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There has been considerable interest in the modeling of
metalloprotein functions and their active site structures in order
to understand their catalytic mechanisms and unusual spectro-
scopic characteristics, which is essential to the development of
an efficient catalyst and/or functional material.! Among them,
copper proteins have long attracted many chemists because of
their versatile functions in several living systems.2 In particular,
copper monooxygenases have recently merited much attention
owing to their beautiful achievements in Cu/O; chemistry.?
Several peroxo dinuclear copper complexes have been prepared,
providing valuable information about the binding mode of O,
to the dinuclear copper center of hemocyanin and tyrosinase.
The redox chemistry in such Cu;0O, complexes has also been
studied extensively in order to elucidate how O; is activated in
oxygenation reactions. Thus a number of efficient model
systems mimicking tyrosinase function (aromatic hydroxylation)
have been reported.*® As far as aliphatic hydroxylation is
concerned, however, functional models of dopamine S-hydroxy-
lase (DAH) or peptidylglycine a-amidating monooxygenase
(PAM) are still very rare® and no quantitative aliphatic
hydroxylation has so far been achieved. Here we report the
first example of quantitative ligand hydroxylation at the benzylic
position of a Cu complex by O,, which can be regarded as an
efficient functional model of DAH.

DfH catalyzes the ascorbate dependent benzylic hydroxyla-
tion of phenylethylamines such as dopamine to the correspond-
ing norepinephrine.” The enzyme contains two coppers per
catalytic unit, but these Cu ions have recently been suggested
to have different roles, one (Cuy) being an electron acceptor
(ascorbate binding site) and the other (Cup) acting as a substrate
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Figure 1. ORTEP drawing of Cu(Il) complex 1.

as well as O; binding site.3® In order to mimic the enzyme
active center, we employed a tridentate ligand Py2Phe (V,N-
bis[2-(2-pyridyD)ethyl]-2-phenylethylamine) in which a phen-
ethylamine (substrate) moiety is incorporated into the ligand
molecule.l® Cu(Il) complex 1 was prepared by treatment of
the Py2Phe ligand with Cu(ClO4);6H,O in methanol and
crystallized from CH;Cl,—ether, whereupon an X-ray crystal
analysis was carried out.1112 The Cu(Il) ion has a nearly square
pyramidal structure and the benzene ring is located far from
the copper center (the distance between the benzylic carbon and
Cu(Il) is about 4.36 A) as shown in Figure 1.

In the enzymatic system, two electrons are supplied to the
Cug active center from ascorbate through the Cuy center during
the hydroxylation event. Thus, we employed a 1,2-enediolate,
derived from benzoin and a base, as a model of the electron
donor, ascorbate. Cu(Il) complex 1 (84 umol) was treated with
an equimolar amount of benzoin and triethylamine in CH,Cl,
(5 mL) at room temperature for 2 h under Ar, and then the
mixture was stirred under an atmospheric pressure of O, for
several hours. Allowing the reaction mixture to stand for a few
days gave a single, green crystal, whose structure was deter-
mined by X-ray crystallographic analysis as shown in Figure
21113 The product is a dinuclear Cu(Il) complex 2 in which
ligand hydroxylation occurred selectively at the benzylic position
of the substrate moiety and this O~ group acts as a bridge for
both copper ions. The dimer has an approximate C, symmetry,
and both copper ions also have nearly square pyramidal
structures. The yield of the ligand hydroxylation was 100%;
the modified ligand was isolated quantitatively after an ordinary
workup treatment of the reaction mixture with aqueous NHy4-
OH and following extraction by CH,Cl; as shown in Scheme
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Figure 2. ORTEP drawing of Cu(Il) complex 2.
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1.1 The mass spectroscopic analysis of the modified ligand
obtained in the same reaction with 180, (96% content) clearly
showed that the oxygen atom of the OH group comes from
molecular oxygen (more than 95% of 130 was introduced; peak
height: M*:(M* + 2) = 11:100). The stoichiometry of O, to
copper was determined to be 1:1 by manometry. The ligand
hydroxylation was only observed in the presence of all the
reaction components, i.e., benzoin, base, and O; in addition to
the copper complex.

The same reaction as in Scheme 1 also occurred when the
ligand (Py2Phe, 84 umol) was treated with an equimolar amount
of [Cu}{CH3CN),]PFs under Oz in CH,Cl; (5 mL). In this case,
however, the yield of hydroxylation was 50% based on the Cu
ion and the stoichiometry of Cu:0; was 2:1, indicating clearly
that 2 equiv of electrons and 1 equiv of O, are required for the
quantitative ligand hydroxylation. Starting from Cu(l), the
isolated yield of the hydroxylated ligand reached the maximum
value (50%) in a few hours, while starting from Cu(Il) in the
presence of benzoin and triethylamine, it took more than 24 h
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to reach completion. When the reductant was hydroquinone
(1 equiv), a more powerful reductant, instead of benzoin, the
rate of the reaction became as fast as that starting from Cu(I).13
These results indicate that the reduction of Cu(Il) to Cu(l) is
the rate-determining step in the benzoin/triethylamine system.

The hydroxylated ligand was also obtained in 33% yield when
Cu(Il)-complex 1 was treated with H,O» (10 equiv) in CH;0H
for 18 hunder Ar. On the other hand, tert-butyl hydroperoxide,
cumene hydroperoxide, and m-CPBA gave no hydroxylation
product under the same experimental conditions,!¢ indicating
that a (u-peroxo)dicopper(Il) complex is formed as an inter-
mediate. Karlin and co-workers studied the reaction of a Cu(l)
complex of Py2Bz (3, Py2Bz (L) = N,N-bis[2-(2-pyridyl)ethyl]-
benzylamine) with molecular oxygen in CH,Cl,,!7 when four-
electron reduction of O; took place to give LCu'~O—CullL
(4), which reacted further with water to afford stable dihydroxo-
bridged dinuclear Cu(Il) complex LCu'—(OH),—CullL. (5),
resulting in no ligand hydroxylation.!® They have reported that
3 forms a u-n%:n-type peroxodicopper(Il) complex at —80 °C
but it readily disproportionates into 4 and 1,0, at higher
temperatures (e.g., 0 °C).2® Kitajima and his co-workers
reported that (u-n2:n*-peroxo)dicopper(Il) complex [Cu[HB(3,5-
Me;pz)3]]2(0); spontaneously decomposes into the correspond-
ing oxodicopper(Il) complex via O—O bond homolysis.> From
these results, we presume that a Cull—0O* species produced via
homolytic O—O cleavage of the initially formed (u-n%n?*-
peroxo)dicopper(Il) complex may be responsible for the present
ligand  hydroxylation. The Cul'~O* species may abstract a
hydrogen atom from the benzylic position to give Cu'~OH and
a carbon-centered radical which another Cul—0O* species attacks
to yield the final product. The Cu™~OH complex thus formed
is reduced to a cuprous state that may participate in the
hydroxylation reaction again. According to this mechanism the
stoichiometry of 1:0,:benzoin is 1:1:1, agreeing with the
experimental results. In the enzymatic system, it has been
suggested that Cu—O* generated by homolytic cleavage of Cul—
O—OH is an active species of the hydroxylation reaction.!® The
present reaction may be regarded as mimicking such an
enzymatic process. At present, however, an alternative reaction
pathway which involves direct hydrogen atom abstraction from
the benzylic position by the peroxodicopper(Il) species itself
cannot be ruled out.?’ Details of the reaction mechanism are
now under investigation.
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