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Facultad de Ciencias, Universidad de Cádiz, Apartado 40, 11510 Puerto Real, Cádiz, Spain

Received June 26, 1997X

The complex [TpRuCl(dippe)] (Tp ) hydrotris(pyrazolyl)borate) reacts with 1-alkynes in
MeOH in the presence of NaBPh4 yielding vinylidene complexes [TpRudCdCHR(dippe)]-
[BPh4]. When R ) COOMe, the vinylidene derivative reacts further with MeOH furnishing
the corresponding methoxy-carbene complex [TpRudC(OMe)CH2COOMe(dippe)][BPh4].
The X-ray crystal structure of this compound was determined. The vinylidene complexes,
as well as the methoxy-carbene derivative, react with KOBut yielding neutral alkynyls
[TpRu(CtCR)(dippe)]. The reaction of [TpRuCl(dippe)] with propargyl alcohols HCtCCRR′-
(OH) leads to different products depending on the R groups. Thus, with HCtCCMePh-
(OH), the allenylidene complex [TpRudCdCdCMePh(dippe)][BPh4] was obtained. This
compound is deprotonated by strong bases at the δ carbon, yielding the enynyl derivative
[TpRu(CtCC(Ph)dCH2)(dippe)], which was studied by X-ray diffraction. The reaction of
[TpRuCl(dippe)] with HCtCCMe2(OH) leads to a deep red binuclear vinylidene-carbene
complex of composition [{TpRu(dippe)}2(µ-C10H12)][PF6]2, formally derived from the coupling
of one isoprenyl-vinylidene species, generated in situ, to an allenylidene moiety. This
coupled product is readily deprotonated by weak bases furnishing the blue binuclear
allenylidene/alkynyl-carbene complex [{TpRu(dippe)}2(µ-C10H11)]+, which was isolated as
a [BPh4]- salt. All compounds were characterized by microanalysis, IR, and NMR
spectroscopy.

Introduction

In a recent work, we have shown that the complex
[TpRuCl(dippe)]1 exhibits a chemical reactivity toward
small molecules similar in many aspects to that of the
related half-sandwich derivatives [CpRuCl(dippe)] and
[Cp*RuCl(dippe)] (Cp ) C5H5, Cp* ) C5Me5),2 although
significant differences in chemical behavior were also
observed. Following our studies on the reactivity of
these half-sandwich ruthenium complexes toward
alkynes,3 we became interested in carrying a parallel
study on the formally homologous TpRu system. It is
well-known that a wide range of complexes can be
readily derived from [(C5R5)RuClP2] (R ) H, Me; P2 )
two monodentate phosphines or one bidentate phos-
phine) and terminal acetylenes,4 but until now, such a

rich chemistry was virtually unknown for ruthenium
complexes containing the Tp ligand. Very recently,
Kirchner and co-workers5-9 have reported that certain
TpRu compounds display a versatile chemical reactivity
toward alkynes, which converts them in efficient cata-
lyst precursors in processes such as the dimerization of
terminal acetylenes6,9 or the coupling of phenylacetylene
with benzoic acid or allyl alcohols.5 We have now shown
that [TpRuCl(dippe)] reacts with terminal alkynes
yielding cationic vinylidene complexes, which undergo
typical transfomations of such species, namely formation
of alkoxy-carbene complexes and deprotonation to yield
neutral alkynyls. On the other hand, the final product
of the reaction of [TpRuCl(dippe)] with substituted
propargyl alcohols HCtCC(OH)RR′ has been shown to
be a function of the R and R′ substituents. Thus, when
R ) Me and R′ ) Ph, an allenylidene complex is
obtained, but for R ) R′ ) Me, the coupling of twoX Abstract published in Advance ACS Abstracts,November 15, 1997.
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(2) de los Rı́os, I.; Jiménez Tenorio, M.; Padilla, J.; Puerta, M. C.;
Valerga, P. J. Chem. Soc., Dalton Trans. 1996, 377.
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allenylidene units formally occurs to yield a novel
binuclear complex, an interesting process which has
only one precedent in cyclopentadienylruthenium chem-
istry.10 The characterization and properties of all of
these species is described, and analogies and differences
with related Cp and Cp* derivatives are also discussed.

Experimental Section

All synthetic operations were performed under a dry di-
nitrogen or argon atmosphere following conventional Schlenk
or drybox techniques. Tetrahydrofuran, diethyl ether, and
petroleum ether (boiling point range 40-60 °C) were distilled
from the appropriate drying agents. All solvents were deoxy-
genated immediately before use. 1,2-Bis(diisopropylphos-
phino)ethane11 was prepared according to reported procedures.
[TpRuCl(dippe)] was obtained by thermal displacement of PPh3
from [TpRuCl(PPh3)2]12 by dippe, as recently described.1 IR
spectra were recorded in Nujol mulls on Perkin-Elmer 881 or
Perkin Elmer FTIR Spectrum 1000 spectrophotometers. NMR
spectra were taken on Varian Unity 400 MHz or Varian
Gemini 200MHz equipment. Chemical shifts are given in ppm
from SiMe4 (1H and 13C{1H}) or 85% H3PO4 (31P{1H}). The
phosphine protons for all of the compounds appeared as a
series of overlapping multiplets in the range 0.5-3 ppm, and
were not assigned. Microanalyses were performed by Dr.
Manuel Arjonilla at the CSIC-Instituto de Ciencias Marinas
de Andalucı́a.
Preparation of Vinylidene Complexes [TpRudCdCHR-

(dippe)][BPh4] (R ) COOMe (1a), Ph (1b), H (1c)). In a
typical preparation, a suspension of [TpRuCl(dippe)] (0.2 g,
ca. 0.3 mmol) in MeOH (15 mL) was treated with an excess of
the corresponding 1-alkyne (HCtCSiMe3 in the case of 1c) and
solid NaBPh4 (0.3 g, excess). The mixture was heated gently
using a heat gun for several minutes, and then it was stirred
at room temperature until a microcrystalline precipitate was
formed (ca. 1 h). The precipitate was filtered off, washed with
EtOH and petroleum ether, and dried in vacuo. These
compounds can be recrystallized from acetone/EtOH or CH2Cl2.
1a: Yield 0.2 g, 75%. Anal. Calcd for C51H66N6B2O2P2Ru: C,
62.5; H, 6.74; N, 8.6. Found: C, 62.4; H, 6.87; N, 8.7. IR
(Nujol): ν(BH) 2507 cm-1; ν(CdO) 1730 cm-1; ν(CdC) 1589
cm-1. 1H NMR (CD3COCD3): δ 3.61 (s, RudCdCHCOOCH3),
5.14 (t, J(H,P) ) 3.6 Hz, RudCdCHCOOCH3), 6.37 (t, J(H,H)
) 2 Hz, 2H), 6.48 (t, J(H,H) ) 2 Hz, 1H), 7.96 (d, 2H), 8.13 (d,
1H), 8.15 (d, 2H), 8.30 (d, 1H). 31P{1H} NMR: 68.4 (s).
13C{1H} NMR (CDCl3): 18.2, 18.9, 19.5 (s, P(CH(CH3)2)2), 20.3
(m, PCH2), 26.8, 29.4 (m, P(CH(CH3)2)2), 51.6 (s, COOCH3),
106.5 (s, RudCdCHCOOMe), 106.5, 106.9, 136.5, 137.7, 145.2,
145.5 (s, HB(C3H3N2)3); 352.7 (t, J(C,P) ) 16.14 Hz, RudC).
1b: Yield 0.24 g, 80%. Anal. Calcd for C55H68N6B2P2Ru: C,
66.2; H, 6.82; N, 8.4. Found: C, 65.9; H 6.95; N, 8.2. IR
(Nujol): ν(BH) 2475 cm-1; ν(CdC) 1630 cm-1. 1H NMR
(CDCl3): δ 5.15 (t, J(H,P) ) 3.2 Hz, RudCdCHPh), 6.41, 7.01
(m, RudCdCHC6H5), 6.18 (t, J(H,H) ) 2 Hz, 2H), 6.38 (t,
J(H,H) ) 2.4 Hz, 1H), 7.44 (d, 1H), 7.72 (d, 2H), 7.80 (d, 2H),
7.84 (d, 1H). 31P{1H} NMR: 69.1 (s). 13C{1H} NMR: 18.3,
18.5, 19.3, 19.6 (s, P(CH(CH3)2)2), 20.8 (m, PCH2), 26.4, 29.4
(m, P(CH(CH3)2)2), 106.1, 106.7, 126.7, 127.0, 144.9, 145.3 (s,
HB(C3H3N2)3), 113.4 (s, CdCHPh), 354.9 (m, RudC). 1c: Yield
0.22 g, 77%. Anal. Calcd for C53H72N6B2P2Ru: C, 65.1; H, 7.37;
N, 8.6. Found: C, 65.0; H, 7.35; N, 8.4. IR: ν(BH) 2486 cm-1;
ν(CdC) 1637 cm-1. 1H NMR (CDCl3): δ 3.61 (t, J(H,P) ) 3.2
Hz); 6.21 (t, J(H,H) ) 2 Hz, 2H), 6.36 (t, J(H,H) ) 2 Hz, 1H),

7.51 (d, 1H), 7.58 (d, 2H), 7.6 (d, 2H), 7.81 (d, 1H). 31P{1H}
NMR: 71.3 (s). 13C{1H} NMR: 18.1, 18.5, 19.1, 19.5 (s, P(CH-
(CH3)2)2), 20.5 (m, PCH2), 26.5, 28.1 (m, P(CH(CH3)2)2), 91.3
(s, RudCdCH2), 106.4, 106.7, 136.3, 137.4, 144.1, 145.3 (s,
HB(C3H3N2)3), 358.5 (t, RudC, J(C,P) ) 16.1 Hz).
[TpRudC(OMe)CH2COOMe(dippe)][BPh4] (2). To a

suspension of [TpRuCl(dippe)] (0.2 g, 0.3 mmol) in MeOH (15
mL), an excess of HCtCCOOMe and solid NaBPh4 (0.3 g,
excess) were added. The mixture was refluxed for 2 h. At
the end of this time, a red solution was obtained. It was
concentrated until a red, crystalline solid began to precipitate.
Cooling to -20 °C, in order to complete the precipitation,
afforded a red-pink crystalline material, which was filtered
off, washed with EtOH and petroleum ether, and dried in
vacuo. This compound was recrystallized from an acetone/
EtOH mixture, yielding crystals suitable for X-ray structure
analysis. Yield: 0.2 g, 66%. Anal. Calcd for C52H70N6B2O3P2-
Ru: C, 61.7; H, 6.92; N, 8.3. Found: C, 61.5; H, 7.01; N, 8.0.
IR (Nujol): ν(BH) 2463 cm-1; ν(CdO) 1730 cm-1. 1H NMR
(CDCl3): δ 3.54 (s, RudC(OCH3), 3.65 (s, RudC(OMe)CH2-
COOCH3), 3.68 (s, RudC(OMe)CH2COOCH3), 6.20 (t, J(H,H)
) 2.4 Hz, 2H), 6.24 (t, J(H,H) ) 2.4 Hz, 1H), 7.44 (d, 1H), 7.46
(d, 2H), 7.75 (d, 2H), 7.78 (d, 1H). 31P{1H} NMR: 69.8 (s).
13C{1H} NMR: 18.3, 18.8, 20.0, 20.3 (s, P(CH(CH3)2)2), 22.1
(t, J(C,P) ) 18.6 Hz,PCH2), 26.1 (t, J(C,P) ) 9.5 Hz, P(CH-
(CH3)2)2), 26.9 (t, J(C,P) ) 11.06 Hz, P(CH(CH3)2)2), 52.6 (s,
RudC(OCH3)), 54.7 (s, CH2COOCH3), 62.9 (s, CH2COOCH3),
106.0, 106.3, 136.5, 136.7, 144.4, 145.6 (s, HB(C3H3N2)3), 166.2
(s, CH2COOCH3), 309.7 (t, J(C,P) ) 13 Hz, RudC).
Neutral Alkynyl Complexes [TpRu(CtCR)(dippe)] (R

) COOMe (3a), Ph (3b), H (3c)). A thf solution of the
corresponding vinylidene complex 1a-c was treated with an
excess of solid KOBut. The mixture was stirred at room
temperature for 1 h at room temperature. Then the solvent
was removed in vacuo. The residue was extracted with
toluene, and the solution was filtered through Celite. Con-
centration, addition of petroleum ether and cooling to -20 °C
afforded yellow crystals of 3a-c. 3a: Yield 60%. Anal. Calcd
for C27H45N6BO2P2Ru: C, 49.1; H, 6.83; N, 12.8. Found: C,
48.9; H, 6.76; N, 12.2. IR (Nujol): ν(BH) 2494 cm-1; ν(CtC)
2054 cm-1; ν(CdO) 1657 cm-1. 1H NMR (C6D6): δ 3.53 (s,
COOCH3), 5.87 (two overlapping triplets, 3H), 7.00 (d, 1H),
7.44 (d, 2H), 7.54 (d, J(H,H) ) 2.4 Hz, 1H), 8.33 (d, J(H,H) )
1.6 Hz, 2H). 31P{1H} NMR: 79.9 (s). 13C{1H} NMR: 18.6,
19.3, 19.9, 20.0 (s, P(CH(CH3)2)2), 22.0 (t, J(C,P) ) 19.1 Hz,
PCH2), 26.3 (t, J(C,P) ) 9.9 Hz, P(CH(CH3)2)2), 28.4 (m, P(CH-
(CH3)2)2), 50.6 (s, RuCtCCOOCH3), 103.3 (s, RuCtCCOOMe),
104.6, 105.4, 134.7, 135.6, 144.3, 145.7 (s, HB(C3H3N2)3), 145.9
(t, J(C,P) ) 16.8 Hz, RuCtCCOOMe), 153.2 (s,
RuCtCCOOMe). 3b: Yield 53%. Anal. Calcd for C31H47N6-
BP2Ru: C, 54.9; H, 6.94; N, 12.4. Found: C, 55.2; H, 7.03; N,
12.1. IR (Nujol): ν(BH) 2464 cm-1; ν(CtC) 2067 cm-1. 1H
NMR (C6D6): δ 5.89 (t, J(H,H) ) 2 Hz, 1H), 5.91 (t, 2H), 7.04
(d, J(H,H) ) 1.6 Hz, 1H), 7.47 (d, 2H), 7.57 (d, J(H,H) ) 2.4
Hz, 1H), 8.37 (d, 2H), 6.90 (t, 1H), 7.12 (t, 2H), 7.124 (m, 2H,
RuCtCC6H5). 31P{1H} NMR: 81.6 (s). 13C{1H} NMR: 18.7,
19.4, 19.9, 20.0 (s, P(CH(CH3)2)2), 22.3 (t, J(C,P) ) 18.1 Hz,
PCH2), 26.5 (t, J(C,P) ) 8.1 Hz, P(CH(CH3)2)2), 28.4 (t, J(C,P)
) 11.1 Hz, P(CH(CH3)2)2), 104.5, 105.1, 134.6, 135.5, 144.4,
145.5 (s, HB(C3H3N2)3), 109.5 (s, RuCtCPh), 122.9, 128.1,
131.2 (s, RuCtCC6H5), 130.9 (t, J(C,P) ) 17.6 Hz, RuCtCPh).
3c: Yield 55%. Anal. Calcd for C25H43N6BP2Ru: C, 49.9; H,
7.16; N, 14.0. Found: C, 50.1; H, 7.22; N, 13.8. IR (Nujol):
ν(BH) 2460 cm-1; ν(CtC) 1922 cm-1. 1H NMR (C6D6): δ 2.07
(s, RuCtCH), 5.87 (t, J(H,H) ) 2.2 Hz, 1H), 5.90 (t, 1H), 7.02
(d, 1H), 7.47 (d, J(H,H) ) 1.6 Hz, 2H), 7.56 (d, J(H,H) ) 2.4
Hz, 1H), 8.41 (d, 2H). 31P{1H} NMR: 81.4 (s). 13C{1H} NMR:
18.7, 19.5, 20.2, 20.3 (s, P(CH(CH3)2)2), 22.3 (t, J(C,P) ) 17.6
Hz, PCH2), 26.5 (t, J(C,P) ) 7.4 Hz, P(CH(CH3)2)2), 28.0 (t,
J(C,P) ) 11.8 Hz, P(CH(CH3)2)2), 91.6 (s, RuCtCH), 120.3 (t,
J(C,P) ) 16.3 Hz, RuCtCH), 104.5, 104.9, 134.5, 135.4, 144.4,
145.6 (s, HB(C3H3N2)3).
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[TpRudCdCdCMePh(dippe)][BPh4] (4). A suspension
of [TpRuCl(dippe)] (0.2 g, 0.3 mmol) in MeOH (15 mL) was
treated with an excess of HCtCC(OH)MePh and NaBPh4 (0.3
g, excess). The mixture was heated using a water bath. The
initial yellow color of the suspension changes to a dark red-
brown. It was stirred for 15 min and then allowed to cool to
room temperature. The red-brown precipitate was filtered off,
washed with EtOH and petroleum ether, and dried in vacuo.
This product can be recrystallized from acetone/EtOH.
Yield: 0.24 g, 78%. Anal. Calcd for C57H70N6B2P2Ru: C, 66.9;
H, 6.85; N, 8.2. Found: C, 66.7; H, 6.79; N, 8.0. IR (Nujol):
ν(CdCdC) 1937 cm-1; ν(BH) 2480 cm-1. 1H NMR (CDCl3): δ
1.91 (s, CH3), 6.09 (t, J(H,H) ) 2 Hz, 2H), 6.45 (t, J(H,H) ) 2
Hz, 1H), 7.43 (d, 2H), 7.70 (d, 2H), 7.34 (d, 1H), 7.91 (d, 1H),
7.16 (t, J(H,H) ) 7.6 Hz, C6H5), 7.61 (t, J(H,H) ) 7.2 Hz, C6H5),
7.90 (d, J(H,H) ) 7.2 Hz, C6H5). 31P{1H} NMR: 72.1 (s).
13C{1H} NMR: 18.2, 18.5, 18.9, 19.5 (s, P(CH(CH3)2)2), 20.8
(m, PCH2); 26.6 (m, P(CH(CH3)2)2), 28.6 (m, P(CH(CH3)2)2), 30.3
(s, RudCdCdCCH3Ph), 105.9, 107.0, 135.9, 137.2, 144.2, 145.8
(s, HB(C3H3N2)3), 128.6, 129.5, 132.4 (s, RudCdCdCCH3(C6H5)),
156.3 (s, RudCdCdCCH3Ph), 205.1 (s, RudCdCdCCH3Ph),
312.9 (t, J(C,P) ) 17.2 Hz, RudCdCdCCH3Ph).
[TpRu-CtC-C(Ph)dCH2(dippe)] (5). This compound

was obtained following an experimental procedure similar to
that used for the preparation of the neutral alkynyls 3a-c.
To a solution of 4 (0.1 g, ca. 0.1 mmol) in thf, excess solid
KOBut was added. An immediate color change from deep red
to orange was observed. The mixture was stirred for 30 min
at room temperature and then taken to dryness. The residue
was extracted with diethyl ether and centrifuged. Addition
of petroleum ether, concentration, and cooling to -20 °C
afforded well-formed orange crystals of 5 suitable for X-ray
structure analysis. Yield: 0.05 g, 71%. Anal. Calcd for
C33H49N6BP2Ru: C, 56.3; H, 6.97; N, 12.0. Found: C, 56.4;
H, 7.02; N, 11.9. IR (Nujol): ν(BH) 2457 cm-1; ν(CtC) 2056
cm-1. 1H NMR (C6D6): δ 5.463 (d, J(H,H) ) 2.4 Hz, RuCtCC-
(Ph)dCHaHb), 5.60 (d, J(H,H) ) 2.4 Hz, RuCtCC(Ph)dCHaHb),
5.89 (t, 1H), 5.91 (t, 2H), 7.03 (d, 1H), 7.50 (d, J(H,H) ) 2.4
Hz, 2H), 7.58 (d, J(H,H) ) 2 Hz, 1H), 8.33 (d, 2H), 7.07, 7.90
(m, RuCtCC(C6H5)dCH2). 31P{1H} NMR: 81.3 (s). 13C{1H}
NMR: 18.7, 19.4, 19.9, 20.0 (s, P(CH(CH3)2)2), 22.4 (m, PCH2),
26.5 (m, P(CH(CH3)2)2), 28.3 (m, P(CH(CH3)2)2), 104.5, 104.8,
134.6, 135.5, 144.4, 145.8 (s, HB(C3H3N2)3), 109.8 (s, RuCtCC-
(Ph)dCH2), 126.8, 127.3, 127.8 (s, RuCtCC(C6H5)dCH2), 133.5
(t, J(C,P) ) 17.7 Hz, RuCtCC(Ph)dCH2), 135.9 (s,
RuCtCC(Ph)dCH2).
[{TpRu(dippe)}2(µ-C10H12)][PF6]2 (6). To a suspension of

[TpRuCl(dippe)] (0.2 g, 0.3 mmol) in MeOH (15 mL), NH4PF6

(0.1 g) and a slight excess of HCtCC(OH)Me2 were added. The
mixture was stirred at room temperature for 24 h. During
this time, the color of the mixture changes from yellow to dark
red, passing through green and blue. The solvent was removed
in vacuo, and the residue was extracted with dichloromethane
(10 mL) and centrifuged. The deep red solution was concen-
trated, and then diethyl ether (10 mL) was added. Cooling to
-20 °C yielded a dark red microcrystalline product, which was
filtered off, washed with petroleum ether, and dried in vacuo.
It was recrystallized from dichloromethane/petroleum ether
in the form of dark red plates. Yield: 0.3 g, 63%. Anal. Calcd
for C56H96N12B2F12P6Ru2: C, 42.7; H, 6.10; N, 10.7. Found:
C, 42.5; H, 6.21; N, 10.5. IR (Nujol): ν(BH) 2477 cm-1; ν(CdC)
1578 cm-1. 1H NMR (CD2Cl2): δ 0.27 (s, 6H, (CHa

3)2), 0.57 (s,
2H, CHc

2), 2.21 (s, 2H, CHb
2), 5.49 (t, J(H,P) ) 3.6 Hz, 1H,

RudCdCHe), 6.17 (t, 2H), 6.29 (t, 1H), 6.35 (t, 2H), 6.42 (t,
1H), 7.23 (d, 2H), 7.60 (d, 1H), 7.68 (d, 1H), 7.77 (d, 2H), 7.80
(d, 2H), 7.82 (d, 1H), 7.92 (d, 1H), 8.08 (d, 2H); 7.09 (s, 1H,
CHd). 31P{1H} NMR: 65.6 (s), 64.3 (s). 13C{1H} NMR: 17.7,
18.3, 18.5, 18.6, 18.9, 19.0, 19.8, 20.2 (s, P(CH(CH3)2)2), 19.8
(m, PCH2), 22.4 (t, J(C,P) ) 18.6 Hz, PCH2), 25.1 (t, J(C,P) )
10.8 Hz, P(CH(CH3)2)2), 26.2 (t, J(C,P) ) 10.9 Hz, P(CH-
(CH3)2)2), 27.7 (t, J(C,P) ) 10.7 Hz, P(CH(CH3)2)2), 31.6 (t,
J(C,P) ) 13.9 Hz, P(CH(CH3)2)2), 28.9 (s, (CHa

3)2), 43.2 (s,

CHc
2), 66.4 (s, CHb

2), 114.4 (s, RudCdCHe), 103.7, 104.6, 105.3,
105.3, 133.3, 133.9, 135.2, 135.3, 141.1, 141.8, 142.8, 142.9 (s,
HB(C3H3N2)3), 138.7 (s, CHd), 311.8 (br, RudC), 355.5 (br,
RudCdCH); remaining quaternary carbons not observed.
[{TpRu(dippe)}2(µ-C10H11)][BPh4] (7). 6 (0.15 g, ca. 0.1

mmol) was dissolved in THF (10 mL). To this dark red
solution, a few drops of NEt3 was added. The color of the
solution changed immediately to deep blue. The solvent was
removed in vacuo, and the residue was extracted with dichloro-
methane. Centrifugation, concentration, followed by addition
of a solution of NaBPh4 (0.15 g, excess) in EtOH and cooling
to -20 °C afforded a dark blue precipitate, which was filtered
off, washed with petroleum ether, and dried in vacuo. Yield:
0.08 g, 50%. Anal. Calcd for C80H115N12B3P4Ru2: C, 60.0; H,
7.18; N, 10.5. Found: C, 59.7; H, 6.96; N, 10.4. IR (Nujol):
ν(BH) 2482 cm-1; ν(CtC) 1941 cm-1. 1H NMR (CDCl3): δ 6.12
(t, 2H), 6.13 (t, 2H), 6.20 (t, 1H), 6.21 (t, 1H), 7.26 (s br, 1H),
7.27 (d, 2H), 7.51 (s br, 1H), 7.65 (d, 2H), 7.72 (d, 2H), 7.73 (d,
1H), 7.76 (d, 1H), 7.85 (d, 2H), 0.77 (s, 6H, (CHa

3)2), 1.64 (s,
2H, CHc

2), 2.36 (s, 2H, CHb
2), CHd hidden by [BPh4]- reso-

nance. 31P{1H} NMR: 79.0 (s), 67.7 (s). 13C{1H} NMR: 18.3,
18.4, 18.9, 19.0, 19.1, 19.6, 19.9, 20.3 (s, P(CH(CH3)2)2), 21.5
(m, PCH2), 23.0 (m, PCH2), 26.3, 26.4, 26.6 (overlapping
multiplets, P(CH(CH3)2)2), 28.5 (m, P(CH(CH3)2)2), 28.5 (s,
(CHa

3)2), 49.1 (s, CHc
2), 63.2 (s, CHb

2), 104.9, 105.0, 105.3,
105.9, 134.4, 134.9, 135.2, 135.7, 143.9, 144.4, 144.6, 145.8 (s,
HB(C3H3N2)3), 136.1 (s, CHd), quaternary carbons not observed.
Experimental Data for the X-ray Crystal Structure

Determinations. A summary of crystallographic data for
compounds 2 and 5 is given in Table 1. X-ray measurements
were made on crystals of the appropriate size, which were
mounted onto a glass fiber, and transferred to an AFC6S-
Rigaku automatic diffractometer, using Mo KR graphite-
monochromated radiation. Cell parameters were determined
from the settings of 25 high-angle reflections. Data were
collected by the ω-2θ scan method. Lorentz, polarization, and
absorption (ψ-scan method) corrections were applied. A small
decay correction was also applied for each of the compounds.

Table 1. Summary of Data for the Crystal
Structure Analysis of 2 and 5a

2 5

formula C52H69N6B2O3P2Ru C33H49N6BP2Ru
fw 1010.79 703.62
cryst size (mm) 0.21 × 0.05 × 0.49 0.19 × 0.12 × 0.34
cryst system monoclinic triclinic
space group Pn (No. 7) P1h (No. 2)
cell param a ) 13.877(3) Å a ) 17.842(4) Å

b ) 12.309(2) Å b ) 17.914(4) Å
c ) 15.296(3) Å c ) 11.659(4) Å
â ) 99.87(2)° R ) 94.08(2)°

â ) 104.00(2)°
γ ) 104.04(2)°

volume 2574(2) Å3 3474(3) Å3

Z 2 4
Fcalcd 1.304 g cm-3 1.345 g cm-3

λ(Mo KR) 0.710 69 Å 0.710 69 Å
µ(Mo KR) 4.0 cm-1 5.6 cm-1

F(000) 956 1472
transmision factors 0.91-1.00 0.92-1.00
scan speed (ω) 8 deg min-1 8 deg min-1

2θ interval 5° < 2θ < 50° 5° < 2θ < 50°
no. of measd reflns 5006 10 571
no. of unique reflns 4797 (Rint ) 0.094) 10246 (Rint ) 0.041)
no. of obsd reflns
(I > 3σI)

2247 6332

no. of params 458 773
no. of refln/param ratio 8.73 8.19
Ra 0.053 0.043
Rw (w ) σF-2)b 0.058 0.049
max ∆/σ in
final cycle

0.49 5.28

gof 1.47 1.32
a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) (∑w(|Fo| - |Fc|)2/∑w|Fo|2)1/2.
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Reflections having I > 3σ(I) were used for structure refine-
ment. All calculations for data reduction, structure solution,
and refinement were carried out on a VAX 3520 computer at
the Servicio Central de Ciencia y Tecnologı́a de la Universidad
de Cádiz, using the TEXSAN13 software system and ORTEP14

program for plotting. All of the structures were solved by the
Patterson method and anisotropically refined by full-matrix
least-squares methods for all non-hydrogen atoms. Most of
the hydrogen atoms were included at idealized positions and
not refined. Maximum and minimum peaks in the final
difference Fourier maps were +0.83 and -0.54 e Å-3 for 2 and
+0.61 and -0.42 e Å-3 for 5. Selected bond lengths and
angles for each compound are listed in Tables 2 and 3,
respectively.

Results and Discussion

[TpRuCl(dippe)] reacts with HCtCR (R ) Ph, COOMe,
But) in MeOH in the presence of NaBPh4 furnishing the
corresponding vinylidene complexes [TpRudCdCHR

(dippe)][BPh4] (R ) Ph (1a), COOMe (1b)). When the
reaction is carried out with HCtCSiMe3, the final
product is the primary vinylidene complex
[TpRudCdCH2 (dippe)][BPh4] (1c), formed presumably
by protonolisis of the C-Si bond as it occurs in the course
of the reaction of [CpRuCl(dippe)] with HCtCSiMe3 to
yield [CpRudCdCH2(dippe)]+ 3 as well as in many other
cases.15,16 These vinylidene complexes are microcrys-
talline materials which display one medium-strong IR
band near 1600 cm-1, attributable to ν(CdC) in the
vinylidene ligand, apart from one weak ν(BH) band near
2500 cm-1, characteristic of the Tp group. The protons
of the pyrazole rings of this ligand appear as one set of
six separate resonances in the 1H NMR spectra of most
compounds prepared in this work, a pattern which has
been previously observed for derivatives of the type
[TpRuXL2]1,5,7,12,17 and needs no further comment. One
triplet signal is observed for the hydrogen atoms at-
tached at the â-carbon of each of the vinylidene ligands,
due to coupling to two equivalent phosphorus atoms.
Accordingly, the 31P{1H} NMR spectra consist of one
sharp singlet. The most relevant feature of the 13C{1H}
NMR spectra of these compounds is the extremely low-
field resonance for the carbon atom of the vinylidene
fragment directly attached to ruthenium, which appears
as one triplet due to coupling with two phosphorus
atoms. This signal appears at even lower field for these
Tp derivatives than for their homologues having Cp or
Cp* as coligands.3 These spectral data suggest an
octahedral structure in which two of the pyrazole rings
are trans to the bidentate dippe ligand, the other being
trans to the vinylidene group. A similar arrangement
has been found very recently by X-ray crystallography
for the Tp vinylidene complexes [TpRudCdCHPh-
(TMEDA)][BPh4] (TMEDA ) Me2NCH2CH2NMe2)7 and
[TpRudCdCHPh(PN)][CF3SO3] (PN ) Ph2PCH2CH2-
NMe2).8 Compounds 1a-c are formal homologues of the
vinylidene derivatives [CpRudCdCHR(dippe)][BPh4]
and [Cp*RudCdCHR(dippe)][BPh4] recently reported
by us.3 We have observed that the formation of the
C5Me5 vinylidenes involves hydrido-alkynyl complexes
of the type [Cp*RuH(CtCR)(dippe)]+ as intermediates,
whereas π-alkyne adducts [CpRu(η2-HCtCR)(dippe)]+
have been detected in the case of Cp derivatives.3 No
intermediates have been isolated or detected in the
course of the reaction of [TpRuCl(dippe)] with 1-alkynes.
However, it seems likely that the reaction may proceed
via a π-alkyne intermediate rather than through a
hydrido-alkynyl complex, since the latter implies a
seven-coordinate species which is not favored by the Tp
ligand. Furthermore, there are no reports of genuine
seven-coordinate Ru-Tp compounds.5,18 1b reacts slowly
with MeOH at reflux temperature to yield the alkoxy-
carbene complex [TpRudC(OMe)CH2COOMe(dippe)]-
[BPh4] (2), at variance with its Cp or Cp* homologues
but consistent with the observation that such com-
pounds are readily derived from the attack of alcohols

(13) TEXSAN, Single-Crystal Structure Analysis Software, version
5.0; Molecular Structure Corp.: Texas, 1989.

(14) Johnson, C. K. ORTEP, A Thermal Ellipsoid Plotting Program;
Oak Ridge National Laboratory: Oak Ridge, TN, 1965.

(15) Gamasa, M. P.; Gimeno, J.; Lastra, E.; Blanca, M. M. Organo-
metallics 1992, 11, 1373. Bullock, R. M. J. Chem. Soc., Chem. Commun.
1989, 165.

(16) Le Lagadec, R.; Román, E.; Toupet, L.; Müller, U.; Dixneuf, P.
Organometallics 1994, 13, 5030.

(17) Jalón, F. A.; Otero, A.; Rodrı́guez, A. J. Chem. Soc., Dalton
Trans. 1995, 1629.

(18) Trofimenko, S. Chem Rev. 1993, 93, 943.

Table 2. Selected Bond Distances (Å) and Angles
(deg) for [TpRudC(OMe)CH2COOMe(dippe)][BPh4]

Intramolecular Distances
Ru(1)-P(1) 2.332(5) Ru(1)-N(32) 2.26(1)
Ru(1)-P(2) 2.356(5) Ru(1)-C(1) 1.86(2)
Ru(1)-N(12) 2.12(2) O(1)-C(1) 1.43(2)
Ru(1)-N(22) 2.16(1) C(1)-C(3) 1.45(2)

Intramolecular Bond Angles
P(1)-Ru(1)-P(2) 84.7(2) N(12)-Ru(1)-N(22) 83.2(5)
P(1)-Ru(1)-N(12) 175.4(6) N(12)-Ru(1)-N(32) 83.3(6)
P(1)-Ru(1)-N(22) 95.7(3) N(12)-Ru(1)-C(1) 88.6(8)
P(1)-Ru(1)-N(32) 92.1(4) N(22)-Ru(1)-N(32) 85.5(5)
P(1)-Ru(1)-C(1) 95.9(7) N(22)-Ru(1)-C(1) 90.4(7)
P(2)-Ru(1)-N(12) 96.3(4) N(32)-Ru(1)-C(1) 171.3(8)
P(2)-Ru(1)-N(22) 179.5(4) Ru(1)-C(1)-O(1) 120(1)
P(2)-Ru(1)-N(32) 94.6(4) Ru(1)-C(1)-C(3) 129(1)
P(2)-Ru(1)-C(1) 89.4(6) O(1)-C(1)-C(3) 111(2)

Table 3. Selected Bond Distances (Å) and Angles
(deg) for [TpRu(CtCC(Ph)dCH2)(dippe)]

Intramolecular Distances
Ru(1)-P(1) 2.303(2) Ru(2)-N(9) 2.176(5)
Ru(1)-P(2) 2.283(2) Ru(2)-N(11) 2.168(5)
Ru(1)-N(1) 2.165(5) Ru(2)-C(34) 2.005(7)
Ru(1)-N(3) 2.173(5) C(1)-C(2) 1.194(8)
Ru(1)-N(5) 2.185(5) C(2)-C(3) 1.439(9)
Ru(1)-C(1) 2.004(6) C(3)-C(4) 1.327(9)
Ru(2)-P(3) 2.294(2) C(34)-C(35) 1.203(8)
Ru(2)-P(4) 2.295(2) C(35)-C(36) 1.43(1)
Ru(2)-N(7) 2.152(5) C(36)-C(37) 1.33(1)

Intramolecular Bond Angles
P(1)-Ru(1)-P(2) 85.19(7) P(3)-Ru(2)-N(9) 92.4(2)
P(1)-Ru(1)-N(1) 176.0(1) P(3)-Ru(2)-N(11) 98.8(2)
P(1)-Ru(1)-N(3) 96.8(1) P(3)-Ru(2)-C(34) 91.5(2)
P(1)-Ru(1)-N(5) 95.6(1) P(4)-Ru(2)-N(7) 96.6(1)
P(1)-Ru(1)-C(1) 90.0(2) P(4)-Ru(2)-N(9) 95.0(2)
P(2)-Ru(1)-N(1) 98.5(2) P(4)-Ru(2)-N(11) 175.6(1)
P(2)-Ru(1)-N(3) 178.0(1) P(4)-Ru(2)-C(34) 90.2(2)
P(2)-Ru(1)-N(5) 92.2(2) N(7)-Ru(2)-N(9) 87.5(2)
P(2)-Ru(1)-C(1) 92.6(2) N(7)-Ru(2)-N(11) 79.1(2)
N(1)-Ru(1)-N(3) 79.5(2) N(7)-Ru(2)-C(34) 88.4(2)
N(1)-Ru(1)-N(5) 85.9(2) N(9)-Ru(2)-N(11) 86.0(2)
N(1)-Ru(1)-C(1) 88.2(2) N(9)-Ru(2)-C(34) 173.8(2)
N(3)-Ru(1)-N(5) 87.2(2) N(11)-Ru(2)-C(34) 88.6(2)
N(3)-Ru(1)-C(1) 87.8(2) Ru(1)-C(1)-C(2) 176.0(6)
N(5)-Ru(1)-C(1) 172.9(2) C(1)-C(2)-C(3) 176.7(7)
P(3)-Ru(2)-P(4) 85.45(7) Ru(2)-C(34)-C(35) 175.5(6)
P(3)-Ru(2)-N(7) 177.9(1) C(34)-C(35)-C(36) 177.5(7)

Reactivity of [TpRuCl(dippe)] toward 1-Alkynes Organometallics, Vol. 16, No. 25, 1997 5531

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 D

ec
em

be
r 

9,
 1

99
7 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

97
05

43
q



at the electrophilic R carbon of monosubstituted vi-
nylidenes in other cases.4,19-22

The IR spectrum of 2 displays one single band at 1730
cm-1, attributable to ν(CdO) in the COOMe group,
whereas one triplet at 309.7 ppm in the 13C{1H} NMR
spectrum corresponds to the carbon atom of the carbene
ligand directly bound to ruthenium. This chemical shift
is similar to that found for the carbene resonance in
cyclopentadienylruthenium alkoxy-carbene complexes,
i.e., in the range 290-310 ppm. The X-ray crystal
structure of 2 was determined. An ORTEP view of the
complex cation [TpRudC(OMe)CH2COOMe(dippe)]+ is
shown in Figure 1. Selected bond lengths and angles
are listed in Table 2. The coordination around the
ruthenium atom is distorted octahedral, very similar to
that recently found in the complex [TpRu(H2)(dippe)]+.1
The pyrazolyl rings are planar, having dihedral angles
close to the ideal value of 120°. The carbene moiety is
characterized by a Ru(1)-C(1) bond distance of 1.85(2)
Å corresponding to a Ru-C double bond, which is
slightly shorter than those found in other cyclo-
pentadienylruthenium carbene complexes such as
[CpRudC(OMe)Et(PPh3)2][PF6] (1.959(6) Å)20 and
[CpRudC(OMe)CH2Ph(CHIRAPHOS)][PF6] (1.93(2)

Å, CHIRAPHOS ) Ph2PCH(CH3)CH2PPh2).21 The C(1)-
O(1) and C(1)-C(3) bond lengths of 1.43(2) and 1.45(2)
Å, respectively are indicative of single bonds. The angle
O(1)-C(1)-C(3) is 111(2)°, consistent with sp2 hybrid-
ization for C(1). These three atoms together with Ru
are in a plane (max deviation 0.008 Å) almost perpen-
dicular to the plane defined by P(1)-Ru(1)-P(2) and
bisecting this angle, a disposition which achieves the
maximum π-stabilization between the metal fragment
and the carbene moiety, as inferred from MO calcula-
tions made for the model compound [CpRudCH2-
(PH3)2]+.23 This arrangement is also adopted by other
half-sandwich alkoxy-carbene complexes in the absence
of severe steric constraints.20,21 No alkoxy-carbene
complex has been obtained from the reaction of MeOH
or EtOH with [TpRudCdCHR(dippe)]+ for R groups
other than COOMe. It has been determined that the
attack of an alcohol at the R-carbon of a vinylidene group
is influenced by both steric and electronic factors. Thus,
bulky phosphine ligands seem to inhibit such a process,
as indicated by the inverse relationship between the
relative reaction rates of [CpRudCdCHPh(PPh3)(PR3)]+
with MeOH and the cone angle of the phosphine PR3.

19

On the other hand, electron-withdrawing groups on the
vinylidene ligand or on the metal facilitate nucleophilic
attack at CR. On the basis, it is easy to explain why in
our case the vinylidene complex having the most
electron-withdrawing R group, COOMe, is the only one
that reacts with with MeOH to yield the corresponding
methoxy-carbene complex. The fact that no homo-
logues of 2 containing Cp or Cp* instead of Tp have been
observed could be attributable to the increased electron
density at the metal in these Cp and Cp* ruthenium-
dippe vinylidene complexes compared to their Tp coun-
terparts, as reflected in the higher values found for
ν(CO) and ν(NtN) in the IR spectra of the complexes
[TpRu(L)(dippe)][BPh4] (L ) CO, N2)1 in comparison
with those for [CpRu(L)(dippe)][BPh4] and [Cp*Ru(L)-
(dippe)][BPh4] (L ) CO, N2).24 Attempts made to obtain
the neutral vinyl complex [TpRuC(OMe)dCHCOOMe-
(dippe)] by deprotonation of the â-carbon of the meth-
oxy-carbene ligand of compound 2, as done for other
ruthenium alkoxy-carbene complexes,25 led to the
elimination of MeOH and formation of the σ-alkynyl
derivative [TpRu(CtCCOOMe)(dippe)] (3a). This com-
pound 3a, as well as the other neutral alkynyls
[TpRu(CtCR)(dippe)] (R ) Ph (3b), H (3c)), are easily
accesible by deprotonation of the corresponding vi-
nylidene complex 1a-c using KOBut, a procedure which
has been extensively used for the preparation of alkynyl
complexes starting from cationic vinylidene deriva-
tives.3,16 Compounds 3a-c are yellow, crystalline ma-
terials, soluble in nonpolar solvents that display one
strong ν(CtC) band in their IR spectra, as expected. The
main NMR spectral feature of these compounds is the
13C{1H} resonance corresponding to CR of the alkynyl
ligand, which appears as one triplet in the range 120-
150 ppm. All of these alkynyl complexes are re-
versibly protonated, yielding the starting vinylidene
derivatives.

(19) Bruce, M. I.; Swincer, A. G. Aust. J. Chem. 1980, 33, 1471.
Bruce, M. I.; Swincer, A. G.; Thomson, B. J.; Wallis R. C. Aust. J. Chem.
1980, 33, 2605.

(20) Bruce, M. I.; Humphrey, M. G.; Snow, M. R.; Tiekink, E. R. T.
J. Organomet. Chem. 1986, 314, 213.

(21) Consiglio, G.; Morandini, F.; Ciani, G. F.; Sironi, A. Organo-
metallics 1986, 5, 1976.

(22) Pilette, D.; Ouzzine, K.; Le Bozec, H.; Dixneuf, P. H.; Rickard,
C. E. F.; Roper, W. R. Organometallics 1992, 11, 809.

(23) Kostic, N. M.; Fenske, R. F. Organometallics 1982, 1, 974.
(24) de los Rı́os, I.; Jiménez Tenorio, M.; Padilla, J.; Puerta, M. C.;

Valerga, P. Organometallics 1996, 15, 4565.
(25) Bruce, M. I.; Duffy, D. N.; Humphrey, M. G.; Swincer, A. G. J.

Organomet. Chem 1985, 282, 383.

Figure 1. ORTEP drawing of the cation [TpRudC(OMe)-
CH2COOMe(dippe)]+ with 50% probability thermal el-
lipsoids. Hydrogen atoms are omitted.
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The reaction of [TpRuCl(dippe)] with substituted
propargyl alcohols HCtCC(OH)R2 has also been stud-
ied. It is reasonably well-established now that the
reaction of half-sandwich ruthenium complexes with
HCtCC(OH)R2 leads to allenylidene species,26-28 via
formation of a hydroxyvinylidene complex followed by
spontaneous dehydration to form the allenylidene. This
is what happens in the course of the reaction of
[TpRuCl(dippe)] with HCtCC(OH)MePh in MeOH in
the presence of Na[BPh4], and the final isolated product
is the deeply colored allenylidene derivative
[TpRudCdCdCMePh(dippe)][BPh4] (4), which consti-
tutes, as far as we are aware, the first allenylidene
complex of ruthenium containing Tp as a coligand. This
compound is a dark red-brown crystalline material,
which shows an intense IR band at 1973 cm-1 adscribed
to ν(CdCdC) in the allenylidene ligand. The 13C{1H}
NMR spectrum displays two singlets at 156.3 and 205.1
ppm attributable, respectively, to the Cγ and Câ atoms
of the allenylidene unit, whereas one weak triplet at
312.9 ppm corresponds to the CR atom directly attached
to ruthenium and coupled to two equivalent phos-
phorus atoms (J(C,P) ) 17.2 Hz). These spectral
properties match those of other ruthenium allenylidene
complexes,27,28 including the Cp and Cp* homologues
of 4, [CpRudCdCdCMePh(dippe)][BPh4] and
[Cp*RudCdCdCMePh(dippe)][BPh4].29 The protons on
the δ-carbon atom of the allenylidene ligand in 4 are
acidic, and deprotonation at this position occurs readily
and in a reversible manner yielding the neutral enynyl
derivative [TpRuCtCC(Ph)dCH2(dippe)] (5). A similar
process is known to take place spontaneously in the
course of the reaction of [LRuCl(PPh3)2] (L ) Cp,
indenyl) with cyclic propargyl alcohols of the type

HCtCC(OH)(CH2)nCH2, and the corresponding enynyl
complexes are the only isolated products.4,27 Other
enynyl complexes have been obtained by direct reaction
of [CpRu(thf)(PPh3)2][PF6] with the lithium salts of
3-methylbutenyne or cyclohexenylethyne.30 Compound
5 is an orange, crystalline material that displays one
strong ν(CtC) band at 2056 cm-1 in its IR spectrum.
The 1H NMR spectrum shows two doublets at 5.463 and
5.595 ppm due to the nonequivalent protons of the
terminal dCHaHb unit of the CtCC(Ph)dCH2 ligand.
The connectivity between the protons and their corre-
sponding carbon resonances was determined by a 2D-
HETCOR NMR experiment, which allowed the un-
equivocal assignment of the signals to each of the carbon
atoms in the molecule. The R-carbon atom of the enynyl
ligand appears as one triplet at 133.5 ppm. The X-ray
crystal structure of 5 was determined. The crystal is
triclinic, space group P1h, having an asymmetric unit
consisting of two independent, virtually identical mol-
ecules. An ORTEP view of one of the two molecules is
shown in Figure 2. Selected bond lengths and angles
are listed in Table 3. The coordination around

ruthenium is octahedral, not too distorted. The ar-
rangement and dimensions of the Tp and dippe ligands
are similar to those found for compound 2, as well as
for the complex [TpRu(H2)(dippe)][BPh4].1 The enynyl
ligand appears linearly assembled to ruthenium, with
mean angles Ru-C-C and C-C-C of 175.7° and 177°,
respectively. All of the atoms of the enynyl fragment,
including the carbon atoms of the phenyl and methylene
substituents, are aproximately in the same plane. The
metal-carbon bond distances are Ru(1)-C(1) 2.004(6)
Å and Ru(2)-C(34) 2.005(7) Å, which correspond to a
single bond, and compare well with other Ru-C separa-
tions found in ruthenium alkynyls, i.e., 2.078 Å in cis-
[RuH(CtCPh)(PP3)]‚C6H6 (PP3 ) P(CH2CH2PPh2)3)32
and 2.01(1) Å in [Ru(CtCPh)(H2)(dippe)2][BPh4].33 The
C(1)-C(2) and C(34)-C(35) bond lengths, 1.194(8) and
1.203(8) Å, respectively, correspond to triple bonds,
being slightly shorter than the value of 1.22(1) Å that
we have found for the related complex [Cp*RuCtCC-
(Ph)dCH2(dippe)]29 but very similar to the reported
CtC separations for most ruthenium alkynyl complexes
structurally characterized.20,32,33 These data suggest
that the weakening of the CtC bond occurs to a lesser
extent in 5 than in its Cp* homologue, possibly as a
consequence of the increased electron density at the
metal in the latter. Finally, the C(2)-C(3) and C(3)-
C(4) bond lengths, 1.439(9) and 1.327(9) Å, correspond
to a single and a double bond, respectively, this sequence
of very distinct C-C bond distances in the enynyl
fragment suggesting that there is not extensive electron
delocalization across this ligand.

(26) Selegue, J. Organometallics 1982, 1, 217.
(27) Cadierno, V.; Gamasa, M. P.; Gimeno, J.; Lastra, E.; Borge, J.;

Garcı́a-Granda, S. Organometallics 1994, 13, 745.
(28) Pirio, N.; Touchard, D.; Toupet, L.; Dixneuf, P. H. J. Chem. Soc.,

Chem. Commun. 1991, 980.
(29) de los Rı́os, I.; Jiménez Tenorio, M.; Puerta, M. C.; Valerga, P.

J. Organomet. Chem., in press.
(30) Bruce, M. I.; Hinterding, P.; Tiekink, E. R. T.; Skelton, B. W.;

White, A. H. J. Organomet. Chem. 1993, 450, 209.
(31) Bianchini, C.; Frediani, P.; Masi, D.; Peruzzini, M.; Zanobini,

F. Organometallics 1994, 13, 4616.

(32) Jiménez Tenorio, M.; Puerta, M. C.; Valerga, P. J. Chem. Soc.,
Chem. Commun. 1993, 1750.

(33) Selegue, J. P.; Young, B.; Logan, D. L. Organometallics 1991,
10, 1972.

Figure 2. ORTEP drawing (50% probability thermal
ellipsoids) of one of the two independent virtually identical
molecules of [TpRu(CtCC(Ph)dCH2(dippe)] in the crystal
structure of 5. Hydrogen atoms are omitted.
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Whereas the allenylidene complex 4 is the product of
the reaction of [TpRuCl(dippe)] with HCtCC(OH)MePh
in MeOH, the reaction takes a different course when
the substrate is dimethylpropargyl alcohol, HCtCC-
(OH)Me2. Thus, when [TpRuCl(dippe)] is allowed to
react with HCtCC(OH)Me2 in MeOH in the presence
of NH4PF6 for 24 h, a deep red color is developed. Work-
up of the reaction mixture yielded a red microcrystalline
material having a microanalysis consistent with the
composition [TpRudCdCdCMe2(dippe)][PF6]. How-
ever, the spectral properties of this compound do not
correspond to those expected for a simple allenylidene
complex. For instance, the expected ν(CdCdC) band
is absent from the IR spectrum. Instead, one medium
band at 1578 cm-1, typical of a vinylidene complex, is
present. The 1H NMR spectrum (CD2Cl2) is very
complex (Figure 3), consisting of 12 separate resonances
for pyrazole ring protons. Two singlets of the same
intensity are observed in the 31P{1H} NMR spectrum.
These spectral data suggest that the red compound
contains two nonequivalent TpRu(dippe) moieties and
has been interpreted in terms of a dimerization process
involving a dimethylallenylidene complex. This reaction
leads to the formation of new C-C bonds, and the final
product in our case is the binuclear vinylidene-carbene
complex [{TpRu(dippe)}2(µ-C10H12)][PF6]2 (6) having the
structure shown based upon spectral data.

There is only one precedent for such a coupling
process: the reaction of [CpRuCl(PPh3)2] with HCtCC-
(OH)Me2 to yield the binuclear complex [{CpRu(PPh3)2}2-
(µ-C10H12)][PF6]2, which was structurally character-
ized.10 The spectral properties of 6 match those of the
related Cp compound. Unfortunately, all attempts to
grow crystals of 6 suitable for X-ray structure

analysis were unsuccessful. The 13C{1H} NMR reso-
nances of the carbon atoms of the µ-C10H12 ligand were
assigned by means of a DEPT experiment. The R-car-
bon of the vinylidene fragment appears as a broad signal
at 355.5 ppm, whereas the resonance corresponding to
the carbene atom is observed at 311.8 ppm, also as a
broad signal. The formation of 6 possibly follows the
same reaction pathway suggested for the formation of
the related compound [{CpRu(PPh3)2}2(µ-C10H12)]2+: the
coupling of a dimethylallenylidene complex and a iso-
propenylvinylidene cation, both generated in situ by the
spontaneous dehydration of an intermediate hydroxy-
vinylidene complex.10 This mechanism is supported by
the fact that in the case of the reaction of [CpRuCl-
(PMe3)2] with certain alkynols, stable vinylvinylidene
complexes rather than allenylidene complexes have
been isolated as products of the dehydration of the
hydroxyvinylidene intermediate,33 although no vinyl-
vinylidene complex has been detected in our Tp system.
As it occurs for the Cp dimer, 6 shows a great tendency
to dissociate the proton attached to the â-carbon of the
vinylidene fragment, yielding deep blue solutions con-
taining the cation [{TpRu(dippe)}(µ-C10H11)]+, according
to the reaction.

This complex cation, which can be regarded as the
resonance hybrid of an allenylidene-vinyl complex and
an alkynyl-alkylidene complex can be obtained by
treatment of 6 with NEt3 in thf, being isolable as the
[BPh4]- salt 7. This blue microcrystalline solid displays
one strong band at 1941 cm-1 attributable to the
carbon-carbon stretching in the alkynyl/allenylidene
fragment. The NMR spectra of this compound are
essentially similar to those of 6, including the 12
resonances for the protons of the pyrazole rings and the
two singlets in the 31P{1H} NMR spectrum. The intense
red and blue coloration displayed by compounds 6 and
7 has also been observed in the case of the related CpRu
complexes,10 as well as in other organometallic systems
having π-conjugated bridging ligands, such as
[Cp*(dppe)RudCdCdCHCHdCdRu-(dppe)Cp*]2+

and its deprotonated form [Cp*(dppe)Ru-CtC-
(CH)dCdCdRu-(dppe)Cp*]+.34

Conclusion

From this study, it is demonstrated that ruthenium
phosphine tris(pyrazolyl)borate complexes exhibit a
chemical reactivity toward 1-alkynes which is compa-
rable to that of their half-sandwich homologues. The
ability of these systems to promote the coupling of
dimethylpropargyl alcohol derivatives leading to the
formation of new C-C bonds is especially interesting,
an observation which is consistent with the very recent

(34) Jia, G.; Xia, H. P.; Wu, W. F.; Ng, W. S. Organometallics 1996,
15, 3634.

Figure 3. 1H NMR spectrum of compound 6 in CD2Cl2
(solvent peak marked with an asterisk).
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report that TpRu compounds catalyze the dimerization
(and even trimerization) of terminal alkynes6,9 as well
as other coupling reactions involving alkynes.5
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