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Carbon–carbon bond cleavage and rearrangement of
benzene by a trinuclear titanium hydride
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The cleavage of carbon2carbon (C2C) bonds by transition metals
is of great interest, especially as this transformation can be used to
produce fuels and other industrially important chemicals from nat-
ural resources such as petroleum and biomass. Carbon2carbon bonds
are quite stable and are consequently unreactive under many reaction
conditions. In the industrial naphtha hydrocracking process, the aro-
matic carbon skeleton of benzene can be transformed to methylcy-
clopentane and acyclic saturated hydrocarbons through C2C bond
cleavage and rearrangement on the surfaces of solid catalysts1–6. How-
ever, these chemical transformations usually require high temperatures
and are fairly non-selective. Microorganisms can degrade aromatic
compounds under ambient conditions, but the mechanistic details
are not known and are difficult to mimic7. Several transition metal
complexes have been reported to cleave C2C bonds in a selective fash-
ion in special circumstances, such as relief of ring strain, formation of
an aromatic system, chelation-assisted cyclometallation and b-carbon
elimination8–15. However, the cleavage of benzene by a transition metal
complex has not been reported16–19. Here we report the C2C bond
cleavage and rearrangement of benzene by a trinuclear titanium poly-
hydride complex. The benzene ring is transformed sequentially to a
methylcyclopentenyl and a 2-methylpentenyl species through the
cleavage of the aromatic carbon skeleton at the multi-titanium sites.
Our results suggest that multinuclear titanium hydrides could serve
as a unique platform for the activation of aromatic molecules, and
may facilitate the design of new catalysts for the transformation of
inactive aromatics.

The investigation of the reactivity of multimetallic complexes with
benzene is of great interest and importance, in view of the fact that the
activation of aromatic compounds on industrial solid catalysts might rely
on the cooperation of multiple metal sites1–6,20,21. In our recent studies
on multinuclear rare-earth and transition metal hydride complexes, we
found that the multiple metal2hydride sites could have unique syner-
gistic effects on the activation of small molecules such as CO, CO2, H2

and N2 (refs 22–26). In particular, the unusually high reactivity of the
trinuclear titanium heptahydride complex [(C5Me4SiMe3)Ti]3(m3-H)
(m-H)6 (1)26 motivated us to examine carefully whether the hydride clus-
ter could activate other chemically inactive molecules such as benzene.

When a benzene solution of 1 was left to stand at room temperature
(22 uC) under an argon atmosphere for a few days, a methylcyclopen-
tenyl complex [(C5Me4SiMe3)Ti]3(C5H4Me)(m-H)4 (2) was formed as
dark green crystals. Complex 2 could be obtained almost quantitatively,
when a benzene solution of 1 was kept at 40 uC for 36 h (Fig. 1a). An
X-ray diffraction study revealed that 2 contains one methylcyclopen-
tenyl (MeC5H4) moiety, three (C5Me4SiMe3)Ti units and four hydride
ligands (Fig. 1a). The methylcyclopentenyl moiety formally bears three
negative charges, one being distributed among C39, C40 and C41 to form
an allylic moiety and two being placed on C37 and C38. Four (C37, C38,
C39, C41) of the five ring carbon atoms in the [MeC5H4]32 unit are
m-g4-bonded to the Ti3 triangle.

Remarkably, here a benzene molecule was partly hydrogenated and
ring-contracted to a five-membered ring species, [MeC5H4]. This reaction

required breaking a robust aromatic C2C bond of benzene and mak-
ing a new C2C bond. In this transformation, three of the seven hydride
ligands in 1 were consumed, one being transferred to benzene and two
released as H2 by donating two electrons, thus affording the trianionic
[MeC5H4]32 species. The formal oxidation state of the Ti atoms in 1 and
2 remained unchanged; both complexes formally contain one Ti(IV) and
two Ti(III) atoms26.

When 13C-enriched benzene 13C6H6 was used to react with 1 under
similar conditions, the corresponding 13C-enriched methylcyclopentenyl
complex, [(C5Me4SiMe3)Ti]3(13C5H4

13CH3)(m-H)4 (2-13C), was obtained
(Supplementary Information), confirming that the methylcyclopente-
nyl unit in 2 was indeed derived from benzene. The reaction of 1 with
benzene-d6 (C6D6) afforded [(C5Me4SiMe3)Ti]3[C5Z4CZ3](m-Z)4 (Z 5

H0.7–0.5D0.3–0.5) (2-HD), in which H and D atoms are randomly distrib-
uted between the methylcyclopentenyl unit and the titanium framework
as shown by 1H and 2H NMR spectroscopy.

To isolate a possible reaction intermediate, we kept a benzene solution
of 1 at a lower temperature (10 uC) for about two days. Evaporation of
the solvent under vacuum yielded dark-green solids, which appeared to
be a mixture of 2 (25%) and a new compound, [(C5Me4SiMe3)Ti]3(m-
g6-C6H6)(m-H)3 (4) (75%), as shown by 1H NMR spectroscopy. Although
complete separation of 2 and 4 was difficult, a single crystal of 4 suit-
able for X-ray diffraction studies was obtained by recrystallization in
tetrahydrofuran (THF). We found that 4 is formally composed of a tetra-
anionic [C6H6]42 moiety and a tetra-cationic titanium trihydride unit,
[Cp93Ti3H3]41 (Fig. 1a). The [C6H6] unit ism-g6-bonded to the Ti3 frame-
work. The 1H NMR spectrum of 4 exhibited a singlet at a chemical shift
of d 5 4.88 p.p.m. (tetramethylsilane reference) for the six protons of the
[C6H6] unit in a temperature range of 22 uC to –80 uC, showing that the
structure is highly fluxional.

Complex 4 decomposed slowly to unidentified products at room tem-
perature. The direct transformation of 4 to 2 was not observed. When 4
was exposed to an atmosphere of H2 in THF-d8, the immediate forma-
tion of another new compound assignable to [(C5Me4SiMe3)Ti]3(C6H7)
(m-H)4 (3) was observed (Supplementary Information; see also 6 in Fig. 2,
and below). In this reaction, the [C6H6]42 unit in 4 was formally hydro-
genated (or protonated) to [C6H7]32.

When kept at 40 uC for about 3 h, 3 was transformed quantitatively
to the methylcyclopentenyl [MeC5H4]32 complex 2 through ring con-
traction of the [C6H7]32 unit (Fig. 1a). This transformation occurred even
at room temperature, albeit slower. Kinetic studies on the transformation
of 3 to 2 revealed the activation parameters ofDH? 5 21.7(6) kcal mol21

andDS? 5 24.7(19) entropy units (Supplementary Information). The
entropy of activation is in agreement with a unimolecular process. In
the absence of H2, 3 rapidly changed to 4 by release of H2, demonstrat-
ing that 3 and 4 are easily interconvertible through hydrogenation/
dehydrogenation.

To gain more information on the reaction process, we monitored the
reaction of 1 with benzene-d6 (C6D6) at 22 uC by 1H NMR spectros-
copy. With the decrease of 1, gradual formation of 2-HD was observed
(Fig. 1b). In this process, simultaneous formation of two species assignable

1Advanced Catalysis Research Group, RIKEN Center for Sustainable Resource Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. 2Organometallic Chemistry Laboratory, RIKEN, 2-1 Hirosawa, Wako,
Saitama 351-0198, Japan.

2 8 A U G U S T 2 0 1 4 | V O L 5 1 2 | N A T U R E | 4 1 3

Macmillan Publishers Limited. All rights reserved©2014

www.nature.com/doifinder/10.1038/nature13624


to 3-HD and 4-HD was also observed. After 78 h, 3-HD, 4-HD and 1
all disappeared to yield 2-HD almost quantitatively.

The above experimental results suggest that 3 may be first formed by
the reductive hydrogenation of benzene by the heptahydride complex
1 through hydride transfer and H2 elimination (Fig. 1a). There is an equi-
librium between 3 and 4 through dehydrogenation and rehydrogenation.
The isomerization (ring contraction) of the [C6H7] unit in 3 would finally
yield the methylcyclopentenyl complex 2.

When 2 was heated at 100 uC for two days in a sealed Schlenk tube,
insertion of a Ti atom into a C–C bond of the methylcyclopentenyl ring
took place, yielding a titanacycle product, [(C5Me4SiMe3)Ti]3[m-g2,g5,
g5-CHC(Me)(CH)3](m-H)2 (5), as a major product (about 75%) (Fig. 1a).
This transformation was accompanied by liberation of H2. Heating
2-13C under the same conditions (in benzene) afforded the corresponding

13C-enriched complex, 5-13C, suggesting that this rearrangement should
be a unimolecular process. Complex 5 could formally be viewed as a com-
bination of a penta-anionic 2-methylpentenyl group, [CHC(Me)(CH)3]5–,
and a penta-cationic titanium dihydride unit, [(C5Me4SiMe3)3Ti3H2]51.
An X-ray diffraction study established that one (C5Me4SiMe3)Ti unit is
incorporated into the 2-methylpentenyl framework to form a planar, six-
membered titanacycle. Each side of the metallacycle plane is g5-bonded
to a (C5Me4SiMe3)Ti unit, leading to formation of a double stacker struc-
ture. There are two hydride ligands in 5, each bridging the Ti atom in
the metallacycle and one Ti atom outside of the metallacycle.

For comparison, we also examined the reaction of 1 with toluene. When
a toluene solution of 1 was kept at 20 uC for 42 h, the partial hydrogenation
of toluene took place to give [(C5Me4SiMe3)Ti]3(C6H6Me)(m-H)4 (6),
which contains a [C6H6Me]3– unit and could be viewed as an analogue
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of 3 formed in the reaction of 1 with benzene (Fig. 2; see also Fig. 1a). A
single crystal of 6 suitable for X-ray diffraction studies was obtained by
recrystallization under an atmosphere of H2 in hexane. It was revealed
that there is an agostic interaction between a C–H bond in the C6H6Me
unit, which is formed by hydrogenation of toluene at the ipso-position,
and a Ti atom (Ti2) (Ti2–C10: 2.326(3) Å; Ti2–H10: 2.11(3) Å). There
are four hydride ligands in 6, one capping the Ti3 triangle in am3-fashion
and three bridging the Ti???Ti sides in am2-mode, analogously to complex
2 (Figs 2 and 1a). In agreement with the solid structure, the ipso-proton in
the [C6H6Me] unit in 6 exhibited a singlet at a high field d 5 –2.23 p.p.m.
in the 1H NMR spectrum, showing that an agostic Ti???H interaction
remained in solution. The 13C-enriched analogue 6-13C, prepared by
the reaction of 1 with 13C-enriched toluene (13C6H5

13CH3), showed a
doublet at d 5 –2.23 p.p.m. with a relatively small 13C–1H coupling con-
stant (JC–H 5 108 Hz) in the 1H NMR spectrum, thus providing further
proof for the presence of an agostic Ti???H interaction (for comparison,
normally JC–H 5 120–130 Hz; ref. 27).

In the absence of H2, the dehydrogenation of 6 took place rapidly to
give [(C5Me4SiMe3)Ti]3(C6H5Me)(m-H)3 (7) (Fig. 2), an analogue of 4
formed in the case of benzene. When 6 (or 1 plus toluene) was heated
in a THF-d8 solution at 60 uC for 36 h, the six-membered ring metalla-
cycle products [(C5Me4SiMe3)Ti]3[m-g2,g5,g5-CHC(Me)(CH)2C(Me)]
(m-H)2 (8) (62% NMR yield) and [(C5Me4SiMe3)Ti]3[m-g2,g5,g5-CHC
(Me)(CH)C(Me)CH](m-H)2 (9) (33% NMR yield), which are analogues
of 5 formed in the case of benzene, were obtained. The formation of the
two regioisomers 8 and 9 suggests that a dimethylcyclopentenyl species
such as X (an analogue of 2; Fig. 2) should be an intermediate in this reac-
tion. But in contrast to the reaction of benzene, such a five-membered
ring intermediate was not observed in the case of toluene (at either 60 uC
or lower temperatures), possibly because of its instability caused by the
steric hindrance of the methyl groups on the cyclopentenyl ring.

Obviously, the reactions of the hydride cluster 1 with benzene and
toluene involved various events, including C 5 C double-bond hydro-
metallation, H2 release, and C–H and C–C bond cleavage and formation.
It is certainly due to the cooperation of the multiple Ti–H sites that all
of these different events could be accomplished at once, although the
mechanistic details are subject to further studies. It is also worth noting
that the C–C bond cleavage of cyclic alkenes such as cyclopentadiene
and cyclohexene has been successfully achieved by using multimetallic
ruthenium hydride and carbonyl complexes28,29, but the breaking of a
benzene ring did not take place under similar conditions30. The present
sequential transformation of benzene to 2 and 5 by the hydride cluster
1 also stands in contrast with the hydrocracking reaction of a benzene
ring on solid catalysts, which gave a mixture of methylcyclopentane and
acyclic saturated hydrocarbons1–6. This work thus demonstrates that
multimetallic titanium hydrides such as 1 can serve as a unique platform
for the activation of aromatic molecules, offering new opportunities for
the transformation and functionalization of inactive aromatics.

METHODS SUMMARY
All reactions were performed under an argon atmosphere. Complex 1 was prepared
according to literature procedures26 and stored in a glovebox.
Reaction of 1 with benzene. A benzene solution (5.0 ml) of 1 (151 mg, 0.21 mmol)
in a 30 ml Schlenk tube was stirred at 40 uC for 36 h. Removal of the solvent under
vacuum gave [(C5Me4SiMe3)Ti]3(C5H4Me)(m-H)4 (2) (163 mg, 98%) as a dark-green
solid. Recrystallization from hexane at –33 uC afforded dark-green crystals (121 mg,
0.15 mmol, 71%) suitable for X-ray diffraction.
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