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Carbon-chain recombination, similar to that observed during
the cracking of alkanes and in the Shell higher olefin process,
is one of the most important reactions in the chemical
industry. There has been a continuous demand for a process
that can yield hydrocarbons of desired chain length. Recently,
a method for converting lower alkanes into higher alkanes,
which is referred to as alkane metathesis, has been reported.“]
Alkane metathesis has considerable scientific and industrial
importance because it can convert gaseous hydrocarbons into
liquid fuels. Such interconversion involves three catalytic
reactions: activation of the alkane C—H bond, olefin meta-
thesis, and hydrogenation of the formed olefins. However,
because of the cross-metathesis of the alkenes during the
recombination process, the product will have a molecular
weight distribution to some extent.

Coupling reactions between two hydrocarbyl ligands
placed on both faces of a trimetallic plane have often been
seen in organometallic chemistry,” as has C—C bond scission
on a cluster.”’) These reactions have attracted considerable
attention and are considered to be characteristic of cluster
compounds. We have studied C—C bond formation on a
triruthenium cluster by directing our attention to the roles of
an M—M bond.”! Recently, we reported the synthesis of 2
using the coupling reaction of p;-benzyne and p;-vinylidene
ligands separated by the Rus plane of 1 (Scheme 1).1*! In this
reaction, the formation of the ruthenacyclopentadiene skel-
eton was accompanied by the rupture of a Ru—Ru bond. We
also reported the scission of a C—C bond in a ruthenacyclo-
pentadiene skeleton in which a Ru; triangle was reconstruc-
ted. Such flexibility in a cluster skeleton would enable a
novel recombination of hydrocarbons. Herein, we report an
unprecedented selective interconversion of two Cs fragments
into Cg and C, fragments on a triruthenium cluster.

The thermolysis of 4, which was obtained by the sequen-
tial treatment of 3 with 1-pentene and 1-pentyne,” resulted in
the quantitative formation of an equilibrated mixture of Sa
and 5b (Scheme 2). At ambient temperature, the motion of
the hydrido ligand was so rapid that the signals of Sa and 5b
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Scheme 1. C—C bond formation in a trimetallic cluster accompanied by
M—M bond breaking. Cp* = pentamethylcyclopentadienyl.
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Scheme 2. Preparation of an equilibrated mixture of 4, and its thermol-
ysis to yield an equilibrated mixture of 5a and 5b.

coalesced. For simplification, we denote this equilibrated
mixture as 5.1 The structures of 4 and 5 were determined by
X-ray diffraction studies (Figure 1 and Figure 2, respec-
tively).I”! These results clearly indicate that the y;-pentylidyne
and ps-pentyne ligands in 4 were respectively transformed
into the ps-ethylidyne and ps-octyne ligands in S.

This rearrangement required the migration of the C;
fragment across the Ru; plane. In order to elucidate the
mechanism, we monitored the reaction by means of NMR
spectroscopy. Upon heating at 80°C, formation of the us-
butylidyne-p;-hexyne complex 6 was observed (Path a in
Scheme 3). For the formation of 6, a carbyne group must

Angew. Chem. Int. Ed. 2010, 49, 5898 —5901


http://dx.doi.org/10.1002/anie.201002235

Figure 1. Molecular structure of 4 with thermal ellipsoids set at 30%
probability. Disordered atoms were omitted for clarity.

Figure 2. Molecular structure of 5 with thermal ellipsoids set at 30%
probability. Disordered atoms were omitted for clarity.

migrate from the p;-pentyne ligand to the opposite face and
connect with the ps-alkylidyne carbon to form a ps-hexyne
ligand.

The 4/6 ratio reached 52:48 within 1hour. It was
anticipated that 4 would equilibrate with 6, but selective
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Scheme 3. A plausible mechanism for the consecutive recombination
of hydrocarbyl ligands on the Ru; cluster.

irradiation of the signal derived from 4 was inhibited by the
close appearance of the signals derived from 6. Instead, spin-
saturation-transfer was clearly observed for a similar equili-
brated mixture obtained from p;-ethylidyne-ps-ethyne com-
plex 10 (Scheme 4).! Complex 10 equilibrates with the ps-
methylidyne-ps-propyne complex 11 at 100°C.”! Irradiation
of the methine signal of 10 (6 =7.25 ppm) at 80°C resulted in
complete disappearance of the methylidyne signal in 11 at 6 =
14.35 ppm. These results clearly indicate that the methylidyne
ligand of 11 was formed by scission of the C—C bond of the p;-
ethyne ligand in 10. The subsequent migration of the rest of
the carbyne group and its connection with the ps-ethylidyne
group afforded the p,;-propyne ligand.

It is surprising that such a complicated rearrangement
involving alternate coupling and decoupling of the carbyne
fragment across the trimetallic plane proceeds within a
relatively short timescale. This observation can be rational-
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Scheme 4. Equilibrium between 10 and 11 through reversible Ru—Ru
bond cleavage.

ized only by considering the reversible partial-breaking of the
cluster skeleton (Scheme 4). As seen in the formation of 2, a
C—C bond would be formed with a breaking of one of the Ru—
Ru bonds, which would yield the p;-ruthenacyclobutenyl
intermediate A. Subsequent reformation of the Ru—Ru bond
concomitant with C—C bond cleavage at the adjacent position
would furnish the carbyne migration. An “edge-mechanism”,
which involves the rearrangement of an alkyne ligand from a
Us-position to a p-position on an M—M edge, has previously
been proposed as a mechanism for the carbyne migration on
the basis of extended Hiickel calculations.”™ A mechanism
involving reversible cleavage of an M—M bond in a trimetallic
skeleton appears to be taken into account in some cases.

When a mixture of 4 and 6 was heated at 140°C, a pair of
new peaks appeared next to the signals of 4 and 6 (see the
Supporting Information). These two peaks could be assigned
to signals derived from the ps-hexylidyne-p;-butyne complex
7 and the p;-propylidyne-u;-heptyne complex 8, respectively.
Their characterization was carried out by comparison of their
spectra with those of authentic samples of 7, which was
independently prepared by sequential treatment of 3 with 1-
hexene and 1-butyne, and 8, which was obtained in a similar
manner by using propene and 1-heptyne.

During the isomerization from 4 into §, the individual
hydrocarbyl ligands undergo skeletal rearrangement on each
face of the Ru; plane. The p;-butylidyne ligand was converted
into the ps-butyne ligand, and the ps-hexyne ligand was
converted into the p;-hexylidyne ligand (Path b in Scheme 3).
Although there have been many reports of the conversion of a
ws-alkyne ligand into a ps-alkylidyne ligand on a trimetallic
hydrido cluster in regards to the hydrogenation of alkyne,”
its reverse reaction has been hardly observed. However, the
formation of a p,-vinylidene ligand is known to occur.®!"
Thus, the alkyne ligands are most likely formed through the
formation of ps;-alkenylidene intermediates.
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All of the signals derived from the intermediates shown in
Scheme 3 diminished upon further heating, and convergence
into 5 was achieved within 24 hours. Whereas 9 was not
observed during this experiment, it is likely that all of the
complexes shown in Scheme 3 exist in equilibrium. The fact
that all other species except for § diminished suggests that 5 is
much more stable than others. The reason why the skeletal
rearrangement stopped at 5 is not clear at present; however,
we suspect that the energetic barrier for the transformation of
a |-ethylidyne ligand into a ps-ethyne ligand is so high that
the p;-ethylidyne ligand is kinetically stabilized.

The series of reactions mentioned here correspond to a
selective redistribution of two Cs molecules into C, and Cg
molecules. Such a consecutive carbyne migration is unprece-
dented, and would only be achieved by using the flexibility of
the cluster skeleton showing reversible cleavage of an M—M
bond. Although C—C bond formation across a trimetallic
plane of a bis(y;-alkylidyne) complex has often been observed
to yield a (L)-alkyne complex,” such a rearrangement
involving the migration of multiple carbon fragments has
been quite limited; to the best of our knowledge, there has
been only one example, in which migration of a C, fragment
was shown by using a double-deck Coj system.'” However,
there was simultaneous degradation of the cluster skeleton
due to high temperature, and mechanical insights in this
rearrangement were not clearly shown.

In summary, we have succeeded in a selective recombi-
nation of two Cs molecules into C, and Cg fragments on a
triruthenium cluster. The key-step of this transformation is
presumably the formation of a ps;-metallacyclobutenyl inter-
mediate with cleavage of an M—M bond. These results
demonstrate the potential usefulness of cluster compounds
in synthetic reactions. They may also shed light on the
mechanism of complicated reactions on metal surfaces,
particularly of those performed on defects, such as steps and
kinks.

Experimental Section

All air- and moisture-sensitive compounds were manipulated using
standard Schlenk and high-vacuum line techniques under an argon
atmosphere. Dehydrated toluene and pentane were purchased from
Kanto Chemicals and stored under an argon atmosphere. [Dg]toluene
and [Dgltetrahydrofuran were distilled from sodium benzophenone
ketyl and stored under an argon atmosphere. 'H and *C NMR spectra
were recorded on a Varian INOVA-400 spectrometer. 'H NMR
spectra were referenced to tetramethylsilane as an internal standard.
BC NMR spectra were referenced to the natural-abundance carbon
signal of the solvent employed. Elemental analysis was performed on
a Perkin—-Elmer 240011 series CHN analyzer. Experimental details for
the synthesis of 4, 5, 7, and 8, and results of the crystallographic
studies are given in the Supporting Information.

Synthesis of 5: Toluene (10 mL) and 4 (52.3 mg, 0.065 mmol)
were placed in a glass-tube equipped with a Teflon valve. The solution
was heated at 140°C for 3 days. The color of the solution did not
change from dark-orange over this period. The solvent was then
removed under reduced pressure. The resulting solid was extracted
with pentane (4 x 5 mL) and filtered on celite. Removal of the solvent
under reduced pressure afforded 5 as a brown solid (45.9 mg, 88 %
yield). The 5a/5b ratio was estimated to be 91:9 at —40°C by 'H NMR
spectroscopy. Sa: 'HNMR (400 muz, [Dg]toluene, —40°C): 6=
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—21.80 (d, /(H,H) = 2.8 Hz, 1 H; RuH), —17.83 (d, ’/(H,H) = 2.8 Hz,
1H,RuH), 0.99 (t,*J(H,H) = 6.8 Hz, 3H, CH;), 1.4-1.6 (m, 6 H, CH,),
1.70 (s, 15H, CsMes), 1.77 (s, 15H, CsMes), 1.78 (m, 2H, CH,), 1.88 (s,
15H, CsMes), 1.92 (m, 1H, CHHC:H,,), 2.15 (m, 1H, CHHCH,)),
3.38 (s, 3H, us;-CCH;), 8.17 ppm (s, 1 H, HC=CC,H,3). 5b: '"H NMR
(400 MHZ, [Dg]toluene, —40°C): 6 = —22.22 (d, >J(H,H) =2.8 Hz, 1 H,
RuH), —17.62 (m, 1H, RuH), 5.70 ppm (d, *J(H,H)=4.0 Hz, 1H,
HC=CC¢H,5). Other signals derived from 5b were obscured by the
signals derived from 5a. C,)HgRu; (848.15): caled C, 56.64; H, 7.61.
found: C 56.77, H7.75.
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