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Aromatic Hydroxylation by H,0, and O,
Catalyzed by a u-Oxo Diiron(i1) Complex

Stéphane Ménage, Jean-Baptiste Galey,
Georges Hussler, Michel Seité, and Marc Fontecave*

Recently a new class of enzymes, the diiron—carboxylato
proteins, has emerged in which the active center contains two
ferric ions linked by an oxo or hydroxo bridge and one or two
carboxylato bridges of glutamate or aspartate residues.!!
Methane monooxygenase converts not only methane into
methanol but reacts with a great variety of alkanes, alkenes, and
aromatic compounds as well.!?! Ribonucleotide reductase oxi-
dizes an endogeneous tyrosine to a tyrosyl radical, which ini-
tiates the conversion of ribonucleotide to deoxyribonucleo-
tide.t*} The iron center of ribonucleotide reductase also has the
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potential to catalyze hydroxylation reactions as shown by the
transformation of a tyrosine residue, brought into proximity of
the active iron center by site-directed mutagenesis, into 3,4-dihy-
droxyphenylalanine (dopa).**!

Many model compounds have been prepared but few are
capable of displaying enzymatic activity such as hydroxylation
of C—H bonds by molecular oxygen or hydrogen peroxide.©- ¢!
Our approach here was to mimic quite closely the active center
of methane monooxygenase as far as the carboxylato-rich envi-
ronment of iron and the vicinity of a substrate site are con-
cerned. An ethylenediamine tetraacetic acid (EDTA) dernivative
has been designed in which two carboxylato moities have been
replaced by two pheny! groups which serve as substrates for the
oxidation reaction.

Mixing a 1 mM solution of N,N’-bis-(3.4,5-trimethoxyben-
zyl)ethylenediamine N,N’-diacetic acid (ligand L) with four
equivalents of triethylamine in water/acetonitrile (1:1), one
equivalent of Fe(ClO,),-9H,0, and ten equivalents of sodium
acetate led to the formation of the y-oxo p-acetato diferric com-
plex [Fe,OL(CH,CO,)]™ (1). Its characterization in solution
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was based on its UV visible spectrum,'® which is indeed typical
of u-oxo u-carboxylato diferric complexes.t) Its ESI-MS spec-
trumt? displays one negative ion peak at m/z 1255.5 (100%)
corresponding to the pseudo-molecular ion [Fe,OL,(CH;-
CO,)}~ .11 Assignments were confirmed by a comparison to the
calculated isotopic pattern (Fig. 1). The solution was found to
be EPR silent suggesting that the ferric ions are antiferromag-
netically coupled through the oxo bridge. The 'HNMR
(200 MHz, CD;CN/D,0) spectrum of 1 in solution displays few
resonances. Of interest is the resonance at 6 =12.5, which is
attributed to the acetate methy! protons. Such a chemical shift
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Fig. 1. Negative ionization electrospray mass spectrum of 1. The calculated iso-
topic pattern for C,sH,s0,,Fe is indicated by the bars.

indicates that the acetate is in a bridging coordination mode.[*?!
With a propionate as the bridging carboxylate group, the
methylene protons resonated at § =11.3 and the ring m-protons
at § = 9.03 in the case of a benzoato bridge. All attempts to
isoiate and crystallize 1 were unsuccessful. However, based on
the above data 1 is proposed to be a dinuclear ferric complex
with one acetato and one oxo bridge. The coordination sphere
for each iron 1s completed by two oxygen and two nitrogen
atoms from the carboxylato and tertiary amino moieties of the
ligand, respectively.

When three equivalents of hydrogen peroxide were added to
a 1 mM solution of 1, either in aqueous acetate buffer (pH 5.4)
or acetonitrile/water (1:1), the solution turned deep blue as a
result of the formation of a new chromophore with maximum
absorption at 560 nm (Fig. 2). After saturation of the solution
with NaCl, the new species 2 could be extracted with CH,Cl, .
It was shown to be a monomeric ferric complex in which the
ligand L is hydroxylated at position 2 of one of the phenyl
groups. Monohydroxylation of L. was assessed by 'H and !3C
NMR spectroscopy after reduction of 2 with dithionite. The
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Fig. 2. Top: Absorbance at 560 nm versus time for the reaction of 1 {0.75 mm]
with H,0, (3 equiv, —) or O, (diffusing into the UV cell) and 15 equiv of ascorbate
(- - -). Bottom: UV/Vis spectrum recorded at the end of the reaction.
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positive mode ESI-MS analysis of 2 reveals only a signal at m/z
606 (90%) with the appropriate peak pattern for the pseudo-
molecular ion [Fe(L') + H]*. No evidence was found for an ion
corresponding to a binuclear species. After workup of the reac-
tion mixture with excess EDTA to remove the metal ion, the
modified ligand L’ was analyzed by HPLC/ESI-MS and con-
firmed to be N-(2-hydroxy-3.4,5-trimethoxybenzyl)-N'-(3,4,5-
trimethoxybenzyl)ethylenediamine N,N’'diacetic acid.l'* The
yield of the oxidation reaction, based on the concentration of L,
approached 80%. Attempts to crystallize the product were
again unsuccessful due to its very high solubility in all solvents.
The very intense transition at 560 nm in the visible region of the
absorption spectrum of 2 can be attributed to a phenolato-to-
iron charge transfer band (¢ =1500 M~ 'cm ™! ).1'*! The EPR
spectrum of 2 displays a transition centered at g = 4.3 at 100 K
for a mononuclear, hexacoordinated, high-spin iron(ur) ion.[*!
It is noteworthy that the EPR feature at g = 4.3 and the 560 nm
absorption band simultaneously increased during the conver-
sion of 1 into 2. We thus propose that in 2 the iron(in) center is
coordinated by two nitrogen atoms and four oxygen atoms (two
from the carboxylato moities, one from the phenolate, and one
from a water molecule).t*®]

In the presence of acetate, L coordinates to iron to generate
a dinuclear complex in which the ferric ions are doubly bridged
by an oxo and an acetato group. The ligand L provides phenyl
groups adjacent to the iron center as substrates for oxidation.
Because of the well-established lability of acetato bridges,!*”!
reaction with H,O, is possible and actually leads to aromatic
hydroxylation. At the end of the reaction, the dinuclear unit is
not recovered. Instead a mononuclear complex is obtained
with the new phenolate moiety bound to iron. The ligand L is
probably only monohydroxylated because the resulting
iron—phenolato complex 2 is unable to bind and activate H,0,
as a consequence of the greatly decreased acidity of the
ferric ion.

While alkylhydroperoxides, sodium hypochlorite, and m-
chloroperbenzoic acid do not oxidize 1 under the conditions
used with H,0,, monohydroxylation occurred in the absence of
H,0, but in the presence of molecular oxygen and excess ascor-
bate as a reductant (Fig. 2). The kinetics and yield of the reac-
tion are comparable to those of the H,0,-dependent reaction.
No reaction occurred in the absence of ascorbate. Treating 1
with ascorbate for half an hour under anaerobic conditions
partially bleached the solution. Addition of O, then generated
the 560 nm-absorbing complex 2. This strongly indicates that
ascorbate is involved in the formation of a ferrous complex
which can bind and activate dioxygen. It is unlikely that the
reaction depends on the formation of H,0,, since it is not af-
fected by the addition of catalase.

To our knowledge, this is the first report of reductive activa-
tion of molecular oxygen resulting in aromatic hydroxylation
which is promoted by a dinuclear ferric complex. This is a model
for methane monooxygenase- or ribonucleotide reductase-de-
pendent reactions. The hydroxylation of a tyrosine residue with-
in a mutant of ribonucleotide reductase is here elegantly mim-
icked in that, as in the enzyme, the hydroxylated reaction
product is bound to the iron center.!*! It must be noted that such
chemistry is well established in the case of copper enzymes and
their model compounds (8!
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A New In, Cluster with Short In—In Bonds in
Trigonal-Planar In(InTrip,);**

Penelope J. Brothers,* Klaus Hiibler, Ute Hiibler,
Bruce C. Noll, Marilyn M. Olmstead, and
Philip P. Power*

Homocatenation is an important feature of the chemistry of
Group 14 elements, but in Group 13 it appears widely only for
the lightest element, boron. Nonetheless, the synthesis and
structural characterization of metal—metal bonded organocele-
ment compounds of the heavier Group 13 metals has undergone
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a very rapid development since the late 1980s, and new struc-
tural and bonding types continue to be reported frequently. The
simplest of these are the dimetallanes, R,M—MR, (M = Al,
Ga, In, Tl; R = alkyl, aryl, silyl)!' "¢ and their derivatives
[R,M—MR,]” obtained by one-electron reduction.!”! Cluster
compounds (MR), exhibit tetrahedral ({AICp*],, [MC-
(SiMe;);1,. M = Ga, In), octahedral (JAl/Buj, , [InCp*Js), or
icosahedral ([AliBul?; ) geometry.!'> % °1 An Al, ring is found in
[Al Br,{NEt;),] whereas the cyclic trigallane dianion [Ga(2,6-
Mes,C,H)2™ (Mes = 2,4,6-Me,C.H,) is a cyclopropenium
jon analog.l!®!* Chlorogallium compounds [Ga,Cl,{Si-
(SiMe;,),},] and [Ga,ClL,(OEL, )] consist of a Ga,Cl, cage con-
taining two Ga—Ga bonds!'?) and a neopentane-like GaGa,
skeleton,!' ) respectively.

The tetraaryl dialane and digallane Trip,M—MTrip, (Trip =
2,4,6-iPr,C,H,) have been shown to be useful substrates for
reduction by lithium metal to yield the one-electron n-bonded
compounds [Trip,M = MTrip,]"~ with an M—M n-bond order
of 0.5.1"" We undertook the synthesis of the indium analog
Trip,In—InTrip, (1) to investigate its reduction by similar meth-
ods. Reaction of the tetrabromodiindane [In,Br,(tmeda),]™
(tmeda = tetramethylethylenediamine) with TripMgBr at low
temperature afforded 1 as large, bright orange crystals [Eq. (a)].

TripMgBr
(tmeda)Br,In —InBr,(tmeda) Trip,In—InTrip, (a)

E4,0, -15°C ,

The compound is thermally and photochemically sensitive;
above — 10 °C decomposition results in the deposition of indium
metal. The crystal structure of 1 (Fig. 1)1 shows it to be a

C10

CHla

Fig. 1. Molecular structure of 1. Selected bond lengths [ A] and angles [°]: In—In’
2.775(2), In—C1 2.184(7); In"-In-C1 121.6(2), C1-In-C1’ 116.8(4).

highly symmetrical compound, lying on a site of 222 symmetry
in the unit cell. The In—In distance of 2.775(2) A is comparable
to that of the small number of related three-coordinate diin-
danes (Table 1). The angle between the normals to the C-In-C
planes is 47.8° and each aryl ring is oriented at 63° with respect
to this plane at the corresponding indium atom.
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