.90
(br, 2 H, Ru-H), 8.55 (br, 4 H, C5H2H2N). Anal. Calcd for
C102H84Cl2N2O2P4Ru2: C, 69.34; H, 4.79; N, 1.57. Found: C,
68.63; H, 5.06; N, 2.02.

[RuCl(CO)(PMP)]2(µ-CHdCHCHdCHCHdCH) (9). A
mixture of complex 6 (0.50 g, 0.34 mmol) and PMP (0.32 g,
0.70 mmol) in CH2Cl2 (30 mL) was stirred for 15 h. The
solution was filtered through a column of Celite. The volume
of the filtrate was reduced to ca. 5 mL under vacuum. Addition
of hexane (30 mL) to the residue produced a pale green-yellow
solid, which was collected by filtration, washed with hexane,
and dried under vacuum. Yield: 0.41 g, 89%. 31P{1H} NMR
(CD2Cl2, 121.5 MHz): δ 49.3 (s). 1H NMR (CD2Cl2, 300.13

(34) Ahmad, N.; Levison, J. J.; Robinson, S. D.; Uttley, M. F.;
Wonchoba, E. R.; Parshall, G. W. Inorg. Synth. 1974, 15, 45.

(35) Dahlhoff, W. V.; Nelson, S. M. J. Chem. Soc. (A) 1971, 2184.
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MHz): δ 4.24 (dt, J(PH) ) 17.1 Hz, J(HH) ) 4.8, 4 H,
CHH(C5H3N)CHH), 4.63 (dt, J(PH) ) 17.1 Hz, J(HH) ) 4.8
Hz, 4 H, CHH(C5H3N)CHH), 4.93 (br, 2 H, γ-CH), 5.61 (dt,
J(HH) ) 15.8 Hz, 3.3 Hz, 2 H, â-CH), 7.15-7.99 (m, 48 H,
PPh2, C6H3N, Ru-CH). Anal. Calcd for C70H60Cl2N2O2P4Ru2:
C, 61.90; H, 4.45; N, 2.06. Found: C, 61.72; H, 4.68; N, 2.27.

{[Ru(t-BuNC)3(PPh3)2]2(µ-COCHdCHCHdCHCHdCH-
CO)}(BPh4)2 (10). To a solution of complex 6 (0.50 g, 0.34
mmol) in CH2Cl2 (40 mL) was added tert-butyl isocyanide (0.40
mL, 3.5 mmol). The reaction mixture was stirred for 30 min.
The solvent was removed completely under vacuum. To the
residual was added a solution of NaBPh4 (0.50 g, 1.5 mmol)
in methanol (40 mL). The mixture was stirred for 1 h to give
an orange-yellow solid, which was collected by filtration,
washed with methanol and diethyl ether, and dried under
vacuum overnight. Yield: 0.76 g, 89%. 31P{1H} NMR (CD2Cl2,
121.5 MHz): δ 37.2 (s). 1H NMR (CD2Cl2, 300.13 MHz): δ 1.18
(s, 36 H, t-Bu), 1.22 (s, 18 H, t-Bu), 5.28 (ddd, J(HH) ) 14.7,
7.5, 3.0 Hz, 2 H, γ-CH), 5.56 (dd, J(HH) ) 7.5, 3.0 Hz, 2 H,
δ-CH), 5.69 (d, J(HH) ) 14.7 Hz, 2 H, â-CH), 6.99 (t, J(HH) )
7.2 Hz, 8 H, BPh4), 7.15 (t, J(HH) ) 7.2 Hz, 16 H, BPh4), 7.45-
7.64 (m, 76 H, PPh3, BPh4). 13C{1H} NMR (CD2Cl2, 75.5
MHz): δ 30.1 (s, t-Bu), 30.3 (s, t-Bu), 58.5 (s, t-Bu), 58.7 (s,
t-Bu), 122.4 (s, BPh4), 126.1 (s, δ-CH), 126.3 (s, BPh4), 129.0
(t, J(PC) ) 4.9 Hz, m-PPh3), 131.2 (s, p-Ph), 134.6 (t, J(PC) )
4.9 Hz, o-Ph), 134.8 (t, J(PC) ) 22.3 Hz, ipso-Ph), 136.7 (s,
BPh4), 137.6 (s, γ-CH), 142.2 (s, â-CH), 148.0 (br, Ru-CN),
149.7 (br, Ru-CN), 164.8(q, J(BC) ) 49.3 Hz, BPh4), 260.2 (t,
J(PC) ) 9.8 Hz, Ru-CO). Anal. Calcd for C158H160B2N6O2P4-
Ru2: C, 75.23; H, 6.39; N, 3.33. Found: C, 75.24; H, 6.48; N,
3.39.

RuCl(CHdCHCHdCHCtCH)(CO)(PMe3)3 (11). To a
mixture of tetra-n-butylammonium fluoride (5 mL, 1 M in
THF) and ethylene glycol (4 mL) was slowly added (Z)-Me3-
SiCtCHCHdCHCtCSiMe3 (3b) (1.00 g, 4.54 mmol). The
reaction mixture was stirred for 3 h at room temperature to
generate (Z)-HCtCHCHdCHCtCH (4b). Most of the THF
was removed by rotoary evaporation, and then (Z)-HCt
CHCHdCHCtCH (4b) was collected from the reaction mix-
ture by vacuum distillation into a liquid nitrogen cooled flask.
The collected 4b was then diluted with CH2Cl2 (15 mL). To
the solution of 4b was added a solution of RuHCl(CO)(PPh3)3

(1.00 g, 1.05 mmol) in CH2Cl2 (80 mL). After the mixture was
stirred for 5 min, 10 mL of a THF solution of PMe3 (1.0 M,
10.0 mmol) was added. The mixture was stirred for 20 h. The
volume of the reaction mixture was reduced to 5 mL, and then
diethyl ether (20 mL) was added. The solution was filtered
through a column of Celite, and the filtrate was concentrated
to 5 mL. Addition of hexane (30 mL) to the residue produced
a pale yellow solid, which was collected by filtration, washed
with hexane, and dried under vacuum overnight. Yield: 0.27
g, 55%. 31P{1H} NMR (CD2Cl2, 121.5 MHz): δ -20.6 (t,
J(PP) ) 23.8 Hz), -9.3 (d, J(PP) ) 23.8 Hz). 1H NMR (CD2-
Cl2, 300.13 MHz): δ 1.45 (t, J(PH) ) 3.5 Hz, 18 H, PMe3), 1.52
(d, J(PH) ) 6.8 Hz, 9 H, PMe3), 3.20 (s, 1 H, tCH), 4.89 (d,
J(HH) ) 10.6 Hz, 1 H, δ-CH), 6.48 (t, J(HH) ) 10.6 Hz, 1 H,
γ-CH), 6.99 (m, 1 H, â-CH), 8.16 (m, 1 H, Ru-CH). 13C{1H}
NMR (CD2Cl2, 75.5 MHz): δ 16.2 (t, J(PC) ) 15.4 Hz, PMe3),
19.4 (d, J(PC) ) 21.2 Hz, PMe3), 78.9 (s, tCH), 82.8 (s, Ct),
94.1 (s, δ-CH), 134.9 (t, J(PC) ) 4.5 Hz, γ-CH), 147.0 (dt,
J(PC) ) 8.8, 2.9 Hz, â-CH), 185.1 (dt, J(PC) ) 77.5, 16.3 Hz,
Ru-CH), 201.8 (q, J(PC) ) 12.8 Hz, CO). Anal. Calcd for
C16H32ClOP3Ru: C, 40.90; H, 6.87. Found: C, 40.76; H, 6.91.

(PMe3)3(CO)ClRuCHdCHCHdCHC(dCH2)RuCl(CO)-
(PPh3)2 (12). A mixture of complex 11 (0.20 g, 0.43 mmol) and
RuHCl(CO)(PPh3)3 (0.41 g, 0.43 mmol) in CH2Cl2 (20 mL) was
stirred for 30 min. The volume of the reaction mixture was
reduced to ca. 3 mL. Addition of hexane (50 mL) to the residue
produced an orange-yellow solid, which was collected by
filtration, washed with hexane, and dried under vacuum
overnight. Yield: 0.45 g, 90%. 31P{1H} NMR (CD2Cl2, 121.5

MHz): δ -20.7 (t, J(PP) ) 23.1 Hz), -9.0 (d, J(PP) ) 23.1
Hz), 30.5 (s). 1H NMR (CD2Cl2, 300.13 MHz): δ 1.27 (t,
J(PH) ) 3.4 Hz, 18 H, PMe3), 1.49 (d, J(PH) ) 6.8 Hz, 9 H,
PMe3), 5.68 (t, J(HH) ) 11.0 Hz, 1 H, CH), 5.96 (d, J(HH) )
11.0 Hz, 1 H, CH), 6.91 (m, 1 H, CH), 7.30-7.76 (m, 33 H,
Ru-CH, dCH2, PPh3). Anal. Calcd for C53H63Cl2O2P5Ru2: C,
54.88; H, 5.47. Found: C, 55.02; H, 5.58.

[(PMe3)3(CO)ClRuCHdCHCHdCHC(dCH2)CORu(t-
BuNC)3(PPh3)2]Cl (13). To a solution of complex 12 (0.2 g,
0.17 mmol) in CH2Cl2 (20 mL) was added a solution of tert-
butyl isocyanide (0.1 mL, 0.88 mmol) in CH2Cl2 (10 mL). The
reaction mixture was stirred for 20 min. The volume of the
reaction mixture was reduced to ca. 3 mL. Addition of hexane
(30 mL) to the residue produced a yellow solid, which was
collected by filtration, washed with hexane, and dried under
vacuum overnight. Yield: 0.21 g, 88%. 31P{1H} NMR (CD2Cl2,
121.5 MHz): δ -20.8 (t, J(PP) ) 23.1 Hz), -8.6 (d, J(PP) )
23.1 Hz), 34.7 (s). 1H NMR (CD2Cl2, 300.13 MHz): δ 0.99 (s, 9
H, t-Bu), 1.10 (s, 18 H, t-Bu), 1.41 (t, J(PH) ) 3.4 Hz, 18 H,
PMe3), 1.57 (d, J(PH) ) 6.8 Hz, 9 H, PMe3), 4.90 (s, 1 H, dCH2),
5.06 (d, J(HH) ) 11.8 Hz, 1 H, δ-CH), 5.30 (s, 1 H, dCH2),
5.90 (t, J(HH) ) 11.8 Hz, 1 H, γ-CH), 6.67 (m, 1 H, â-CH),
7.39-7.68 (m, 30 H, PPh3), 7.85 (m, 1 H, RuCH). 13C{1H} NMR
(CD2Cl2, 75.5 MHz): δ 17.15 (t, J(PC) ) 15.3 Hz, PMe3), 20.39
(d, J(PC) ) 21.1 Hz, PMe3), 29.91 (s, t-Bu), 30.05 (s, t-Bu),
58.34 (s, t-Bu), 58.44 (s, t-Bu), 115.4 (s, δ-CH), 118.7 (s, CH2),
128.8 (t, J(PC) ) 4.6 Hz, m-Ph), 130.9 (s, p-Ph), 133.4 (s, â-CH),
134.6 (t, J(PC) ) 5.5 Hz, o-Ph), 135.3 (t, J(PC) ) 22.1 Hz, ipso-
Ph), 137.9 (s, γ-CH), 146.5 (br, Ru-CN), 147.2 (s, C-CO), 148.5
(br, Ru-CN), 178.7 (dt, J (PC) ) 78.1, 16.5 Hz, Ru-CH), 202.6
(q, J(PC) ) 11.6 Hz, CO), 257.2 (t, J(PC) ) 9.2 Hz, CO). Anal.
Calcd for C68H90Cl2N3O2P5Ru2‚2CH2Cl2: C, 53.24; H, 6.00; N,
2.66. Found: C, 53.22; H, 6.41; N, 2.83.

Crystallographic Analysis for 10. The orange-red single
crystals of 10 were grown by layering of diethyl ether on top
of a CH2Cl2 solution of complex 10. During the process,
dichromethane cocrystallized with 10. A yellow single crystal
with approximate dimensions of 0.25 × 0.20 × 0.12 mm was
mounted in a glass capillary for diffraction experiment.
Intensity data were collected on a Bruker SMART CCD area
detector and corrected for SADABS (Siemens Area Detector
Absorption)36 (from 0.8265 to 1.0000 on I). The structure was
solved by Patterson methods, expanded by difference Fourier
syntheses, and refined by full matrix least-squares on F2 using
the Bruker SHELXTL (Version 5.10)37 program package. The
molecule is centro-symmetric with the inversion center at the
midpoint of C4 and C4A; thus the crystallographic asymmetric
unit contains half of one molecule and three CH2Cl2 solvent
molecules in general positions. All non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogens
were introduced at their geometric positions and refined as
riding atoms. Further crystal data and details of the data
collection are summarized in Table 1, and selected bond
distances and angles are given in Table 2.
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