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Cyclohexanone can be one-step synthesized from benzene catalyzed by a ruthenium diaminodiphosphine complex with 65%

selectivity (35% phenol as by-product) and TOF ¼ 63 h�1 at 130 �C and 5MPa (O2=H2 ¼ 1) pressure.

This shows that hydroxylation (oxidation) and hydrogenation (reduction), which normally required totally noncompatible

conditions and catalysts, can proceed in a ‘‘one-pot’’ manner by using one metal complex catalyst.
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1. Introduction

The synthesis of cyclohexanone is of commercial
significance in the manufacture of caprolactum, a
monomer used in the synthesis of Nylon-6. There are
two routes, one via cyclohexane and the other via
phenol as intermediate, to produce cyclohexanone from
benzene feedstock in industry. Both routes are two-step
processes. In the cyclohexane route, benzene is first
hydrogenated to cyclohexane catalyzed by supported
Ni, Pd [1], Pt [2], amorphous Ni-P [3], ultrafine Ni-Co-
W-B [4] and Ru complex [5]. This is followed by the
oxidation of cyclohexane with O2 to cyclohexanone
using boric acid or catalyzed by molecular sieves
containing Ti [6], Cr [7], Ce [8] and CrCoAPO-5(AFI)
[9]. For the first step the yield can be quantitative, while
in the second step there are 15% by-products, which are
mainly adipic, glutaric and tartaric acids.

In the phenol route, benzene is first hydroxylated to
phenol, which then hydrogenates to cyclohexanone.
Direct hydroxylation of benzene can be accomplished by
nitrous oxide [10–14] and hydrogen peroxide [15,16].
Molecular oxygen can also be used as the oxidant;
however, a reductant such as hydrogen [17–21], ammo-
nia [22] and alkyl- or halo-substituted hydroquinone is
required. Hydroxylation of benzene with molecular
oxygen in the absence of a reductant usually gives a
low yield of phenol [17,23–25]. The catalysts used are

various molecular sieves such as nonsubstituted or
transition metal-substituted MCM-41 [16], ZSM-5 [1],
TS-1 [2,20]; mixed metal oxides [18,19,22]; salts of
heteropolyacids [23,25] and metal organic complexes
[24]. The hydrogenation of phenol mainly uses Pd
catalysts supported by MgO [26], Al2O3 [27], SiO2 [28]
or modified Pd [29]. In this process, cyclohexanone is the
partially hydrogenated product. To avoid further
hydrogenation to cyclohexanol, the catalyst and reac-
tion conditions must be carefully chosen.

It is worth noting that hydroxylation (oxidation) and
hydrogenation (reduction) require totally noncompati-
ble conditions and quite different catalysts. It is unlikely
that the formation of cyclohexanone from benzene
could proceed in a ‘‘one-pot’’ manner or employ only
one catalyst. In fact, to our knowledge, there has not yet
been any report on the one-step synthesis of cyclo-
hexanone from benzene.

Recently, we have reported the catalytic oxidation of
olefins with O2 using a ruthenium complex with a
tridentate diaminodiphosphine ligand, trans-RuCl2[�

3-
1R,2R-P(NH)(NH)P](PPh3) [1R,2R-P(NH)(NH)P ¼
N;N 0-bis[2-(diphenylphosphino)benzyl]-1R,2R-diamino-
cyclohexane] as catalyst [30]. Herein we report the
one-step synthesis of cyclohexanone from benzene
and O2=H2 catalyzed by trans-RuCl2[�

3-1R,2R-
P(NH)(NH)P](PPh3). The catalyst loading for each run
was 1.6mg or about 1:46�mol. The reactor used was a
50-cm3 stainless steel autoclave with a temperature-
controlling unit and a magnetic stirrer. Aliquots of
samples were withdrawn from the reactor at fixed time
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intervals and analyzed by a HP-5890 GC (a HP-5
capillary column) equipped with an FID or a HP-6890
GC coupled with a HP 5973 MSD.

The results of the catalytic reactions are summarized
in table 1. In the absence of H2, neither cyclohexanone
nor phenol was formed at 130 �C and 2.5-MPa O2

(entry 1). However, an introduction of 0.6-MPa H2 led
to only production of phenol at the same temperature
and pressure (entry 2). Doubling the total pressure to
5MPa while keeping the O2=H2 mole ratio at 3
increased the conversion by onefold (from 0.1 to
1.25%) and produced cyclohexanone with 12% selec-
tivity (entry 3). A further increase in the hydrogen
partial pressure to O2=H2 ¼ 1 inhibited the formation of
the dihydroxylation products catechol [o-C6H4ðOHÞ2]
and hydroquinone [ p-C6H4ðOHÞ2], but augmented the
cyclohexanone selectivity to 65% with phenol as the only
detectable by-product (entry 4). Apparently, a higher
hydrogen partial pressure favors the formation of
cyclohexanone.

The solvent dependence of the catalytic reactions
has also been investigated. Under similar conditions,

addition of acetonitrile increased the selectivity for
cyclohexanone by more than three times (entries 3 & 5),
while that of methanol reduced it by a half (entries 3 &
6). It appeared that the use of acetonitrile increased the
benzene conversion, presumably due to an increase in
catalyst/substrate ratio, but significantly reduced the
TOF (turnover frequency) from 63 to 15 h�1.

To identify the pathway for the formation of
cyclohexanone, phenol and cyclohexane were chosen
as substrates. Under similar reaction conditions, phenol
gave catechol and hydroquinone as the only detectable
products (entry 7), while cyclohexane gave cyclohex-
anone as the major product along with cyclohexanol
and cyclohexyl hexanedioate (entry 8). The results
showed that both benzene and cyclohexane selectively
gave cyclohexanone and implied that benzene be
hydrogenated to cyclohexane followed by oxidation to
cyclohexanone.

One advantage of the present one-step synthesis is
that phenol is the only by-product in the reaction.
Presumably, the formation of deep oxidized products
such as adipic, glutaric and tartaric acids could be
inhibited by H2, whereas the production of cyclohexanol
from the oxidation of cyclohexane could be minimized
by O2. By changing the reaction conditions, the product
ratio of cyclohexanone to phenol could be varied widely.

Normally, hydrogenation using metal, metal oxide or
metal complex catalysts involves the dissociation of H2

molecule, which occurs with difficulty when the O2 to
H2 mole ratio exceeds unity. To have some insight into
the hydrogenation mechanism, Pt on activated charcoal
(Pt/C), over which H2 should be dissociated easily, was
added as a cocatalyst to the ruthenium catalytic system
under the same conditions. The result showed that the
conversion, TOF and the selectivity of the catalytic

Figure 1. Ruthenium diaminodiphosphine complex catalyst.

Table 1

Results of catalytic reactions of benzene, phenol and cyclohexane with O2/H2 at 130 8C for 6 ha

Entry 1 2 3 4 5 6 7 8

Substrate Benzene Benzene Benzene Benzene Benzene Benzene Phenol Cyclohexane

Total pressure (MPa) 2.5 2.5 5.0 5.0 4.6 5.5 5.0 5.0

H2 partial pressure (MPa) 0 0.6 1.2 2.4 1.2 1.2 1.2 0

Substrate (cm3/mmol) 3/33.6 3/33.6 3/33.6 3/33.6 0.46/5.15 1.5/16.8 3d/31.9 3/27.6

Solvent/amount (cm3) – – – – b/2 c/1.5 – –

Conversion (mol%) 0 0.1 1.25 1.8 2.7 3.53 9 1

TOF (h�1) 0 3.5 44 63 15 62 316 25

Selectivity (mol%)

Cyclohexanone 0 0 12 65 41 7 0 40

Cyclohexanol 0 0 0 0 0 0 0 25

Phenol 0 99 86 34 59 92 – 0

Catechol 0 0 1.5 0 0 0.7 35 0

Hydroquinone 0 0 0.5 0 0 0.2 34 0

aCatalyst: trans-RuCl2[�
3-1R,2R-P(NH)(NH)P](PPh3), 1.6mg, 1.46�mol.

bAcetonitrile.
cMethanol.
d3.0 g of phenol.
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system were nearly unaffected except that an immiscible
layer of water, that presumably resulted from the
catalytic reaction of H2 with O2, was observed. The
side reaction, production of water from H2 and O2, has
not been found for the ruthenium complex catalyst. This
suggested that the mechanism for H2 activation by
ruthenium complex would be very different from that
over a Pt catalyst and no Ru metal has been found from
complex decomposition.
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