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A. INTRODUCTION

The value of models for metalloproteins will always be relative. One of the
difficuities encountered in simulating a biosite is that, as time passes, the objective
may change with advancing knowledge. If the structure of the metal ion environment
in the metalloprotein is unknown, the objective may be to reproduce some property
of the system in a similar model coordination compound, but when the structure of
the biosite is known, then the complex must be of such a nature that it reproduces,
as far as possible, the known structure. A different emphasis is obtained when the
action of the metal in the protein is reproduced by a model compound and the
mechanism of a particular reaction is elucidated or partially explained.

A number of groups have attempted to develop chemical model systems which
mimic the functional spectroscopic properties of the biological copper active sites
[1-3]. Much interesting chemistry has been made available during the search for
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models for the copper sites of such proteins as the oxygenases. Thus, the study of
oxygenation reactions, magnetic coupling, spectroscopic properties and basic ligand
design has benefitted from research in this field.

This review presents the contributions that have been made in the area of
oxygen insertion in organic substrates. Since copper compounds are among the most
useful and versatile known oxidation catalysts, simple synthetic systems where hy-
droxylation occurs have been included. Oxygen activation mechanisms, related to
biological systems in which the metalloenzymes are involved, are presented as models
of mono-oxygenases.

The mono-oxygenases tyrosinase and dopamine f-hydroxylase are copper pro-
teins which incorporate one oxygen atom from molecular oxygen into organic
substrates [4-7]. A related system has also been reported in which the enzyme
peptidylglycine a-amidating enzyme (PAM) catalyzes the transformation of a carb-
oxyl-terminal glycine extended precursor into a carboxyl-terminal a-amidated peptide
[8]. PAM gives as direct product a hydroxyl derivative at the a-carbon of the
carboxyl terminal glycine [9].

Proteain Substrate Reaction Copper Class
atoms
Tyrosinase Tyrosine W D/\(K 2 1
28 + ZH*
(DOPA = dihydroxyphenylalanine )
Dopamine - Dopamine D/\ _ 0 Ij‘\ 1+ 1
3-Hydroxylase 28 » 2H*

{noradrenaline)

24
. . 0,/ Cu
Peptidyl - - - —_— -
ep l.y . Glycine Pept-CONH-(H,-COOH ascorbate
a- Amidating Extended Pept-CONH-CH(OH)-COOH ———em

Monooxygenase Precursors Pept-CONH, + CHO-COOH

B. MODEL SYSTEMS FOR TYROSINASE (AROMATIC NUCLEUS HYDROXYLATION)

The most extensively studied of the monooxygenases mentioned is tyrosinase.
Tyrosinase catalyzes the orthohydroxylation of monophenols to o-diphenols, and
the further oxidation of these to o-quinones. This second reaction of the tyrosinase
molecule corresponds to oxidase activity. Different studies have shown that the
principal difference between tyrosinase and the oxygen-carrying protein hemocyanin



E. Spodine and J. Manzur|Coord. Chem. Rev. 119 (1992) 171-198 173

is due to the fact that the active site of tyrosinase is more open and permits the
approach of substrates [10,11].

Solomon and co-workers [12] have proposed a mechanism for the catalytic
activity of tyrosinase in which the phenol substrate coordinates axially to one of the
copper atoms of oxy-tyrosinase. In the binuclear unit, Cu, O, substrate complex
rearrangements through a trigonal bipyramidal intermediate is accompanied by
ortho hydroxylation of the substrate followed by loss of H,O and coordination of
the diphenol product. Oxidation of the bound catechol by electron transfer regener-
ates the dicopper(l) deoxy-tyrosinase complex with release of the quinone product.
Addition of O, to form oxy-tyrosinase completes the catalytic cycle [12].

A complex similar to the catecholate intermediate postulated in the above
mechanism has been isolated and characterized by X-ray diffraction. In this model
system, the two copper ions are bridged simultaneously by a catecholate ion and a
phenolate ion at a distance of 3.25 A [13]. In the case of catecholase activity of
tyrosinase, the type III site is geometrically correct for coordination of both phenolic
oxygens in the ortho positions which are axially coordinated to both copper ions
with a metal-metal distance of approximately 3.6 A.

In the following section, the emphasis will be on binuclear copper(l) complexes,
where the coordinated polydentate ligands undergo copper-mediated reactions with
dioxygen. Since the ligands remain coordinated after the reaction, the transformed
ligand is part of the oxidized copper(Il) complex product.

(i) Ng binuclear copper systems

The reaction that has been most thoroughly studied in relation to the oxygena-
tion of an aromatic nucleus is that described by Karlin et al. [14,15]. The reaction
of molecular oxygen with a binuclear copper(l) species derived from a m-xylyl
binucleating hexadentate ligand N,N,N’,N’-tetrakis-[2-(2-pyridyl)ethyl]-o,’-diam-
ino-m-xylene (m-xylNg or m-xyl(py)) produces a binuclear copper(Il) complex. The
dication shows two pentacoordinated copper(Il) ions bridged by a phenoxy group
of the ligand and a methoxy ligand.

The crystal structure determination by X-ray diffraction of the oxidized complex
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showed that the Cu, O, bridging unit is planar, and that the ligand arrangement
around each copper atom is square pyramidal.

When the reaction was run in the absence of methanol, the product was the
analogous phenoxy- and hydroxo-bridged copper(Il). Both the structure of the
copper(l) and copper(Il) complexes were determined [15]. The phenoxo-copper(Il)
charge transfer band was assigned at 450—460 nm by comparison with spectroscopic
data of related complexes [16,17]. ‘

Manometric measurements of dioxygen uptake by the copper(I) complex and
mass spectrometric analysis of the phenoxo-hydroxo bridged copper(Il) complex,
prepared by using isotopically pure '#0,, proved that the stoichiometry of the
reaction is of one molecule of dioxygen for each molecule of binuclear copper(I)
complex.

L-H +2Cu* + 0,-2Cu?* +OH™ +L-0O"

This reaction has the same stoichiometry as that observed for the oxygenases,
which require that one of the two atoms of dioxygen is incorporated into the organic
substrate, while the other is reduced to water [18]. This mechanism supposes the
formation of a peroxo intermediate which disproportionates into an oxygen atom
which is inserted into the organic substrate and an oxide which is protonated.

The first thermodynamic and kinetic data for the reversible dioxygen binding
behaviour of Cu,(m-xyl(py)) indicate that the copper(I) complex forms a dioxygen
adduct. The dioxygen binding process is effectively a one-step process (k). The
adduct decomposes irreversibly in a first-order process giving the hydroxylated
product (k;). The determined values for k, are 0.0028 s~ ! (—80°C) and 104 s~ ! (20°C)
with AHS = 47.6 k] mol ! and AS§ = —44 Jmol ™! [19].

The fact that the copper(ll) complex with this type of ligand reacts with
hydrogen peroxide to give as a product the y-hydroxo complex with the hydroxylated
ligand in position 2 was considered as evidence for a peroxo intermediate [20].

L—H + 2Cu?* + H,0, » [2Cu?* (LO~)(OH )]

The kinetics of the hydroxylation reaction starting from a dicopper(Il) complex
was also studied [21]. These recent studies reveal that the mechanism must be
different because four copper ions and hydroperoxide are involved when starting
with the copper(Il) dimer, whereas hydroxylation using the copper(I) complex in-
volves only an intramolecularly bound oxygen.

The copper-mediated hydroxylation of the dinucleating ligand m-xyl(py) géner-
ates the m-xyl-OH(py) ligand. This can be simply obtained by leaching out the
copper(Il) ions with aqueous ammonia from the dicopper(Il) u-phenoxo u-hydroxo
m-xyl(py) complex.

The free phenol can then react with a copper(l) salt in the presence of a base
to give the phenoxo-bridged copper(l) complex whose structure was determined by
X-ray diffraction [22]. The geometry about each copper(l) atom is best described as
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pyramidal. The basal plane is formed by two pyridine nitrogen atoms and the oxygen
atom of the bridging phenoxo group.

NH3 {ag) CulCH3CN),
base/Me OH

G (Y 680

[Quzm-xyl-0{R)]*

The [Cu,m-xyl-O(py)]* complex reacts with molecular oxygen to give a per-
oxo-bridged species. Vibrational, electronic and resonance Raman spectral studies
have been made [22,23]. EXAFS studies rule out a u-1,1-bridged structure, but the
copper—copper distance of 3.31 A cannot distinguish between u-1,2-bridging or termi-
nal peroxo coordination at the dinuclear copper site [24]. If the solution is warmed
up, the oxygenated derivative decomposes irreversibly to give the phenoxo-hydroxo
doubly bridged dicopper(II) complex [25]. _

Karlin and co-workers report the synthesis and reactivity with molecular
oxygen of a dinuclear copper(I) complex [Cu,(UN)]** where UN is a modified m-
xyl N ligand which permits the formation of unsymmetrically coordinated copper(l)
ions [26].

u——N\/©\N CU

Dioxygen binding to [Cu,(UN)]*" is reversible at —80°C, and four oxygena-
tion/deoxygenation cycles can be carried out without severe decomposition. Oxygen-
ation of [Cu,(UN)}** at temperatures >0°C in CH,Cl, or DMF quantitatively
produces the hydroxy-bridged copper(ll) complex, with the hydroxylated aromatic
ligand. In the hydroxylated copper(I) complex, the twisting of the chelating arms is
such that both copper ions are on the same side of the benzene ring plane and the
axial pyridine ligands are on the same side of the square-based pyramidal copper
atoms. The opposite situation is true in the [Cu,m-xyl-O(py)]*>* complex.

A copper(I) complex with the m-xyl(py) binucleating ligand which has been
modified by the incorporation of a methyl group in the 2 position was oxidized with
molecular oxygen [27].
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HaC CH,
N N
/‘ > CH3 ( —\
g J
K R

The resulting product showed the loss of one N(py), arm, the hydroxylation
of the m-xyl(py) ligand and the concomitant migration of the methyl group on the
aromatic ring to an ortho position to the entering OH group.

The results described for this copper monooxygenase model system also provide
support for previous suggestions that the catalytic action of tyrosinase proceeds via
electrophilic attack on the aromatic substrate [28].

The copper(I) complex with the m-xyl(py) ligand in which the reactive position
has been blocked by a fluorine atom in order to avoid hydroxylation gave an oxygen
adduct in the form of peroxide at low temperature [29].

A modified m-xyl(py) ligand was synthesized with a S-hydroxy substituent in
order to study the possibility of a reaction similar to the one observed in tyrosinase.
That is, the formation of the 2,5-dihydroxo dicopper(II) complex, and the further
intramolecular redox process to a p-quinone dicopper(I) species. The reaction proved
to be quite complicated with the final product corresponding to a hydroxylated
species in which the initial OH group was arylated [30].

The hydroxylation reaction of the xylyl binucleating ligand in the copper(l)
complex can be avoided when it is modified to a ligand containing the same aromatic
substrate (benzene ring) and only one tridentate chelating group.

Qs

N

\S

[

o

The oxidized copper(I) complex is a binuclear oxo-bridged species. This complex
reacts with water to give the dihydroxo-bridged copper(Il) complex which has been
characterized crystallographically [31]. Since the mononuclear complex reacts with
dioxygen in a 4:1 (Cu:0,) ratio, and hydroxylation does not occur, this supports
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the fact that a peroxo intermediate must be formed in order that arene hydroxylation
reaction may occur.

Upon oxygenation, the copper(I) complexes containing the ligands NnPy2, in
which the two Py2 units (Py2 = bis(2-(2-pyridyl)ethyl)amine) are connected by alkyl
chains of varying lengths (n=3-5) instead of the m-xylyl moiety, form intensely
coloured solutions varying from deep purple to brown, depending on n. The reaction
proceeds reversibly and manometric measurements at —80°C confirm the stoichiome-
try of the reaction to be Cu:0, =2:1 [32,33]. EXAFS studies support a description
of the oxygen adducts as four- and five-coordinated peroxo-bridged dicopper(Il)
complexes with copper—copper distances in the range of 3.2-3.4 A [34].

The reaction of [Cu,{m-xyiNg)]1(BF,), (where the heterocycles are pyrazolyl
moieties) with dioxygen gives a bis(u-hydroxo)-bridged complex, [Cu,(OH),(m-
xylNg)1(BF,),, instead of a complex with a hydroxylated ligand. Thus, when the
pyridine groups of the m-xyl(py) ligand are substituted by pyrazoles or by benzimida-
zoles, the aromatic nucleus is not hydroxylated. This fact is indicative of the impor-
tance of the electronic conditions which govern the oxygenation reaction. The much
lower basicity of pyrazole relative to pyridine must substantially influence the reactiv-
ity of the complex [35].

To continue exploring the chemistry of this type of ligand, new hybrid ligands
containing combinations of pyrazole, pyridine, and imidazole were prepared by
Sorrell et al. [36]. All of the dinucleating ligands provide three nitrogen donors to
each copper ion and each coordination unit is separated by the m-xylyl group.

) Co

ho

. x = y=2+(N-methylimidazolyl)

. x =2-pyridyl, y = 1-pyrazolyl

. x = 2-pyridyl, y = 1-(3,5-di-methylpyrazolyl)
. x = 2-pyridyl, y = 2-(N-methylimidazolyl)

. x =y = 2-(N-methylbenzimidazolyl)

W B W N —

Hydroxylation of the arene ring was not observed since all these complexes
react via four-electron reduction of the dioxygen molecule to give bis(u-hydroxo)
copper(Il) dimers. These complexes are characterized by absorptions in the region
at about 360 nm, typical of di(u-hydroxo) dicopper(Il) complexes [37,38]. However,
the binuclear tricoordinated copper(I} complex Cu, L (L = 5) exhibits tyrosinase-like
activity on exogenous phenolic substrates [38]. Methyl-4-hydroxybenzoate was se-
lected as exogenous phenol since the corresponding o-catechol is relatively stable to
further oxidation. Experiments using ‘80, yielded #O-labelled catechol.
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The reaction of Cu,(L)** (L =2) with H,0, in DMF was also studied and
the reactivity pattern was similar to that found for m-xyl(py). The spectrum resembled
that for previously characterized u-phenoxo complexes having the same nitrogen set
of donor atoms. In particular, there was a new band at 380-390 nm indicative of
hydroxylation of the aromatic nucleus [15,39].

The binucleating hybrid ligands containing pyrazole and pyridine, which pro-
vide three nitrogen donors to each copper(l) centre and a phenolate group to bridge
the two metal ions, are oxygenated by molecular oxygen [39].

; 3
C e s
N N N= R
J 'VQ 0
R

At room temperature, all the complexes (both phenolate and phenol) react with
dioxygen and are oxidized to the u-phenoxo-u-hydroxo copper(Il) species. However,
at low temperatures (— 78°C) in dry CH, Cl,, a more interesting chemistry is observed.
A peroxo adduct (2:1 =Cu:0,) characterized by an intense band at 500 nm is
observed in the visible spectrum for the copper(I) phenolate complexes. The copper(l)
phenol complexes also react with dioxygen at —78°C to give an hydroperoxide
moiety. The final product in both cases is the hydroxo-bridged copper(Il) binuclear
complex. Thus, substituting pyrazole or dimethylpyrazole for one of the pyridine
groups in the ligand apparently has little or no effect in the reactivity of the copper(I)
complex towards molecular oxygen. This is in contrast to structurally related Cu(I)Ng
complexes in which the phenolate bridge is absent. The pyrazole ligated complexes
react very differently from their pyridine analogues by failing to produce the hydroxyl-
ation of the aromatic nucleus.

Another example which has been reported as a model system for tyrosinase, of
the Ng type, is a binuclear copper macrocyclic Schiff base complex in which the
metal centres are coordinated by two imine nitrogen and one aliphatic nitrogen
donor atoms [40,41]. The ligand is a 24-membered hexadentate macrocycle prepared
by the non-template condensation of m-phthalaldehyde and triethylenetriamine.

The binuclear copper(I) complex of this ligand reacts with dioxygen to give the
corresponding copper(II) complex with hydroxide and ligand-derived phenoxide
bridging groups.

Martell also reported a dinuclear copper(l) complex of a modified macrocyclic
Schiff-base ligand which contains two furan bridge moicties and two terdentate
bis(imine)nitrogen sites [42]. The change of colour on oxygenation of a copper(l)
complex in acetonitrile-methanol solution from yellow to red-brown, permits one

CH;

il

R

N

__N
R
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S N 4ViVi
HN—Cu CU\—-NH —_— }f_/{{ Cu\— NH
/N /NN

to postulate an intermediate dioxygen adduct with a formally peroxo bridge coordi-
nating two copper(Il) centres [43]. The spectral changes are similar to those observed
by Nishida et al. [44], Karlin et al. [25,45], and Kitijima et al. [46], and are associated
with peroxo species. The solution is further oxidized, and a dinuclear copper(II)
complex is isolated in which the metal centres are bridged by hydroxo and methoxo
groups. The copper—copper distance is 2.958(3) A, and an unusual coordination mode
which is a distorted square-planar toward a tetrahedral arrangement is formed
around each copper atom. The lack of an oxygen insertion reaction is explained on
the basis of the bridging oxygen-containing furan groups instead of aromatic xylyl
groups, and that there is no electron-donating group nearby to react with the
coordinated dioxygen.

}E \ / j — % [N\CIU \CU/—Q _ }g\l—\CGO{;u/-NH

CH \
Y T N A
N N N
0 0
iy Nilg Nile
(ii) N, binuclear copper systems

Casella et al. have studied a series of binuclear two-coordinate copper(l) com-
plexes with one imino and one imidazole donor nitrogen atom per metal centre as
model systems of tyrosinase.

The condensation of benzene-1,3-dicarboxaldehyde and two molecules of hista-
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mine or histidine gives a ligand which forms binuclear two-coordinate copper(I)
complexes [47-49].

R' i R

<
/
/
4
"
I
)
o
\)
=
™

The oxygenation behaviour of the complexes derived from imidazole is compli-
cated and depends markedly upon the solvent. In dry, non-protic solvents such as
acetonitrile, simple oxidation of copper(I) to copper(II) occurs. The products of the
reaction can be formulated more as mono-imidazolate bridged, hydroxo copper(l)
complexes. However, when the oxygenation of the complexes is carried out in a
protic solvent such as methanol, copper(I) oxidation is inhibited by the hydroxylation
reaction of the aromatic nucleus of the ligand at the 2 position,

The oxygenation of the N-methylated imidazole group complexes is much more
rapid in a protic solvent such as methanol than in acetonitrile. Promotion of the
hydroxylation reaction by |H*| suggests that a protonated dioxygen intermediate is
involved as a key step. A copper-hydroperoxo species was also characterized at low
temperature by Karlin et al. for the m-xyl(py) copper(Il) complex [50,51]. A
copper(I—OOH complex generated by the one-electron reduction and protonation
of a superoxo copper(ll) compound has been described by Thompson [52].

Sorrell and Garrity reported that a Schiff-base ligand derived from isophthalal-
dehyde and (aminoethyl)imidazole is hydroxylated when its copper(I) derivative is
treated with dioxygen in acetonitrile solution [53].

CH3—N/7 (\N'CH3 CH3-N/:7 H ﬂ'“‘h

N N 0 N=
t oo j 02 _ (j@’ N §
N N CH3CN | \? \ﬁ

This reaction permits one to conclude that the substitution of the imidazole
ring in this kind of Schiff-base ligand complex has little effect on the reaction.
A similar system to the one studied by Casella et al. was obtained by the
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reaction of benzene-1,3-carboxaldehyde with 2-(2-pyridyl)ethylamine. The binucleat-
ing ligand 1,3-bis[ N-(2-pyridylethyl)formidoyl Jbenzene has two bidentate 2-(2-pyri-
dyDethylimine units separated by a m-xylyl bridge {54].

X-ray analysis of the complex revealed that each copper(l) is coordinated to
three nitrogen donor atoms, {wo corresponding to the pyridyl ethylimine moiety and
one to acetonitrile, which must be labile in solution.

The reaction of the above-mentioned copper(l) complex with molecular oxygen
gives a binuclear copper(II) complex with incorporation of two oxygen atoms; one
is inserted into the aryl-hydrogen bond of the initial copper(I) complex, while the
other is incorporated into the hydroxo bridge. The Cu, O, unit deviates from
planarity with an O(1}-Cu(1)—O(2}~Cu{2) torsion angle of 9.3°.

This example of aromatic hydroxylation with binuclear copper(l) complexes
and dioxygen shows that the reaction is not specific for a tridentate nitrogen ligand
per copper system. In this case, the copper(I) complex contains one bidentate and
one monodentate ligand attached to each metal centre.

A similar complex can be obtained with the ligand 1,3-bis[ N-2-(2-pyridyl ethyl)-
formidoyl]-2,5-dihydroxy benzene, N,, which gives a stable hydroquinone-contain-
ing binuclear copper(Il} complex [55].

OH OH

f
N OH N u(ClQ,),* 6H,0 NG 8 N
o (u Qu

=N N= =N
W \ 7/ \ 7 \ 7/

N\,
T[>
=
NG

The hydroquinone moiety is not oxidized to a quinone in the presence of the
two copper(Il) ions in the complex. Apparently the two electron-withdrawing imine
substituents present in the ligand increase the oxidation potential of the hydroquinone
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sufficiently to prevent intramolecular electron transfer to the copper(Il) ions in the
complex.

The molecular structure of this complex shows strong similarities with the
previously described unsubstituted analogue which is obtained by oxygen insertion
into the aryl carbon—hydrogen bond of the corresponding binuclear copper(I) com-
plex [54].

The distances in both binuclear species for the copper—copper bond are 2.991(2)
and 2.990(2) A for the complex prepared from copper(I) perchlorate and for that
obtained by reaction with dioxygen, respectively. It is a typical distance of binuclear
copper complexes containing two one-atom bridging ligands [35,56].

The known binuclear tyrosinase model systems in which an aromatic nucleus
is hydroxylated can be summarized as follows:

(1) Karlin reported the first tyrosinase model, which consists of a m-xylyl
binucleating ligand which provides two pyridine nitrogens and one aliphatic nitrogen
donor to each copper ion [14,15].

(2) Casella and Rigoni described a tyrosinase model consisting of a dinuclear
copper complex with one imino and one imidazole donor per metal centre [4749].

(3) Gelling described an analogous Schiff-base model complex in which the
copper ions are coordinated by an imine nitrogen and a pyridine nitrogen [54].

(4) Martell reported a dinuclear copper macrocyclic Schiff-base complex in
which the metal centres are coordinated by two imine nitrogens and one aliphatic
nitrogen atom [40-42].

(5) Sorrell found hybrid ligands similar to those described by Karlin containing
a Ng system and a phenolate oxygen atom coordinated to the copper atoms [36,39].

All these tyrosinase models are dinuclear copper complexes in which the metal
centres are coordinated by nitrogen donors supplied by pyridine, imidazole, Schiff-
base imine or combinations of these donor groups.

The macrocyclic tyrosinase model makes evident that an open-chain binucleat-
ing ligand is not a prerequisite. It has also become evident that the nature of the
donor groups and the number of donor atoms per copper atom are not critical.

However, the position of the copper atoms with respect to each other and to
the aromatic C—H bond is of great importance since it will permit dioxygen to
coordinate in the proximity of the site to be hydroxylated and will make a concerted
electron-transfer process feasible. It seems that the strategy of preparing a tyrosinase
mimic involves the synthesis of a binucleating ligand which can locate two copper
ions within approximately 3.5 A of each other while providing two or three nitrogen
donors to each metal ion [57].

An important question which arises from the analysis of the data described in
the previous section is the fact that the peroxo intermediate, which is presumably
nucleophilic, seems to act as an electrophilic oxidant. Since not all the reactions
analyzed secem to be proton-assisted, there may be two different mechanisms for the
oxygen insertion reaction studied.
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The copper(III) species Cu=0 has also been postulated as being formed by
homolytic scission of the y-peroxo bridge in tyrosinase [58], and in the hydroperoxo
copper group in dopamine f-hydroxylase [59,60].

(iii) Mononuclear copper systems

This section is mostly related to the oxygenation of external substrates. Sub-
strate coordination to the copper ion(s) is most likely involved in the oxidation of
external organic molecules, just as it is the case of polydentate ligand copper(l)
complexes.

(a) Hydroxylation of pyridine
The copper(l) complex with the ligand obtained by the condensation reaction

of 2-vinylpyridine with aminomethylbenzene and aminoethylbenzene can be
oxygenated by iodosylbenzene [61].

N/(cnz)n

\N%Cu CH3CN | PRy

Complex I (n=1or2)

Mechanism:

Complex I + Phi0 —— R-N—EU(III)=O

I+ — R-
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Some 50% of the monohydroxylated pyridine derivative is recovered, after
leaching the copper(Il) complex with NH;. This is the first example of a copper-
mediated hydroxylation of the pyridine nucleus. Hydroxylation of the |{CH,),—
benzene side chain does not take place. An explanation could be that the —~(CH,),—
benzene side chain cannot be properly located relative to the oxo group in the
copper(Ill) square planar complex IL

When the same reaction is done in CH, Cl,, instead of CH;CN, the hydroxyla-
tion does not take place [31]. This result emphasizes the importance of the solvent
in copper-mediated oxygen transfer reactions.

(b) Hydroxylation of phenol
Production of catechols. There is a catalytic system that permits one to obtain
catechols from phenols without cleavage of the aromatic nucleus [62]. This system
corresponds to cuprous chloride in low catalytic concentrations, metallic copper and
molecular oxygen.

Ry OH R 0 Ry OH
D’ o 0 v w La2ll2, jzj Sam AL EZ
R CHON g 0 R, oH

2

The proposed mechanism considers the formation of a cuprous phenolate as
the first step. An intermediate of copper(1Il) is postulated; the redox reaction of this
species generates the stable copper catecholate and a chlorohydroxo copper(Il) salt.
This salt reacts with the hydrochloric acid produced in the first step to generate
cupric chloride, which is finally reduced by metallic copper.

OH CHyCN 0~ -
©/ . gt 3 ©/ Q) wintl e

A

0~
A + 0 — O QU e
0 n
0
B
OH
B QO/CU(”

C

0
~
C —_ E:[O/Culll) + CuloH)Cl

C°

CufOH)CL + HCl  ———=  Cull, —E-H?E_N—. CuaCl,
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This reaction has a high yield for phenols with substituents such as R, and/or
R, =CH,, t-butyl, or Ry =H and R, =p-OCH;, or R; =R, =H. The catalytic
system becomes less efficient if R, = H, R, = p-OR, m-CHO, —COR, —COOR.

For asymmetric phenols in which the ortho positions are free, the more negative
ortho position is preferentially hydroxylated.

CO,CH, C0,CH; 0,CH;
@\ CuyCly 1 C:IOH
—— ey L d
OH 0, OH OH
OR
80% 20%

This same reaction can be accelerated by irradiating the acetonitrile solution
of CuCl, in the presence of phenol by a UV mercury lamp (40% of the time of the
thermal reaction is required) [63,64]. The product distribution differs from the one
obtained for the thermal reaction, where less 1,4-oxygenation products are formed.

The photocatalytic oxygenation of phenols by copper(I) chloride appears to be
a complex reaction which cannot be described as purely photoassisted nor as a
photoinduced catalytic process.

Bulkowski and Summers reported the oxygenation of phenol to o-benzoquinone
using a dinuclear copper complex of a macrocyclic ligand [65].

\
Cu(l) -~ Qll) + 0p ——— i Cu(l)

(A) — D Qul) s WY
Nowo” b

(B)

(8) + H* —_—

0 0

Hs ! M

§>0—Culn ol
‘\_/

(9]

0
() — @ + Hp0 +  Cull)-Cull)
0 ~—"



186 E. Spodine and J. Manzur [Coord. Chem. Rev. 119 (1992) 171-198

Another dinuclear copper(I) complex which exhibits both a catalytic phenolase
and a catecholase activity with exogeneous 2,4-di-t-butylphenol and 3,5-di-¢-butylca-
techol, respectively, was prepared by Réglier et al. [66].

oy
/N\ /N _
} N N7 Cu

Cu

(CH3CN),

This chemical model is reported to be the first to present turnovers ranging
from 11 to 16 h™ 1,

A completely different system, formed by [(phen)(Ph; PYCu(CO;Hj)] (where
phen = 1,10-phenanthroline, Ph, P = triphenylphosphine, CO;H = bicarbonate ion)
in the presence of excess phenol and O,, generates a catecholate species [(phen)Cu
(OPh)(OCzH,4-2(OH)] (where OPh = phenolate ion and OCg4H,-2(OH) = catheco-
late monoanion). The catecholate group, which is present in the copper(IT) complex,
originates from a phenol hydroxylation reaction assisted by the copper centre [67].

Thus the ortho-hydroxylation of phenols, stemming from the pioneering work
of Brackman and Havinga, is of considerable interest in systems that are not only
of commercial interest, but also as simple model systems for the action of tyrosinase
[68].

Production of hydroquinones.  Hydroquinone can be produced by the copper-
catalyzed oxidation of phenol with O, to p-benzoquinone, followed by reduction
[69,70]. The reaction, catalyzed by cuprous or cupric chloride, proceeds in acetonitrile
under various conditions of temperature and pressure of dioxygen. The same catalyst
is used to reduce the p-benzoquinone to hydroquinone using hydrogen.

Capdevielle and Maumy have shown that, by changing the catalyst to phenol
ratio (catalyst = Cu, Cl, O,{CH; CN);), it is possible to obtain either oxidative coupling
or para hydroxylation in a selective form, giving quinones or diphenols. For example,
under stoichiometric conditions, 2,6-disubstituted or 2,3,6-trisubstituted phenols give
the p-benzoquinones, whereas 2,4,6-trisubstituted phenols give quinols [71].

(c¢) Hydroxylation of benzene
The hydroxylating properties of the copper(I)-dioxygen system were discovered
by Underfriend et al. in 1954 [72]. Ito and co-workers have shown that benzene is
readily oxidized by dioxygen to form phenolic compounds in sulphuric acid solutions



E. Spodine and J. Manzur | Coord. Chem. Rev. 119 (1992) 171-198 187
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containing cuprous ions [73-76]. Arguments for and against the involvement of
+ OH radicals in this reaction have been presented. Recently, new evidence has been
obtained which permitted one to conclude that the reaction proceeds via - OH
radicals [77-79].

It was suggested that the H,O,, produced in the auto-oxidation reacts with
copper(I) to give - OH radicals in a Fenton-type reaction. The - OH radicals that
are formed react with benzene to give the hydroxycyclohexadienyl radical, which
forms the phenolic products. The selectivity of phenolic products is remarkably high,
and an appreciable amount of hydroquinone is produced without any complicated
treatment. The formation of hydroquinone in the oxidation with copper(I)-dioxygen
system has been confirmed by Weismeijer and co-workers [80]. Although the Fenton
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reaction of benzene, where copper(l) is replaced by ferrous ions, has been studied
extensively, the formation of hydroquinone has never been reported [81,82].

The possibility of oxidation of phenol to hydroquinone with - OH is shown to
be improbable. When phenol is oxidized as the starting material in place of benzene,
the yield of catechol exceeds hydroquinone over the pH range of 1.3-3.5 [83].

The following mechanism is proposed:

OH

hydroperoxide

peroxy radical

The possibility of an attack of a copper(I)-dioxygen intermediate (CuOj; ) on
the, hydroxycyclohexadienyl radical (I) is also considered as a possibility. Steric
hindrance eliminates an attack at the ortho position of such a bulky intermediate,
and thus the formation of catechol.

Using 120,, it was demonstrated that the two oxygen atoms in the hydroqui-
none are incorporated in two separate steps, and not in one step for a single oxygen
molecule [84].

These facts are indicative of the differences that exist between the reported
copper(I)-dioxygen system and the enzymatic hydroxylation of aromatic compounds.

A study was made of the hydroxylation of benzene, fluorobenzene, nitrobenzene,
and anisole with copper(I)-H, O,, in the presence of excess copper(Il). It was shown
that copper(IIf) produced via the reaction of copper(Il) and -OH radicals does not
hydroxylate these aromatic compounds in neutral or weakly acid solutions. Under
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these conditions, the radical cation pathway, which is pH-dependent, does not occur.
Therefore the hydroxylation reaction proceeds exclusively via - OH radicals [83,84].

(iv) The trinuclear copper model system

The trinuclear copper(I) complex with ligand L has a behaviour reminiscent of
copper monooxygenases, since the benzene ring is hydroxylated upon the reaction

e
ol

of the complex with molecular oxygen. At —80°C, the hexanuclear cluster is obtained
from CH,Cl,/CH;CN solution. X-Ray diffraction studies confirm that this complex
has two types of copper(Il) environment [85].

3%

e

Y

C. REACTION OF ORGANOMETALLIC COMPOUNDS WITH DIOXYGEN

A regioselective oxygenation of aromatic compounds results from the reaction
of molecular oxygen with aryl copper(I) and lithium diarylcopper(l) complexes [86].
Thus, while the reaction of R,CuLi (R =aryl) with molecular oxygen gives the
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oxidatively coupled R—R product, the bis(2,6-bis(methoxymethoxy)-4-methylphenyl)
cuprate produces the corresponding phenol as the major product with the R—R as
a sub-product in minor amounts.

RCu also produces phenol in the reaction with molecular oxygen. Radical
inhibitors lowered the phenol/dimer ratio, thus indicating that a radical mechanism
is involved.

Phenols are also formed when RCu (R = aryl) and 2, 3, or 4 tolyl-Cu react with
molecular oxygen in non-polar solvents [87,88].

(i) Model systems for dopamine B-hydroxylase ( aliphatic chain hydroxylation)

The monoxygenase dopamine S-hydroxylase has been studied less than tyrosi-
nase [89]. For dopamine f-hydroxylase, EXAFS study indicates that each of the
two copper centres is coordinated to at least three imidazole groups and a solvent
molecule. More recent EXAFS data on dopamine f-hydroxylase suggest the presence
of a sulphur-containing ligand at a bonding distance of Cu—S =2.3 A [90]. EPR
data are consistent with a square pyramidal site at the metal centres [91]. In contrast
to tyrosinase, definitive evidence does not exist for dinuclear copper at the active site
of dopamine f-hydroxylase, which catalyzes the benzilic hydroxylation of ring-
substituted phenylethylamines.

In the reaction mechanism of mono-oxygenase activity, a CaOOH species has
been postulated for dopamine f-hydroxylase. It is suggested that the reduction of
O, at a copper(]) centre is accompanied by a proton transfer from a protein-derived
group, leading to the copper-hydroperoxo intermediate. This is then capable of
abstracting a hydrogen atom from the benzyl dopamine substrate and subsequent
oxygen atom transfer leads to products [60,92-95].

Dopamine is hydroxylated to noradrenaline, an important step in the modifica-
tion of transmitter molecules [89]. There are several reports suggesting that epileptic
attacks occur with depletion of norephinephine synthesis in the brain. Therefore the
elucidation of the copper dependency of the synthesis and the mechanism of enzimatic
activity of dopamine f-hydroxylase is very important [96-98].

D. MONONUCLEAR COPPER SYSTEMS

Only a few examples have been cited in the literature in which low molecular
weight complexes are hydroxylated on an aliphatic group instead of the more
common arene hydroxylation.

Thompson prepared a mononuclear copper(l) complex with N,N,N’,N'-tetra-
ethylene diamine (TEEN) and ethylene as ligands, which reacts with dioxygen at low
temperature in methanol (H,O) solution. A peroxo moiety is obtained, and the
reaction can be reversed by displacement of the oxygen with ethylene [99].

The peroxo-bridged dicopper complex undergoes oxidation upon standing at
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room temperature, the product containing an ethyl group of TEEN ligand which
has been hydroxylated.

[Cup(TEENNH,0)(0,01%"

m R

The hydroxylated di-u-hydroxo dicopper(II) complex has been crystallographi-
cally characterized. Although the mechanism is not clear, the hydroxylation is most
certainly derived from the cupric peroxo compiex.

Alkyl monooxygenation chemistry has been described by Zuberbuhler and co-
workers involving the insertion of an oxygen atom into the methylene group of di(1-
methylbenzimidazole-2-yl)methane or di(2-pyridyl)methane and conversion to the
ketone product [100,101]. No reductant is required, and the reaction is dependent
on the metal as catalyst; this only takes place when a copper(Il) salt is used.

CHy CHg GHs

Ol a2 OO0

These reactions were considered as examples of internal monooxygenase reac-
tions since O, is used as oxidant, one atom from dioxygen is incorporated into the
substrate (as proved by labelling experiments) and H, O is also produced.

The corresponding alcohols have been excluded as intermediates in the direct
oxidation reaction of the methylene group to ketone in aqueous solution [102].

If the bis-(di(2-pyridyl)jcopper(Il) complex in methanol solution is made to
react with dioxygen in the presence of chloride ions, the reaction product isolated
corresponds to a chloro complex with one of the two coordinated ligands in the
hydroxylated form, [Cu(DPM)(DPMOH)CI]CIO,. The octahedral copper(Il) com-
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plex, in which the hydroxylated methylene group binds the metal centre in an axial
position, has been crystallographically characterized [103].

[Cu(DPM),1(CI0,); —2 - [Cu(DPM)(DPMOH)CI)CIO,

In the absence of chloride ions, the compound isolated was a dimeric copper(II)
complex, the two metal centres being bridged by an OH group and by an organic
molecule, L, that resulted from the reaction of the di(2-pyridyl)methane and di(2-
pyridyl)ketone (L = 1,1,2,2-tetrakis(2-pyridyl)ethylene) [104]. The copper(II) complex
[Cu,(DPM), L(OH)](CIO,); - 2H, O also contains two di(2-pyridyl)methane ligands,
each bonded to a copper(Il) centre in a chelating way. This dimeric complex was
formed at room temperature after a long period of reaction during which the ketone
was formed [105].

If the condensation reaction, which proceeds only in the presence of copper(II)
ions, is done directly at room temperature, the same compound is obtained within
the first 30 min of reaction. This dimeric complex was characterized by X-ray diffrac-
tion [106]. However, a mononuclear copper(ll) complex [Cu(DPM)L'}(CIO,),*
MeOH (L' = R,—CH—COH—R,, R = pyridyl) is obtained when the reaction mixture
is heated [107].

Kinetic studies indicate that the oxygenation reaction mechanism of di2-
pyridyl)methane is complicated and solvent-dependent [108].

A system that has a certain similarity with the oxygenation reaction of the
methylene group of bis(1-methylbenzimidazole-2-yl)methane substrate in the pres-
ence of copper(Il) ions [100] has been described by Reed and co-workers [109]. The
isolation and structural characterization of bis(2-carboxy-N-ethylbenzimidazole) cop-
per(Il), [Cu(2-O,CBz—Et),], a copper-promoted oxidative degradation product of
the binucleating ligand L, has been reported.

Et Et
N N

O e
QPN
L = _
Et-N N N N-Et

o O

The synthesis of [Cu(2-O,CBz-Et), ] involves oxygenation of a copper(I) com-
plex of the above-mentioned binucleating ligand. The oxidative degradation product
is postulated to be due to the fact that the methylene group, which is adjacent to an
aromatic ring and to an electronegative nitrogen atom is fairly acidic. Since the
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dioxygen coordinated to copper is expected to be quite basic, the proximity of these
functionalities within the coordination sphere of copper starts the oxidation reaction.

These results lead to the conclusion that the copper proteins must isolate the
Cu, O, moiety from close contact with highly activated C—H bonds in the polypep-
tide chain to avoid bond cleavage.

E. MODEL SYSTEM FOR PEPTIDYLGLYCINE a-AMIDATING MONOOXYGENASE (PAM) (GLYCINE-
EXTENDED PEPTIDE HYDROXYLATION)

The enzyme peptidylglycine a-amidating monooxygenase catalyzes the pro-
duction of peptide amides from their glycine-extended precursors [8,110]. However,
PAM, which is a copper-dependent and ascorbate-requiring monooxygenase, appa-
rently is not responsible for the final product. May and co-workers propose a two-
step process with PAM first catalyzing the conversion of the glycine-extended peptide
to the a-hydroxylglycine derivative, which is then converted to the final amide
product by a-hydroxyglycine amidating dialkylase (HGAD). This last step is not
copper-assisted [111].

Although the detailed mechanism of the action of PAM is yet to be established,
this enzyme is strikingly similar to dopamine S-monooxygenase [112].

Two mechanisms have been proposed for the formation of the hydroxyglycine
intermediate: (a) direct hydroxylation on carbon, (b) via oxidative formation of an
N-acyl imine followed by stereospecific addition of water [113].

0 Direct ) 0 )O\H
R/u\l‘;l/\CGZH Hidroxylation R)\fﬂ CO,H
H H
H,0
Dehydrogenation
0

Vederas and co-workers report evidence for the direct hydroxylation mechanism
based on 180 labelling experiments [114].

Perkins et al. [115] have given a description of the reaction that is catalyzed
by PAM, assuming that the enzyme contains two subunits with separable activities:
peptidylglycine a-hydroxylating moncoxygenase (PHM) requiring copper, molecular
oxygen and ascorbate and producing peptidyl-a-hydroxy glycine intermediates,
cleaved in a second step into COOH-amidated peptides and glyoxylic acid by
peptidylhydroxy-glycine x-amidating lyase (PAL).

Capdeville and Maumy report three distinct copper-containing oxidant systems
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involving dioxygen, peroxide anion or trimethylamine oxide which selectively hydrox-
ylate the model substrate N-salicyloylgyicine in the « position [116]. Trivalent copper
is possibly the key intermediate in this first reported model for the PHM activity of
PAM. The proposed mechanism is

P QH ) 0 H
] § = ‘)
e e
g-Cu—0 - tu=—0t*) Cu—0t~
0 0/\
OH OH
Z.
. |
e
0 H 0

OH
0

L~ ) i 0 ﬁl
@N C0H 1200y C(k N),“\FO @:U\ N/,\ﬁ)
OH o~ =0 o0

The precise mechanism of all these reactions remains uncertain, and much
remains to be done in order to have a thorough understanding of oxygen activation
mechanisms. However, it is becoming increasingly clear that molecular oxygen is not
involved directly in reactions with organic substrates. It is generally accepted that
the required activation of molecular oxygen is achieved by reaction of the oxygen
with the transition metal complex or the metal centre of the enzyme molecule. 1t is
then the reaction of these oxygen-containing intermediates with the complexed
organic substrate that brings about the observed oxygen insertion reaction.
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