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Summary: Reaction of HCtCCH(OH)CtCH with Ru-
HCl(CO)(PPh3)3 leads to the isolation of the C5H5-
bridged complex (PPh3)2(CO)ClRuCHdCH-CHdCHCHd
RuCl(OH)(CO)(PPh3)2 (2). The C5H5-bridged complex
2 reacted with PMe3 and dppe to give [(PMe3)3(CO)-
ClRuCHdCHCH(PMe3)CHdCHRuCl(CO)(PMe3)3]OH
and (PPh3)(dppe)(CO)ClRuCHdCHCHdCHCHdRuCl-
(OH)(CO)(PPh3)2, respectively.

Dimeric organometallic compounds with π-conjugated
bridges have recently attracted considerable attention,
because of their unusual intrinsic chemical, physical,
and material properties.1,2 Some of the most interesting
conjugated organometallic dimeric complexes reported
recently include those with Cx-bridged complexes
LnMCxM′Ln′ (e.g. [Cp*Re(NO)(PPh3)(µ-C5)Mn(CO)2-
(C5Cl5)]+),3,4 C4R2-bridged complexes with MtC link-

ages such as [(Me3SiNCH2CH2)3N]MotCCHdCHCt
Mo[N(CH2CH2NSiMe3)3]5 or complexes with MdC link-
ages such as [(C5H4SiMe3)2(CO)NbdCdCMeCMedCd
Nb(CO)(C5H4SiMe3)2](BPh4)2,6 and 1,3-bimetalated cy-
clobutenylidene (C4R3) complexes.7 Although on the one
hand a large number of conjugated dimeric organome-
tallic complexes have been synthesized and on the other
hand many conjugated organic materials (for example,
polyacetylenes, push/pull stilbenes and polyenes) have
only sp2 carbons in their backbones,8 only a few dimeric
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complexes with CnHn bridges have been reported.
Complexes with CnHn bridges are limited to complexes
with a C2H2 bridge (e.g. Cp2ClZrCHdCHRu(PPh3)2Cp,
(TMP)RuCHdCHRu(TMP) (TMP ) tetramesitylporphy-
rin)),9,10 C4H4 bridge (e.g. [Cp(LL′)FeCHdCH-CHdCHFe-
(LL′)Cp] (LL′ ) dppm, (CO)2, (CO)(PMe3), (CO)(PPh3)),11
and C6H6 bridge (e.g. (DME)((CF3)2MeCO)2(ArN)-
ModCHCHdCHCHdCHCHdMo(NAr)(OCMe(CF3)2)-
(DME)).12 Dimeric complexes bridged with (CH)xwhere
x is odd are still unknown. We are interested in the
synthesis and properties of conjugated dimeric and
polymeric complexes with (CH)x bridges. We here report
a surprisingly easy method to prepare the first C5H5-
bridged dimeric complexes. Reported complexes close
to the C5H5-bridged complexes are the tetrairon com-
plexes bridged with C7H5 and C5H3.13

Reactions of RuHCl(CO)(PPh3)3 with terminal acety-
lenes HCtCR are known to give RuCl(CHdCHR)(CO)-
(PPh3)2.14 Thus the reaction of HCtCCH(OH)CtCH15

with RuHCl(CO)(PPh3)316 was investigated, hoping that
such reaction would produce (PPh3)2(CO)ClRuCHd
CHCH(OH)CHdCHRuCl(CO)(PPh3)2, which can then
be converted to [(PPh3)2(CO)ClRuCHdCHCHdCHCHd
RuCl(CO)(PPh3)2]+ by electrophillic abstraction of the
OH group. Addition of HCtCCH(OH)CtCH to a
suspension of RuHCl(CO)(PPh3)3 (1) in CH2Cl2 led to
an immediate reaction to give a red solution. Removal
of CH2Cl2 followed by extraction of the residue with
benzene produced a purple solution, from which a purple
solid can be obtained using ether as the precipitating
solvent. The analytical and spectroscopic data indicate
that the isolated product is in fact the C5H5-bridged
complex (PPh3)2(CO)ClRuCHdCHCHdCHCHdRuCl-
(OH)(CO)(PPh3)2 (2), instead of the expected simple
insertion product (see Scheme 1). Related mononuclear
complexes (PPh3)2(CO)ClRuCHdCHR14 and (P-i-Pr3)2-

(CO)Cl2MdCH-CHdCRR′ (M ) Ru, Os)17a,b and (PCy3)2-
Cl2RudCHCHdCRR′ 17c are known.
Complex 2 is likely formed from the intermediate

(PPh3)2(CO)ClRuCHdCHCH(OH)CHdCHRuCl(CO)-
(PPh3)2. Although we have not been able to isolate the
latter compound yet, it has been reported17a that reac-
tions of HCtCC(OH)RR′ with RuHCl(CO)(P-i-Pr3)2
produced RuCl(CHdCHC(OH)RR′)(CO)(P-i-Pr3)2. It is
also known that the vinyl carbene complexes (P-i-
Pr3)2(CO)Cl2OsdCHCHdCPhR were produced from the
reactions of OsHCl(CO)(P-i-Pr3)2 with HCtCC(OH)PhR
(R ) H, Ph) via the vinyl intermediates (P-i-Pr3)2(CO)-
ClOsCHdCHC(OH)PhR.17b In our case, formation of
(PPh3)2(CO)ClRuCHdCHCHdCHCHdRuCl2(CO)-
(PPh3)2 from the reaction of HCtCCH(OH)CtCH with
RuHCl(CO)(PPh3)3 is also possible; however, formula-
tion of the product as complex 2 is more consistent with
the spectroscopic data.
Compound 2was characterized by elemental analysis,

IR, UV/vis, and 1H and 31P{1H} NMR spectroscopy.18
The presence of the Ru2(µ-C5H5) assembly in 2 is
confirmed by the 1H NMR (in CDCl3) which showed
resonances assignable to the five CH signals at 13.64
(RudCH), 6.45 (RudCHCH), 5.53 (RuCHdCHCH), 5.80
(RuCHdCH), and 11.14 ppm (RuCH). The observation
of 3J(HH) coupling constants larger than 12 Hz indicates
that all the vinylic protons are trans to each other.12
The observation of signals of the CH groups bound to
ruthenium at down-field (>10 ppm) clearly indicates the
presence of a RudCH linkage19 and the contribution to
the structure from resonance structures such as 2 and
2A. For comparison, the signals for RudCH were
observed at 19.06 ppm (d, J(HH) ) 10.5 Hz) for RuCl2-

(8) See for example: (a) Kanis, D. R.; Ratner, M. A.; Marks, T. J.
Chem. Rev. 1994, 94, 195 and references therein. (b) Conjugated
Polymeric Materials: Opportunity in Electronics, Optoelectronics, and
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Academic Publishers: Dordrecht, The Netherlands, 1990. (c) Electro-
responsive Molecular and Polymeric Systems; Skotheim, T. A., Ed.;
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Am. Chem. Soc. 1991, 113, 8466.
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M. S.; Marder, S. R. Polyhedron 1988, 7, 881. (c) Casey, C. P.; Koning,
M. S.; Haller, K. J. J. Organomet. Chem. 1986, 301, C55.
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varren, A. M. Organometallics 1993, 12, 4215. (b) Wakatsuki, Y.;
Yamazaki, H.; Maruyama, Y.; Shimizu, I. J. Organomet. Chem. 1992,
430, C60. (c) Torres, R. M.; Santos, A.; Ros, J.; Solans, X. Organome-
tallics 1987, 6, 1091. (d) Torres, M. R.; Vegas, A.; Santos, A.; Ros, J. J.
Organomet. Chem. 1987, 326, 413. (e) Torres, M. R.; Vegas, A.; Santos,
A.; Ros, J. J. Organomet. Chem. 1986, 309, 169. (f) Cartwright, J.; Hill,
A. F. J. Organomet. Chem. 1992, 429, 229. (g) Castano, A. M.;
Echavarren, A. M.; López, J; Santos, A. J. Organomet. Chem. 1989,
379, 171. (h) Hill, A. F.; Melling, R. P. J. Organomet. Chem. 1990,
396, C22. (i) Santos, A.; López, J.; Montoya, J.; Noheda, P.; Romero,
A.; Echararren, A. M. Organometallics 1994, 13, 3605.
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3483.

(16) Ahmed, N.; Levison, J. J.; Robinson, S. D.; Uttley, M. F. Inorg.
Synth. 1974, 15, 48.

(17) See for example: (a) Esteruelas, M. A.; Lahoz, F. J.; Onate, E.;
Oro, L. A.; Zeier, B. Organometallics 1994, 13, 4258. (b) Esteruelas,
M. A.; Lahoz, F. J.; Onate, E.; Oro, L. A.; Zeier, B. Organometallics
1994, 13, 1662. (c) Schwah, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem.
Soc. 1996, 118, 100 and references therein.

(18) Preparation of 2: To a suspension of RuHCl(CO)(PPh3)3 (0.476
g, 0.500 mmol) in 30 mL of CH2Cl2 was added HCtCCH(OH)CtCH
(20 mg, 0.250 mmol). The reaction mixture was stirred for 15 min to
give a red solution. The solvent was removed under vacuum, and the
residue was extracted with 20 mL of benzene to give a purple solution.
Addition of ether (150 mL) to the solution gave a purple solid which
was collected by filtration, washed with ether and hexane, and dried
under vacuum. Yield: 0.28 g, 76%. 31P{1H}NMR (CD2Cl2): δ 28.9 (s),
19.5 (s). 1H NMR (CDCl3): δ 13.64 (d, 3J(HH) ) 12.9 Hz, 1 H, RudCH),
11.14 (d, 3J(HH) ) 12.6 Hz, 1 H, RuCH), 7.83-7.07 (m, Ph), 6.45 (t,
3J(HH) ) 13.3 Hz, 1 H, RudCHCH), 5.80 (t, 3J(HH) ) 11.7, 1 H,
RuCHdCH), 5.53 (t, 3J(HH) ) 12.1 Hz, 1 H, RuCHdCHCH), 1.58 (br,
OH). The 1H NMR assignments are based on a 1H-1H COSY experi-
ment. IR (KBr, cm-1): 3445 (br, ν(OH), 1940 (s, ω1/2 ) 45 cm-1, ν-
(CO)). Two ν(CO) bands are expected for the complex. It is possible
that the two ν(CO) bands are overlapped in the IR spectrum. UV/vis
(CH2Cl2): λmax (ε) ) 230 (7.9 × 104 M-1 cm-1), 535 nm (4.2 × 104 M-1

cm-1). Anal. Calcd for Ru2C79H66Cl2O3P4: C, 64.98; H, 4.56. Found:
C, 64.59; H, 5.04.

Scheme 1
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(PCy3)2(dCHCHdCH2)17c and at 16.67 ppm (d, J(HH)
) 13.4 Hz) for RuCl2(P-i-Pr3)2(dCHCHdCHPh);17a the
signals for RuCH in RuCl(CO)(P-i-Pr3)2(CHdCHCH-
(OH)R) were observed at 7.75 ppm (d, J(HH) ) 12.8 Hz)
for R ) H and 7.70 ppm (d, J(HH) ) 11.4 Hz) for R )
Ph.17a The 31P{1H} NMR spectrum in CD2Cl2 showed
two singlets at 28.9 and 19.5 ppm, indicating that
compound 2 has two different ruthenium centers with
mutually trans PPh3 ligands. The presence of the OH
group is supported by the elemental analysis and the
presence of a broad band around 3445 cm-1 assignable
to ν(OH) in the IR spectrum. Furthermore, a broad
signal at 1.58 ppm assignable to OH was observed in
the 1H NMR spectrum (in CDCl3). However, it should
be mentioned that the broad OH signal may be the
averaging signals of the OH in the ruthenium complexes
and that of residual water in the deuterated solvent.
Thus all the spectroscopic data are consistent with the
structure shown in Scheme 1, although the alternative
geometrical isomer in which the OH is cis to the bridge
cannot be excluded. Unfortunately, a good 13C NMR
spectrum of compound 2 could not be obtained due to
its poor solubility in common organic solvents.
In a hope to obtain more soluble C5H5-bridged dimeric

complexes, it was attempted to substitute PPh3 from
complex 2 with PMe3 or dppe. Surprisingly, complex 2
reacted with excess PMe3 to give the white complex
[(PMe3)3(CO)ClRuCHdCHCH(PMe3)CHdCHRuCl(CO)-
(PMe3)3]OH (3).20 Thus attack on the γ-carbon of the
C5H5 unit by PMe3 occurred. The addition of PMe3 to
the γ carbon of the C5H5 unit is similar to the reactions
of phosphines with certain allenylidene complexes.21 For
example, [(η5-C9H7)(PPh3)2RudCdCdCPh2]PF6 reacted
with PMe3 to give [(η5-C9H7)(PPh3)2Ru-CtC-C(PMe3)-
Ph2]PF6.22

The presence of RuCHdCHCH(PMe3)CHdCHRu in
3 is supported by the 1H, 13C, and 31P NMR spectroscopic
data. The 1H NMR spectrum (in CD2Cl2) showed

resonances for the vinyl protons at 7.41 and 5.39 ppm
and the resonance for the central CH at 3.62 ppm. The
13C{1H} NMR spectrum (in CD2Cl2) showed a RuCO
resonance at 201.8 ppm (q, 2J(PC) ) 12.3 Hz) and
RuCHdCH resonances at 169.8 (dt, 2J(PC) ) 79.2, 12.8
Hz, RuCH) and 110.0 ppm (s, RuCHdCH). The 13C
NMR data indicate that both the CO and vinyl ligands
are cis to the three phosphorus atoms. The signal of
the central CH carbon was observed at 51.6 ppm with
1J(PC) ) 40.8 Hz and 4J(PC) ) 8.2 Hz. In the 31P{1H}
NMR spectrum (in CD2Cl2) the resonance for the PMe3
attached on the central carbon atom was observed at
24.9 ppm with long-range 5J(PP) ) 7.7 Hz. For com-
parison, the chemical shift of [Me3P-c-hexyl-4-Me)]+ is
30 ppm and that of [Me3P(7-Nb)]I (Nb ) norbornyl) is
24.2 ppm.23 The resonances for the PMe3 ligands
coordinated on ruthenium were observed at -8.2 (dd,
2J(PP) ) 25.3 Hz, 5J(PP) ) 7.7 Hz) and -19.6 ppm (t,
2J(PP) ) 25.3 Hz). In principle, the two trans PMe3
groups in 3 are inequivalent due to the presence of PMe3
at the central carbon atom and should give distinguish-
able signals in the 1H, 13C, and 31P NMR spectra. The
subtle difference is indicated by its 13C NMR but not
by its 1H and 31P NMR.
Reaction of complex 2 with dppe led to partial

substitution of PPh3 to give the C5H5-bridged complex
(PPh3)(dppe)(CO)ClRuCHdCHCHdCHCHdRuCl(OH)-
(CO)(PPh3)2 (4).24 The presence of a Ru2(µ-C5H5) as-
sembly is confirmed by the 1H and 13C{1H} NMR (in
CDCl3). In the 1H NMR spectrum the signals due to
the C5H5 unit were observed at 13.98 (RudCH), 6.57
(RudCHCH), 5.74 (RuCHdCHCH), 5.95 (RuCHdCH),
and 11.00 ppm (Ru-CH). The 13C{1H} NMR showed
resonances assignable to the C5H5 unit at 304.8 (t, J(PC)
) 7.7 Hz, RudCH), 231.2 (dt, J(PC) ) 74.4, 11.8 Hz,
RuCH), 149.7 (d, 4J(PC) ) 6.3 Hz, CH(γ)), 142.3 (s), and
141.6 ppm (s). For comparison, the 13C signals for
RudCH were observed at 296.00 ppm (t, J(PC) ) 7.6
Hz) for RuCl2(PCy3)2(dCHCHdCH2)17c and at 314.48
ppm (t, J(PC) ) 8.7 Hz) for RuCl2(P-i-Pr3)2(dCHCHd
CPh2);17a the signal for RuCH in Ru(H2B(bta)2)(CO)-
(PPh3)2(CHdCH-n-Bu) (bta ) benzotriazol-1-yl) was
observed at 145.2 ppm (t, J(PC) ) 12.8 Hz).14f The
presence of only one dppe ligand in complex 4 has been
confirmed by its 31P{1H} NMR and 31P{1H}-1H correla-
tion spectra. The presence of the OH group is consistent
with the elemental analysis and the presence of a broad
band around 3500 cm-1 assignable to ν(OH) in the IR
spectrum.

(19) Crabtree, R. H. The Organometallic Chemistry of the Transi-
tional Metals; 2nd ed.; Wiley: New York, 1994; p 276.

(20) Preparation of 3: To a purple solution of 2 (0.300 g, 0.205 mmol)
in 20 mL of CH2Cl2 was added 3 mL of a 1 M THF solution of PMe3.
The reaction mixture was stirred for 15 min to give a colorless solution.
The volume of the reaction mixture was reduced to ca. 2 mL under
vacuum, and 15 mL of ether was added to give a white solid. The solid
was collected by filtration, washed with ether and hexane, and dried
under vacuum. Yield: 0.14 g, 72%. 31P{1H} NMR (CD2Cl2): δ 24.9
(quintet, 5J(PP) ) 7.7 Hz), -8.2 (dd, 2J(PP) ) 25.3 Hz, 5J(PP) ) 7.7
Hz), -19.6 (t, 2J(PP) ) 25.3 Hz). 1H NMR (CD2Cl2): δ 7.41 (dm, 3J(HH)
) 12.7 Hz, 2H, RuCH), 5.39 (dd, 3J(HH) ) 6.4, 12.7 Hz, 2 H,
RuCHdCH), 3.62 (dt, 3J(HH) ) 6.4 Hz, 2J(PH) ) 14.5 Hz, 1 H,
CHPMe3), 3.4 (br, OH), 2.06 (d, 2J(PH) ) 13.5 Hz, CHPMe3), 1.43 (d,
J(PH) ) 7.0 Hz, 18 H, 2 PMe3), 1.40 (t, J ) 3.3 Hz, 36 H, 4 PMe3).
13C{1H} NMR (CD2Cl2): δ 201.8 (q, 2J(PC) ) 12.3 Hz, RuCO), 169.8
(dt, 2J(PC) ) 79.2, 12.8 Hz, RuCH), 110.0 (s, RuCHdCH), 51.6 (dt,
1J(PC) ) 40.8, 4J(PC) ) 8.2 Hz, CHPMe3), 19.3 (d, 1J(PC) ) 21.9 Hz,
PMe3), 16.8 (t, J ) 15.4 Hz, PMe3), 16.5 (t, J ) 15.4, PMe3), 7.4 (d,
1J(PC) ) 53.1 Hz, CHPMe3). The 13C and 1H NMR assignments are
based on 13C DEPT and 2D NMR experiments (1H-1H, 1H-13C,
1H-31P COSY). Anal. Calcd for Ru2C28H69Cl2O3P7: C, 35.64; H, 7.37.
Found: C, 35.55; H, 7.31.

(21) Bruce, M. I. Chem. Rev. 1991, 91, 197 and references therein.
(22) Cadierno, V.; Gamasa, M. P.; Gimeno, J.; Borge, J.; Garcia-

Granda, S. J. Chem. Soc., Chem. Commun. 1994, 2495.
(23) Tebby, J. C. In Phosphorus-31 NMR Spectroscopy in Stereo-

chemical Analysis; Verkade, J. G., Quin, L. D., Eds.; VCH: Deerfield
Beach, FL, 1987; p 27.

(24) Preparation of 4: To a purple solution of 2 (0.300 g, 0.205 mmol)
in 20 mL of CH2Cl2 was added dppe (0.40 g, 1.0 mmol). The reaction
mixture was stirred for 30 min to give a purple solution. The volume
of the reaction mixture was reduced to ca. 2 mL under vacuum, and
50 mL of ether was added to give a purple solid. The solid was collected
by filtration, washed with ether and hexane, and dried under vacuum.
Yield: 0.28 g, 86%. 31P{1H} NMR (CDCl3): δ 42.3 (dd, J(PP) ) 288.0,
5.7 Hz, PPh2), 26.7 (dd, J(PP) ) 21.3, 5.7 Hz, PPh2), 23.4 (dd, J(HH)
) 288.0, 21.3 Hz, PPh3), 20.1 (s, PPh3), 20.0 (s, PPh3). 1H NMR
(CDCl3): δ 13.98 (dt, 3J(HH) ) 13.5 Hz, J(PH) ) 2.3 Hz, 1 H, RudCH),
11.0 (m, 1 H, RuCH), 6.57 (t, 3J(HH) ) 13.4 Hz, 1 H, RudCHCH),
5.95 (m, 1 H, RuCHdCH), 5.74 (t, 3J(HH) ) 12.1 Hz, 1 H, RuCHd
CH-CH), 8.01-7.02 (m, Ph), 2.4-2.7 (m, 4 H, CH2), 1.61 (br, OH). 13C-
{1H} NMR (CDCl3): δ 304.8 (t, 2J(PC) ) 7.7 Hz, RudCH), 231.2 (dt,
2J(PC) ) 74.4, 11.8 Hz, RuCH), 199.5-200.1 (m, RuCO), 149.7(d,
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We have attempted to prepare the symmetric complex
[(PPh3)2(CO)ClRuCHdCHCHdCHCHdRuCl(CO)-
(PPh3)2]+ by treatment of 2 with HBF4‚Et2O. A pre-
dominant phosphorus-containing species was produced.
Unfortunately, the product appears unstable and we
have not been able to purify and fully characterize the
product yet.
The C5H5 complexes have an intense purple color. In

the UV/vis spectrum of complex 2 strong absorption
bands at 230 (ε ) 7.9 × 104 M-1 cm-1) and 535 nm (ε )
4.2 × 104 M-1 cm-1) were observed. In the UV/vis

spectrum of complex 4 strong absorption bands at 229
(ε ) 7.2 × 104 M-1 cm-1) and 530 nm (ε ) 1.3 × 104
M-1 cm-1) were observed. The band around 230 nm can
be assigned to electronic transitions involving Ph groups
of the phosphine ligands, and the band around 530 nm
could be associated with Ru2(µ-C5H5).
In summary, we have developed a simple method to

prepare interesting conjugated C5H5-bridged complexes.
The γ-position of the C5H5 unit appears reactive toward
nucleophiles. We are in the process of investigating the
mechanism for the formation of 2 and extending the
chemistry to prepare other (CH)x-bridged dimeric and
polymeric complexes.
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4J(PC) ) 6.3 Hz, CH(γ)), 142.3 (s, CH), 141.6 (s, CH), 134.4-127.3 (m,
Ph), 30.3-30.9 (m, CH2), 25.2-25.8 (m, CH2). The 13C and 1H NMR
assignments are based on 13C DEPT and 2D NMR experiments (1H-
1H, and 1H-13C COSY). IR (KBr, cm-1): 3500 (br, ν(OH), 1946 (s, ω1/2
) 50 cm-1, ν(CO)). Two ν(CO) bands are expected for the complex. It
is possible that the two ν(CO) bands are overlapped in the IR spectrum.
UV/vis (CH2Cl2): λmax (ε) ) 229 (7.2 × 104 M-1 cm-1), 530 nm (1.3 ×
104 M-1 cm-1). Anal. Calcd for Ru2C87H75Cl2O3P5: C 65.46; H, 4.74.
Found: 65.29, H, 4.80.
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