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Activation of the carbon ± hydrogen bonds of alkanes is of
special importance because of its potential applicability to the
functionalization of alkanes. The selective activation of
alkane C-H bonds under mild conditions has, therefore, been
one of the most challenging targets in recent organometallic

chemistry and has been intensively studied using mononu-
clear hydride and carbonyl complexes as precursors to the
active species.[1] Over the past ten years we have tackled the
activation of organic substrates on multimetallic sites and
demonstrated that a metal ± polyhydride cluster effectively
activates an organic substrate in a unique manner as a result of
the cooperative action of the metal centers.[2] We report
herein an unprecedented successive activation of alkane C-H
bonds that is mediated by a trinuclear pentahydride complex
of ruthenium [{(C5Me5)Ru}3(m-H)3(m3-H)2] (1).

This novel reaction was discovered during the course of a
study on the stability of 1 in solution at high temperature. We
have already confirmed that complex 1 is thermally stable for
14 days at 200 8C in a sterically bulky solvent such as 1,3,5-
trimethylcyclohexane, and does not decompose into mono- or
bimetallic fragments. Heating a solution of 1 in hexane at
170 8C for 120 h resulted in the formation of a novel trinuclear
closo-ruthenacyclopentadiene complex 2 b (R�C2H5) in a
reasonable yield [Eq. (1)].

Complex 1 reacts with n-alkanes such as pentane, heptane,
octane, and nonane in a similar manner and leads to the
formation of 2 a (R�CH3), 2 c (R�CH2CH2CH3), 2 d (R�
CH2CH2CH2CH3), and 2 e (R�CH2CH2CH2CH2CH3), re-
spectively, in good yields.[3] The structure of these compounds
was inferred from spectroscopic data and then confirmed by
an X-ray diffraction study on a single crystal of 2 b (Figure 1).

The most informative data regarding the structure of these
complexes comes from the NMR study.[4] Whereas resonance
signals for the triply bridging carbons in the ruthenacycle, C1
and C4, appear at d� 118.0 (d, JCH� 156 Hz) and 144.5 (s),
respectively, those for the doubly bridging carbon atoms, C2
and C3, are observed at the relatively high-field values of d�
66.3 (d, JCH� 178 Hz) and 62.7 (d, JCH� 174 Hz) in the
13C NMR spectrum. The 1H NMR spectrum of 2 b reveals,
discounting the signals for the C5Me5 and R group, three
resonances at d� 4.35 (d, J� 4.4 Hz, H1), 4.30 (dd, J� 4.4,
1.6 Hz, H2), and 3.88 (br, w1/2� 3.3 Hz, H3) that are assign-
able to hydrogen atoms directly bonded to the ruthenacyclo-
pentadiene framework. The 1H-13C COSY spectrum shows
these 1H resonances consistently correlate with the 13C signals
for the ring carbon atoms of the ruthenacyclopentadiene
moiety. The signals of the C5Me5 groups appear to be
inequivalent in both the 1H and 13C NMR spectra. The
inequivalency of the chemical shifts of the resonances for the
three C5Me5 groups suggests that a hydride ligand does not lie
on the pseudosymmetry plane that is coplanar to the ruthena-
cycle. These resonances are characteristic of the closo-
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Figure 1. Molecular structure of 2b (thermal ellipsoids at the 30%
probability level). Selected bond lengths [�] and angles [8]: Ru(1)-Ru(2)
2.7878(10), Ru(1)-Ru(3) 2.7741(10), Ru(1)-C(1) 2.062(9), Ru(1)-C(4)
2.057(7), Ru(2)-C(1) 2.249(8), Ru(2)-C(2) 2.148(7), Ru(2)-C(3) 2.135(7),
Ru(2)-C(4) 2.283(7), Ru(3)-C(1) 2.349(8), Ru(3)-C(2) 2.169(8), Ru(3)-
C(3) 2.198(7), Ru(3)-C(4) 2.408(7), C(1)-C(2) 1.442(11), C(2)-C(3)
1.449(12), C(3)-C(4) 1.455(11), C(4)-C(5) 1.514(12), C(5)-C(6) 1.492(12);
Ru(2)-Ru(1)-Ru(3) 83.72(3), C(1)-Ru(1)-C(4) 78.9(3), Ru(2)-Ru(1)-C(1)
52.7(2), Ru(2)-Ru(1)-C(4) 53.7(2), Ru(3)-Ru(1)-C(1) 55.8(2), Ru(3)-
Ru(1)-C(4) 57.5(2), Ru(1)-C(1)-C(2) 117.4(6), C(1)-C(2)-C(3) 112.5(7),
C(2)-C(3)-C(4) 115.1(6), C(3)-C(4)-Ru(1) 115.7(6), C(3)-C(4)-C(5)
119.4(7), C(4)-C(5)-C(6) 120.1(9).

ruthenacyclopentadienes 2 a ± 2 e. On the basis of the sim-
ilarity of the 1H and 13C chemical shifts and the coupling
pattern, complexes 2 a, 2 c, 2 d, and 2 e were unambiguously
identified as the analogous closo-ruthenacyclopentadienes.

Definitive proof for the proposed structure was provided by
an X-ray study on the single crystal of 2 b.[5] Figure 1 clearly
establishes the structural identity of 2 b as a trinuclear closo-
ruthenacyclopentadiene in which the ruthenacycle bisects the
Ru2-Ru3 vector.[6] The Ru1-Ru2 and Ru1-Ru3 distances are
almost identical and the values of 2.7878(10) and
2.7741(10) �, respectively, lies within the range of those
observed for a Ru-Ru single bond. The Ru-Ru bond lengths
indicate that the hydride in 2 b is not a bridging one but a
terminal one. The hydride is most likely to be located in a
space between two C5Me5 ligands bound to Ru1 and Ru3,
although the position of a hydrogen atom bonded to a
ruthenium atom could not be determined by the difference
Fourier synthesis. The Ru1-C1 and Ru1-C4 bond lengths of
2.062(9) and 2.057(7), respectively, correspond to the Ru-C s-
bond. The four-carbon fragment from C1 to C4 is p-bonded to
Ru2. On the opposite side of the RuC4 plane, Ru3 is p-bonded
to C2 and C3. The values of 2.349(8) and 2.408(7) � for Ru3-
C1 and Ru3-C4, respectively, are significantly longer than that
of the Ru-C p-bond.

It is clear that the carbon framework of 2-alkylruthenacy-
clopentadiene in 2 originates from the n-alkane used as the
solvent. In this reaction, six C-H bonds of the alkanes are
successively cleaved on the trimetallic site, and these results
strongly suggest the applicability of transition metal cluster
complexes, especially polyhydridometal clusters, to the func-
tionalization of alkanes.

Signals for some of the intermediates were observed by
monitoring the reaction by 1H NMR spectroscopy, and these
intermediates finally converged into thermodynamically sta-
ble products 2 a ± 2 e. When the reaction of 1 with hexane was
monitored at 170 8C by means of 1H NMR spectroscopy an
equilibrated mixture of m3-(?)-hexyne complexes, {(C5Me5)-
Ru}3(m-H)3{m3-(?)-HCCC4H9} (3-in), and {(C5Me5)Ru}3(m-
H)3{m3-(?)-C4H9CCH} (3-out), were detected in a complex
mixture of intermediates.[7] An attempt to isolate the equili-
brated mixture of 3 (3-in � 3-out) from the reaction mixture
was unsuccessful, and so we could not get direct evidence that
compound 3 was converted into 2 b. We, therefore, confirmed
the intermediacy of 3 using an authentic complex independ-
ently synthesized by treatment of 1 with 1-hexyne [Eq. (2)].[8]

We employed 1,3,5-trimethylcyclohexane as the solvent in the
thermolysis of 3 since it was inactive toward the ruthenium

clusters noted in this manuscript, probably as a result of its
bulkiness. As anticipated, thermolysis of 3 in 1,3,5-trimethyl-
cyclohexane at 170 8C led to the formation of 2 b [65 % yield;
Eq. (3)]. Thermolysis of the authentic m3-(?)- pentyne, m3-

(?)-heptyne, and m3-(?)-octyne complexes [{(C5Me5)Ru}3(m-
H)3{m3-(?)-HCCR}] and [{(C5Me5)Ru}3(m-H)3{m3-(?)-RCCH}]
(R�C3H7, C5H11, C6H13), also led to the formation of 2 (R�
C3H7: 67 %, R�C5H11: 53 %, R�C6H13: 73 %).

Although the reaction mechanism of successive C-H bond
activation still remains unclear, we believe that alkane C-H
bond activation on multimetallic sites is one of the promising
approaches to the functionalization of alkanes.
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Some polyhedral borane or carbaborane cluster com-
pounds are known from literature, which contain single
aluminium atoms located on positions of high connectivity.[1]
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