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Ruthenium-catalysed Aerobic Oxidation of Alcohols via Multistep Electron Transfer

Jan-E. Backvall,* Ratan L. Chowdhury and Ulrika Karlsson
Department of Organic Chemistry, University of Uppsala, Box 531, S-751 21 Uppsala, Sweden

Aerobic oxidation of primary alcohols to aldehydes occurs under mild conditions at 20 °C via
a triple catalytic system consisting of RuCI(OAc)(PPhs)s—hydroquinone-Co(salophen){PPhs)

[Hosalophen = N,N'-bis(salicylidene)-o-phenylenediamine].

Oxidation of organic substrates is of importance in synthetic
organic chemistry both in large-scale processes and in the
manufacturing of fine chemicals.!2 From an economical and
environmental point of view molecular oxygen is an attractive
oxidant, and recently there has been a great interest in the
development of mild metal-catalysed aerobic processes.3#
We recently developed several mild palladium-catalysed
aerobic oxidations that proceed at room temperature via a
multistep electron transfer involving a triple catalytic system.*
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The general idea concerning these oxidations is that a
macrocyclic metal complex serves as the oxygen-activating
component, and a substrate-selective catalyst is used to obtain
high selectivity with respect to a desired transformation. Now,
if the barrier for electron transfer from the substrate-selective
catalyst to the metal macrocycle catalyst is high, an electron-
transfer mediator is needed for a mild reagtion. In this
communication we report a new, mild, aerobic, ruthenium-
catalysed oxidation of alcohols based on this principle.

It has been reported that alcohols are dehydrogenated
by ruthenium phosphine complexes.>¢ In particular
RuH,(PPh;),4 and RuH,(PPh;); were found to be efficient and
also led to the production of H, with high turnover numbers if
a temperature of 150 °C was employed (Scheme 1). Interest-
ingly, the same ruthenium complexes have been utilized as
hydrogenation catalysts.” The ability of ruthenium phosphine
complexes to act as both dehydrogenation and hydrogenation
catalysts is also reflected by their use in hydrogen-transfer
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reactions.6-8.% In these reactions hydrogen acceptors such as
ketones and o,PB-unsaturated ketonest$ have been used. If
benzoquinone could be used as the hydrogen acceptor the
hydroquinone formed may continuously be reoxidized to
benzoquinone by use of a metal macrocycle—oxygen system.*
The role of the hydroquinone-benzoquinone would then be
that of an electron-transfer mediator.

We first studied the ruthenium-catalysed dehydrogenation
of benzyl alcohol in the presence of benzoquinone. The use of
the ruthenium dihydride complexes led to very poor
conversions at room temperature. Since these complexes are
also difficult to handle we turned our attention to
RuCl,(PPh;);, which has been used in hydrogen-transfer
reactions of alcohols, albeit at high temperature (150-
180 °C).6:8-10 We found that RuCl,(PPh;);-catalysed oxida-
tion of benzyl alcohol using benzoquinone as the oxidant
(hydrogen acceptor) proceeded smoothly at room tempera-
ture (eqn. 1). With the use of 1.2 mol% of the catalyst a good
conversion with >98% selectivity was obtained within 12 h at
20°Cin benzene or methylene chloride. A kinetic study of this
reaction revealed that the rate is not dependent on the
benzoquinone concentration. The use of the quinone in only
catalytic amounts with recycling of the hydroquinone to
benzoquinone as previously described by us* therefore looked
attractive. In our previously reported triple catalytic systems,
hydroquinone was reoxidized to benzoquinone by molecular
oxygen in the presence of a metal macrocyclic complex in a
protic solvent or co-solvent under slightly acidic conditions. In
the present non-protic solvents this particular reaction was less
facile but was found to work with Co(salophen) in the
presence of an extra axial ligand such as triphenylphosphine.
The choice of solvent was critical and the oxidation of
hydroquinone to benzoquinone catalysed by Co(salo-
phen)(PPh;) was more than ten times faster in methylene
chloride than in benzene.

With the aim of obtaining a mild aerobic process we
combined the oxidation system of eqn. (1) and that for
reoxidation of hydroquinone. The conversion of the aerobic
process, however, was very low with only three turnovers. We
had previously observed+1! that chloride ligands strongly
inhibit the oxidation of hydroquinone by the metal macro-
cycle-oxygen system. We therefore displaced one of the
chlorides of RuCl,(PPh;3); by silver acetate which afforded
RuCl(OACc)(PPh3)s. This improved the aerobic process and
about 20-25 turnovers were obtained. A further improvement
of this triple catalysis was obtained by the use of molecular
sieves to remove the water formedt (eqn. 2, Scheme 2). The

1 The deactivation by water can be explained by formation of the
hydrate of the aldehyde, which can coordinate to ruthenium and
possibly be slowly oxidized to benzoic acid.®
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Fig. 1 Aerobic oxidation of PhCH,OH to PhCHO [1.2 mol% of
Ru(OACc)CI(PPh3)3, 1 mol% of Co(salophen)PPh;]

use of 0.6 mol% of RuCl(OAc)(PPhs);, 2 mol% of Co(salo-
phen)PPh;, and 3 mol% of hydroquinone gave 70 turnovers
(based on Ru) at 20 °C, which corresponds to a 42% yield of
benzaldehyde (based on benzyl alcohol). With a slight
increase in the amount of the ruthenium catalyst (1.2 mol%)
the yield of benzaldehyde was improved to 60% under the
same reaction conditions. No other oxidized products could be
detected (>98% selectivity). Interestingly, the rate of this
aerobic process is unchanged if the oxygen pressure is
lowered. Thus, the same rate was observed whether the
reaction was run under 1 atm of air or under 1 atm of O,.
Other alcohols were also oxidized by the present oxidation
system. For example geraniol, cinnamyl alcohol and
2-naphthylmethanol were oxidized to their corresponding
aldehydes at a rate comparable to that of the oxidation of
benzyl alcohol.

We also investigated the dependence on hydroquinone of
the rate of the reaction. As can be seen from Fig. 1, the rate
increases with the concentration of hydroquinone and reaches
a maximum at about 3 mol% of hydroquinone. Even with no
added hydroquinone there is some reaction occurring, indicat-
ing a direct electron transfer, although less efficient, between
the ruthenium hydride complex and the oxygen complex of the
metal macrocycle.

A few other ruthenium-catalysed processes for the oxida-
tion of alcohols to aldehydes or ketones are known.12 These
processes require an elevated temperature and O, pressure.
The present multistep electron-transfer system leads to a very
mild aerobic process that can be run under a reduced partial
pressure of O, (air) at ambient temperature.
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