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Oxidative functionalization of unactivated hydrocarbons is a
key area of metalloporphyrin chemistry from the viewpoints of
the model study of cytochrome P-450 and utilization of
hydrocarbon resources. A large number of oxidation systems
using metalloporphyrins have been reported for alkane hydroxy-
lation,'! but little is known about the oxidation of aromatic rings
catalyzed by metalloporphyrins.'* In most cases, the product
yields based on the aromatic compounds used are too low for
synthetic purposes. We have already revealed that ruthenium
porphyrins effectively catalyze P-450-type oxidations of olefins,
sulfides, alkanes and alcohols in the presence of heteroaromatic
N-oxides.? In particular, this catalytic system efficiently oxidizes
unactivated alkanes to afford alcohols and/or ketones in high
yields with extremely high turnover numbers (up to 10° times),
in the presence of HCI or HBr.24¢ Therefore, this highly reactive
Ru(Por)—N-oxide system was also expected to effectively
oxidize rather unreactive aromatic compounds. We describe
here efficient and selective quinone formation from aromatic
compounds with the Ru(Por)—2,6-disubstituted pyridine N-oxide
system in the presence of acid (eq 1).
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Oxidation of various arenes was examined with 2,6-dichlo-
ropyridine N-oxide catalyzed by Ru(Por) in the presence of
hydrogen halide. Alkoxybenzene derivatives were oxidized to
afford mainly p-benzoquinones in yields that greatly depended
upon the structure of the substrates (Table 1). This p-quinone
selectivity in product formation was independent of the amount
of the oxidant used. Compound 1, gave the best result (2,:
yield 97%). The turnover number of Ru(Por) reached 33 000
in the case of 1,. m-Dimethoxybenzene (abbreviated as
m-DMB) (1.) was converted into 2-methoxy-p-benzoquinone
(2,) in good yield (run 3). In contrast, 0-DMB (14) afforded 2,
and the chlorinated quinone 34 in low yield (recovered 14: 45%)
(run 4), and p-DMB (1) gave almost no product (run 5).
Competitive oxidation of 0- and m-DMB showed the latter to
be ca. 10x more reactive than the former. The reaction rate of
m-DMB was much higher than that of 0-DMB in the oxidizing
system. Therefore, the chemoselectivity of the oxidizing system
was examined by using compounds 1f and 1, which possess
both m-DMB and 0-DMB or p-DMB structure, as substrates.
In the case of 1, 2-methoxy-5-(3,4-dimethoxyphenyl)-p-ben-
zoquinone (2) was afforded in high yield as a single product
(run 6). The oxidation of 1, gave an analogous result (2g) (run
7). This type of selectivity is unique among oxidizing reagents
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Table 1, Oxidation of Aromatic Compounds by the Ruthenium
Porphyrin—2,6-Dichloropyridine N-Oxide System
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Reaction conditions: substrate (1 mmol), Ru(por) (2 gmol), 2,6-
dichloropyridine N-oxide (2.4 mmol), 47% HBr or 36% HCI (30 uL);
molecular sieves 4A (300 mg) and benzene (2 mL) at 40 °C under an
Ar atmosphere overnight, unless otherwise noted. Yields are based
on the substrate used. “0.5 umol of Ru(TPP)CO was used. The yield
in parentheses was obtained in the reaction in which 0.05 umol of
catalyst was used. ® The yield with 2,6-lutidine N-oxide as oxidant.
¢Room temperature for 45 h. 3.6 mmol of 2,6-dichloropyridine
N-oxide was used. ¢ Compound 1; was slowly added over 5 h to the
reaction system. The scale of this reaction was 1.5 times larger than
usual. / The yield of compound 3 was determined by GLC.

Ru(TMPICO
HBr

commonly used in quinone synthesis.> For example, cerium-
(IV) ammonium nitrate (CAN) preferentially oxidizes p-
dimethoxybenzene structures.* Our attempt to oxidize 1y and
1, with CAN resulted in the formation of a complex mixture of
products, respectively. The only isolable product in the CAN
oxidation of 1; was 2-(2,4-dimethoxyphenyl)-p-benzoquinone
(vield 8%) as was expected.

Anisole afforded 2. and p-benzoquinone in low yields. The
reaction system could oxidize phenanthrene (1p) to give 9,10-
phenanthroquinone (2;). Naphthalene (1;) afforded 1,4-naph-
thoquinone (2;). Benzene was inert. In the absence of acid,
almost no oxidation of m-DMB occurred.

Several experiments were carried out to examine the mech-
anism. We determined the one-electron oxidation potential of
dimethoxybenzenes (DMBs) in dichloromethane by cyclic
voltammetry, in order to examine the correlation between the
potential and the reactivity of DMBs. These compounds gave

(3) For recent reviews see: (a) Dudfield, P. J. In Comprehensive Organic
Synthesis; Trost, B. M., Ed.; Pergamon Press: Oxford, 1991; Vol. 7,
Chapters 2.10 and 2.11.

(4) These differences in the localization of electron density on carbon
among o-, m-, and p-DMB were supported by the results obtained from
AML1 calculations for these compounds.
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clear and reversible cyclic voltammograms. The order of Ej»»
was as follows: m-DMB (1.6 V vs SCE, Pt electrode, 0.1 M
BuNCiO4) > 0-DMB (1.5 V) > p-DMB (1.4 V). p-DMB
should be oxidized most effectively if one-electron oxidation
of the aromatic ring is an important process in the quinone
formation as electrochemical oxidation and CAN oxidation.
Therefore, these data suggest that the reaction mechanism does
not involve one-electron abstraction from the aromatic ring as
a rate-determining step. Methoxy-p-benzoquinone formation
from DMB is highly likely to be a multistep reaction, since it
is a four-electron oxidation process. There might therefore be
a trace amount of a highly oxidizable intermediate in the reaction
mixture. As the result of careful investigation by GC/MS, 2 .4-
dimethoxyphenol was detected in a reaction solution with
m-DMB as the substrate, and m-methoxyphenol was not
detected. When '®0-labeled 2,6-dichloropyridine N-oxide was
used, 1.2 '80 atoms per quinone molecule were incorporated
into 2, and 1 '80 atom was incorporated into formed 2.4-
dimethoxyphenol in the oxidation of m-DMB.’> Considerable
180 incorporation (40%) into 2. occurred in the oxidation of
m-DMB using normal N-oxide in the presence of H,'®0,
probably because of ready O atom exchange between the keto
groups and H,'80. Therefore, these resuits provide evidence
that at least one O atom of the quinone originates from the
N-oxide. The oxidation of 4-deuterio-1,3-dimethoxybenzene
with the oxidizing system gave an equimolar mixture of
5-deuterio-2-methoxybenzoquinone and 2-methoxybenzoquino-
ne, and 6-deuterio-2-methoxy-p-benzoquinone, which should be
formed via NIH shift, was not detected. 1-(Trideuteriomethoxy)-
3-methoxybenzene afforded a 1:1 mixture of 2-methoxy-p-
benzoquinone and 2-(trideuteriomethoxy)-p-benzoquinone, and
a small amount of 2-(trideuteriomethoxy)-4-methoxyphenol.
This resuit indicates that no isotope effect occurred, and
therefore it does not seem likely that hydrogen abstraction from
the methoxy group is a key reaction. The oxidation of 1 with
our system afforded 2, and an almost equal amount of n-octyl
alcohol (3p), with trace amounts of octanal and octanoic acid.
Further, 2,4-dimethoxyphenol (1x) was oxidized to give 2. in
69% yield by slow addition of the phenol to the oxidizing system
(Table 1, run 11). These results provide strong evidence that
2 4-dimethoxyphenol is an intermediate in the oxidation of
m-DMB. Thus, we believe the mechanism of the reaction is
as shown in eq 2. The Ru(Por)—N-oxide system seems to be
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one of the most efficient of the catalytic systems which

(5) In this experiment, HCl-saturated benzene was used as an additive
instead of concentrated hydrochloric acid plus molecular sieves 4A, in order
to avoid participation of normal H,O.
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hydroxylate aromatic rings, because the ratio of hydroxylated
molecules to Ru(Por) exceeds 10*. The 4-carbon of m-DMB
is highly electron-rich because both methoxy groups donate
electrons to this position. ¢-DMB and p-DMB do not have a
carbon with such highly localized electron density as m-DMB
since only one methoxy group contributes.* It is therefore likely
that the active species of the oxidizing system preferentially
attacks the most electron-rich carbon on the aromatic ring. It is
highly probable that the reactivity of the active intermediate
toward an aromatic ring depends largely on the electron density
on a carbon of the ring, considering the high chemoselectivity
of the system. Recently several reports about a lignin peroxidase
(LP) model using a water-soluble iron or manganese porphyrin—
oxidant couple have appeared.® It is known that methoxyben-
zenes with Jower oxidation potentials are oxidized more easily
by LP.7 Hence, the Ru(Por)—~N-oxide system exhibits a
tendency different from that of LP in chemoselectivity. The
reactivity of the system appears to resemble that of P-450 rather
than that of LP.

We have shown that the ruthenium porphyrin—heteroaromatic
N-oxide system selectively converts aromatic compounds to
quinones in the presence of HBr or HCI. Many quinone-type
compounds have interesting biological activities, and some are
potential anticancer drugs, because quinones often have selective
cytotoxicities arising from their active oxygen-producing ability.?
Further, arenes are metabolized in vivo by cytochrome P-450
to form quinones in addition to phenolic compounds.” Our
reaction system should be useful to prepare these biologically
active quinones and metabolites.
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