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Summary: Trinuclear pentahydride complex [(C5Me5)-
Ru]3(µ-H)3(µ3-H)2 (1) reacts with 1,3-butadiene or iso-
prene to form a 1,3-dimetalloallyl complex [(C5Me5)Ru]3-
(H)4(µ3-η3-C(Me)CHC(R)).

In the reaction field provided by a cluster complex,
substrates may be activated in an effective and some-
what different manner from that observed for the
mononuclear complex due to the cooperative action of
the metal centers. It has been well established that a
mononuclear polyhydride complex gives rise to a coor-
dinatively unsaturated site upon thermal excitation, UV
irradiation, or hydrogen transfer to an olefin.1 The
multinuclear polyhydride complex can, therefore, be
considered as one of the suitable precursors for multi-
metallic activation, which is a distinctive manner of
substrate activation achieved by the concerted action
of many metal centers. Although coordinatively unsat-
urated species can also be generated from transition
metal polycarbonyl or polyhydrido-carbonyl complexes,
the presence of electron-withdrawing carbonyl ligands
in the unsaturated species decreases the rate of the
C-H or C-C oxidative addition. We therefore decided
to employ multinuclear polyhydride complexes having
no carbonyl ligands as the precursors. Thus far there
have been few studies of the reactivities of trinuclear
transition metal polyhydride complexes having no car-
bonyl ligands2 while there is a vast chemistry of hy-
drido-carbonyl clusters.

In the preceding communication we demonstrated a
typical example of trimetallic activation of unsaturated
hydrocarbons through the reaction of a trinuclear
ruthenium pentahydride, [(η5-C5Me5)Ru]3(µ-H)3(µ3-H)2
(1), with cyclopentadiene.3 The reaction proceeds
smoothly at ambient temperature to form a trinuclear
2-methylruthenacyclopentadiene (3) by way of an in-
termediate ruthenacyclohexadiene (2) as a result of the
C-C bond cleavage of cyclopentadiene. However, an
intermediary diene complex having a three-center two-
electron Ru-C-C interaction, formed in the initial stage
of the reaction, could not be detected by 1H NMR in spite
of a detailed analysis of the reaction at low temperature.

During the course of investigating the activation of
acyclic conjugated dienes with the trinuclear complex
1, we have successfully been able to obtain definitive
evidence of the cooperation of three metal centers. Here
we report the detection of an agostic intermediate in
which three ruthenium centers concertedly activate a
1,3-diene by taking the role of a coordination site or an
activation site.
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Treatment of 1 with excess butadiene (1 atm) in
tetrahydrofuran at room temperature for 12 h led to the
formation of a trinuclear 1-methyl-1,3-dimetalloallyl
complex [(C5Me5)Ru]3(H)4[µ3-η3-C(Me)CHCH] (4), which
was isolated in 70% yields as dark green crystalline
solids.4 The reaction of 1 with isoprene proceeded in a
similar manner at ambient temperature to form a
corresponding µ-dimetalloallyl complex 5 (eq 1).

The products were characterized on the basis of 1H
and 13C NMR spectral data. The 13C resonances for the
terminal carbons of the allylic moiety bridging among
the three rutheniums appeared in the range of δ 160-
180 while those for the central carbons were observed
in a much higher field (δ 100-115). Downfield shifts
of the resonances for the terminal carbons of the allylic
ligands may be regarded in terms of the contribution of
a µ-carbene-like resonance hybrid. Such downfield
shifts are also observed in the analgous trinuclear µ3-
1,3-dimetalloallyl complexes, M3(µ3-η3-C3)Ln (M ) Fe,

Ru, or Os).5 The 1H resonances for the hydrides in 5
appeared at δ -18.32 (2H) and -13.33 (2H) as two
broad singlets at 298 K due to the fluxional averaging,
while they were observed as inequivalent broad singlets
at δ -18.95, -17.88, -16.06, and -11.67 at 233 K. We
tentatively assigned them to four inequivalent bridging
hydrides as the IR spectrum did not exhibit any band
assignable to the terminal hydride in the 2100-1900
cm-1 range. The molecular structure of 5was definitely
proven by X-ray crystallography6 and is illustrated in
Figure 1. The allyl skeleton is disordered between two
orientations (64:36).
Monitoring the reaction of 1 with 1 equiv of isoprene

in benzene-d6 at room temperature by 1H and 13C NMR
spectrometry showed the formation of an intermediary
trinuclear µ-η2:η2-s-cis-isoprene complex 6 which in-
volved agostic interaction among terminal carbon and
hydrogen atoms and one of the ruthenium atoms. After
10 h, the yield of 6 reached its maximum value (65%),
and the reaction was completed after standing for 1
week at room temperature to generate the dimetalloallyl
complex 5. Although 6 could not be isolated, it was
definitely characterized on the basis of the 1H and 13C
NMR, 1H-1H COSY, and 1H-13C HSC spectra. The 1H
NMR spectrum displayed a singlet at δ 1.18 (3H) and
five multiplet resonances at δ -9.33 (1H), 0.59 (1H),
1.26 (1H), 1.54 (1H), and 3.91 (1H) assignable to the
methyl group, four methylene protons, and a methine
proton, respectively, of the coordinated isoprene. The
13C resonances for the isoprene in 6 have undergone
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(1)
Figure 1. Molecular structure of [(C5Me5)Ru]3[µ-η2:η2-
C(Me)C(Me)CH](H)4 (5). The thermal ellipsoids correspond
to 30% probability. C4a shows the disorder in the crystal.
Selected bond lengths (Å) and angles (deg) are as follows:
Ru1-Ru2 2.883(1), Ru1-Ru3 2.8455(9), Ru2-Ru3 2.8528-
(9), Ru1-C1 2.039(6), Ru2-C3 2.027(6), Ru3-C1 2.261-
(6), Ru3-C2 2.244(5), Ru3-C3 2.214(6), Ru2-H1 1.73,
Ru3-H1 1.73, C1-C2 1.427(9), C1-C4 1.51(1), C2-C3
1.391(9), C2-C5 1.526(9), C3-C4a 1.35(2); Ru2-Ru1-Ru3
59.73(2), Ru1-Ru2-Ru3 59.48(3), Ru1-Ru3-Ru2 60.79-
(2), Ru1-C1-Ru3 82.7(2), Ru2-C3-Ru3 84.4(2), Ru1-
C1-C4 122.6(5), Ru1-C1-C2 126.1(4), C2-C1-C4 111.1-
(6), C1-C2-C3 117.9(5), C1-C2-C5 121.7(6), C3-C2-C5
120.4(6), Ru2-C3-C2 128.4(4), Ru2-C3-C4a 124.3(9),
C2-C3-C4a 106.6(10), Ru3-C1-C4 124.5(5), Ru3-C2-
C5 127.0(4), Ru3-C3-C4a 124.3(9).
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substantial upfield shifts as a result of coordination. The
assignment of these resonances is shown in Chart 1.
Notable features of the NMR spectra are the reso-

nances appearing at δ 44.2 (JCH ) 156 and 107 Hz) in
the 13C NMR spectrum and that observed at δ -9.33 in
the 1H NMR spectrum. The C(sp2)-H coupling constant
of 107 Hz lie within the range of those of structurally
well-established agostic complexes.7 The small C(sp2)-H
coupling constant and the upfield shift of the resonance
for the terminal methylene proton to the hydride region
unambiguously indicates the presence of a three-center
two-electron Ru-H-C interaction.
In the reaction of 1 with butadiene, an intermediary

agostic complex 7 was similarly detected by means of
NMR spectroscopy. The reaction of 1 with 1.5 equiv of
butadiene in toluene-d8 for 5 min at 243 K brought the
complete consumption of 1 to give the 95/5 mixture of 7
and 4. The 1H resonances attributable to the interme-
diate 7 consisted of three multiplets at δ -3.55 (2H),
1.19 (2H), and 3.00 (2H) for the coordinated butadiene
besides two singlets for the C5Me5 groups and two
hydride signals at δ 1.72 (30H), 1.79 (15H), -21.79 (2H),
and -16.44 (2H), respectively. The 13C NMR spectrum
for the mixture exhibited two resonances for the buta-
diene coordinated in 7 at δ 31.0 (dd, JCH ) 154.7 and
131.9 Hz) and 49.3 (d, JCH ) 151.1 Hz). The assignment
of these resonances is shown in Chart 2.
The resonance for methylene proton of the butadiene

ligand in 7 (δ -3.55) shifts downfield compared to that

in the isoprene analogue 6 (δ -9.33), and the δ value of
-3.55 ppm is close to the average value of the shifts for
the methylene protons, δ -9.33 and 0.59 in 6. In
addition, the JCH value of 131.9 Hz is very close to the
averaged value of those for the agostic C(sp2)-H (J )
107.0 Hz) and nonagostic C(sp2)-H (J ) 156.0 Hz)
bonds observed for 6. These findings strongly indicate
that complex 7 is a fluxional agostic complex. The
dynamic process was so rapid that the 1H NMR spec-
trum measured at 190 K was essentially the same as
that measured at 243 K.
The intermediates 6 and 7 undergo activation of the

agostic C-H bond to ultimately form the dimetalloallyl
complexes 5 and 4, respectively. These results evidently
show that two of three ruthenium centers in 1 act as
coordination sites and the third metal takes the role of
an activation site via the agostic interaction in the
reaction with 1,3-diene. This is a typical example
showing the activation process performed by the con-
certed action of three metal centers.
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Chart 1a

a Bridging hydrides are neglected for clarity.

Chart 2a

a Bridging hydrides are neglected for clarity.
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