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Aromatic compounds are notoriously difficult substrates to
hydrogenate, although a wide range of reagents have been used
for this purpose.1 It has been proposed that because chemistry of
aromatic compounds is so vast, the most obvious route to
stereodefined unsaturated cyclic compounds is to construct the
appropriate aromatic compound and then reduce it in a stereose-
lective fashion. The majority of the reagents used to hydrogenate
aromatic compounds are used in stoichiometric quantities, such as
the Birch method that employs group 1 or 2 metals dissolved in
liquid ammonia.2 In contrast, effective homogeneous catalysts are
relatively rare, although several ingenious systems have been
reported. For example, Rothwell has developed a series of
homogeneous niobium- and tantalum-based catalysts,3 Süss-Fink
has described a number of robust cluster catalysts that operate under
aqueous-organic biphasic conditions,4 and Angelici has supported
some rhodium complexes onto metal-impregnated porous supports
that results in highly active catalysts.5 We have also shown that
arenes can be hydrogenated using an ionic liquid-organic biphasic
protocol.6 In this paper, we describe a new arene hydrogenation
catalyst that is active in organic solvents, but considerably more
active in ionic liquids, and, remarkably, will hydrogenate the arene
ring of allylbenzene without hydrogenating the alkene bond.

The reaction of the triply bridged chloro-dimer, [(η6-p-cymene)2-
Ru2(µ-Cl)3][PF6], with 2 equiv of 1,1,1-tris(diphenylphosphinom-
ethyl)ethane (TRIPHOS) in the presence of 1 equiv of ammonium
hexafluorophosphate in methanol under reflux affords [Ru(η6-p-
cymene)(η2-TRIPHOS)Cl][PF6] 1‚[PF6] in high yield.7 The 1H
NMR spectrum of1 is quite complicated and shows that the six-
membered ring formed by the ruthenium and TRIPHOS ligand
exists in chair and boat conformations in a similar way to other
compounds previously reported.8 The structure of1 has been
established by single-crystal X-ray diffraction using a crystal grown
from a dichloromethane-methanol solution by slow diffusion.9 The
structure of1 is shown in the Supporting Information. The geometry
around the Ru atom is essentially octahedral, made up by the arene
[mean Ru-C 2.28 Å], the chlorine ligand [Ru-Cl 2.3900(10) Å],
and two of the three phosphine donors [mean Ru-P 2.338 Å] which
form a six-membered ring with a chair conformation. The third
phosphine unit resides at quite a distance from the Ru atom. The
structure around the ruthenium center is similar to other cationic
Ru(arene)(diphosphine)chloride complexes previously described.10

The bonding mode for the TRIPHOS ligand has also been observed

previously, although those in which the free phosphine remains
unoxidized are very rare.11

The extensive hydrophobic region provided by the TRIPHOS
ligand has been proposed to facilitate catalytic processes by
promoting the interaction of the coordinated metal center with small
organic molecules.12 Compound1 has been evaluated in dichlo-
romethane under homogeneous conditions and in 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ionic liquid, [bmim][BF4], under
biphasic conditions and has proven to be a highly active arene
hydrogenation catalyst. The results from some of these reactions
are summarized in Table 1, and a more extensive list is given in
the Supporting Information. Overall, the results show the expected
trend for the hydrogenation of arene substrates,4 in that the highest
turnover is observed for the hydrogenation of benzene, with
turnovers decreasing as the size or number of alkyl substituents
increases on the arene substrate. What is surprising is that1 is
essentially inactive toward arenes withR-alkene substituents such
as styrene and 1,3-divinylbenzene, whereas the turnover for the
hydrogenation of allylbenzene to allylcyclohexane is considerably
higher than expected, ca. 329 mol mol-1 h-1 as compared to 205
and 127 mol mol-1 h-1 for toluene and ethylbenzene, respectively.
Furthermore, the alkene bond remains unhydrogenated. Hydrogena-
tion of alkene substrates such as 1-hexene and 1-octene was
attempted with1 as the catalyst, which gave very low turnover
numbers, in part because of catalyst decomposition, but suggesting
that this catalyst has considerable potential in organic synthesis.

Arene hydrogenation using1 is believed to take place via a
slippage mechanism, the preferred mechanism for arene hydrogena-
tion in organic synthesis. Although we do not have direct evidence
that such a mechanism is in operation, there is convincing
circumstantial evidence. First, the presence of mercury, employed
as a selective poison toward colloids, did not effect activity. Second,
the catalyst is recovered, albeit with the substrate arene in place of
thep-cymene in the starting material, intact. Third, hydrogenation
of C6D6 affords only a single isomer of C6D6H6, demonstrating
that the hydrogen atoms have been introduced to the arene ring
from one side only, indicative of the addition occurring to a
coordinated arene.14 It is not immediately obvious why styrene and
divinylbenzene are resistant to hydrogenation. It is possible that
they form anη4 interaction via the vinyl double bond and the arene
which inhibits hydrogenation. It would appear that the third, free
phosphine is essential in providing selectivity toward the hydro-
genation of arenes. When this phosphine is blocked by coordination
to a nonactive metal, the resulting material does not hydrogenate
arenes, but becomes active toward alkene substrates. We propose
that the free phosphine assists the hydrogenation of arenes by
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reversible coordination to the ruthenium involving an “arm-on/off”
mechanism proposed previously.15 This could have the effect of
causing the ring to slip from theη6 to η4 mode, thereby promoting
hydrogenation of the uncoordinated arene CdC double bond. We
intend to report more fully on this in the future. A cobalt complex
has previously been shown to catalyze the reduction of allylbenzene
to allylcyclohexane in 2% yield along with other hydrogenation
products,16 and it has been postulated that such a conversion is not
unreasonable when catalyzed by a d6 metal center,17 although we
are not aware of any other examples.

As mentioned above,1 was examined in both dichloromethane
and ionic liquid solutions for comparison purposes. Although the
latter system is biphasic, it is considerably superior, although we
have previously shown that ionic liquids are not always superior
solvents for conducting hydrogenation reactions.18 Not only are the
turnovers significantly higher, but, over a number of runs, the
catalyst decomposes in dichloromethane, whereas in [bmim][BF4]
no depreciation in activity is observed after five runs.
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Table 1. Hydrogenation of Some Arenes Using 1‚[PF6] in
[bmim][BF4]13
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