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Abstract: The chemical pathways lead-
ing to the hydroxylated aromatic amino
acids in phenylalanine and tryptophan
hydroxylases have been investigated by
means of hybrid density functional theo-
ry. In the catalytic core of these non-
heme iron enzymes, dioxygen reacts
with the pterin cofactor and is likely to
be activated by forming an iron(��)�O
complex. The capability of this species
to act as a hydroxylating intermediate
has been explored. Depending on the
protonation state of the ligands of the
metal, two different mechanisms are

found to be energetically possible for
the hydroxylation of phenylalanine and
tryptophan by the high-valent iron ± oxo
species. With a hydroxo ligand the two-
electron oxidation of the aromatic ring
passes through a radical, while an are-
nium cation is involved when a water
replaces the hydroxide. After the attack

of the activated oxygen on the substrate,
it is also found that a 1,2-hydride shift
(known as an NIH shift) generates a
keto intermediate, which can decay to
the true product through an intermolec-
ular keto ± enol tautomerization. The
benzylic hydroxylation of 4-methylphe-
nylalanine by the FeIV�O species has
also been investigated according to the
rebound mechanism. The computed en-
ergetics lead to the conclusion that
FeIV�O is capable not only of aromatic
hydroxylation, but also of benzylic hy-
droxylation.
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Introduction

Aromatic amino acid hydroxylases are non-heme iron mono-
oxygenases that use the organic cofactor tetrahydrobiopterin
to catalyze the hydroxylation of phenylalanine, tyrosine, and
tryptophan.[1±4] The hydroxylation reactions occurring in these
three metalloenzymes are shown in Scheme 1. Phenylalanine

Scheme 1. Hydroxylation of aromatic amino acids catalyzed by phenyl-
alanine hydroxylase (PAH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH).

hydroxylase (PAH) transforms phenylalanine to tyrosine, a
reaction which initiates the catabolism of the amino acid
phenylalanine. Tyrosine hydroxylase (TyrH) carries out the
hydroxylation of tyrosine to �-DOPA, the rate-determining
step in the biosynthesis of the neurotransmitters dopamine,
adrenaline, and noradrenaline. Tryptophan hydroxylase
(TrpH) converts tryptophan to 5-hydroxy-tryptophan, a
precursor for the neurotransmitter serotonin (5-hydroxytrypt-
amine).[1]

In the catalytic cores of these three enzymes, in which an
iron atom anchored by the so called 2-His-1-carboxylate motif
is hosted,[5, 6] molecular oxygen is consumed during the
oxidation of the cofactor and the substrate. The cofactor
(6R)-�-erythro-5,6,7,8-tetrahydrobiopterin (BH4) undergoes a
two-electron oxidation leading to pterin-4a-carbinolamine,
while the aromatic amino acid is converted to the corre-
sponding hydroxylated form.[1] The catalytic cycle requires a
non-heme iron(��) complex and is initiated when all three
substrates (i.e, the amino acid, the cofactor, and molecular
oxygen) are bound in the active site of the metalloprotein.
The resemblance of the chemical transformations occurring in
PAH, TyrH, and TrpH together with the high sequential and
structural homology of these three non-heme iron enzymes
has led to the belief that catalysis in aromatic amino acid
hydroxylases proceeds through similar mechanisms.[4] Despite
a large number of experimental investigations, the reaction
mechanism is still poorly understood and the exact role played
by the metal center remains obscure.
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The various experimental observations allow a simplistic
scheme of the catalytic cycle to be drawn: substrate binding
triggers oxygen activation and the subsequent formation of a
hydroxylating intermediate, which is then responsible for
hydroxylating the aromatic amino acid; the product dissoci-
ation concludes the cycle. The identity of the hydroxylating
intermediate has not been revealed by any experiment yet.
While for PAH and TyrH the formation of the hydroxylating
intermediate appears to be rate limiting,[7±10] this is probably
not the case for TrpH, for which kinetic isotope effects have
been found when deuterium-substituted tryptophan is em-
ployed as substrate.[11] These experimental data, together with
the evidence that the turnover numbers for PAH and TyrH
are substantially higher than those of TrpH, have been related
to the hydroxylation of the amino acid being slower than the
formation of the hydroxylating intermediate in TrpH.
The crystal structures solved for PAH, TyrH, and TrpH

hydroxylases with bound pterin indicate that the structural
arrangement and orientation of the cofactor with respect to
the iron complex are compatible with the formation of a
peroxide species, the iron(��)-peroxy-BH4 intermediate.[12±15]

In the crystal structures of the three hydroxylases, the cofactor
is in fact found positioned in the second coordination shell of
the iron center at a distance that should allow the formation of
the peroxide species. The pterin peroxide intermediate may
then decompose into a high-valent iron ± oxo species through
O�O heterolysis. A mechanism which is shown in Scheme 2
for the specific case of PAH is then proposed, whereby the
hydroxylation of the cofactor precedes the hydroxylation of
the amino acid and leads to the formation of a high-valent
iron ± oxo intermediate, FeIV�O.[1, 4, 8, 16, 17] The subsequent
hydroxylation of the aromatic substrate completes the en-
zyme catalysis. The involvement of an FeIV�O intermediate in
the mechanism for the pterin-dependent hydroxylases is
supported by experiments with synthetic non-heme iron
catalysts; these have indicated that an FeIV�O is capable of
aromatic hydroxylation.[18, 19] The mechanism depicted in
Scheme 2 implies that the cofactor hydroxylation is inde-
pendent of the substrate and the actual steps leading to the
hydroxylated pterin might thus be commonly shared by the
three hydroxylases.
The reaction mechanism which describes the amino acid

hydroxylation should account for the experimental evidence
that most of the tritium is retained in the products when [4-
3H]phenylalanine is hydroxylated by PAH (or TyrH) or when
[5-3H]tryptophan is hydroxylated by TrpH.[11, 20, 21] In the

labeled products tritium is located in the site adjacent to the
hydroxylated carbon. This migration is known as an NIH shift
and it is observed also when para-substituted phenylalanines
are used as substrates in PAH or TyrH.[3, 22] In this case the
NIH shift is responsible for the formation of products
containing the substituents (e.g., CH3, Cl, Br) in the
3-position. Scheme 3 briefly summarizes the possible chem-
ical routes that account for the NIH shift in aromatic

Scheme 3. Postulated mechanisms describing the aromatic hydroxylation
in PAH; mechanism I involves an epoxide intermediate, while mechan-
ism II involves an arenium cation.

hydroxylation.[1, 11, 23] One pathway (I) proceeds through an
epoxide intermediate, which follows a concerted oxygen atom
addition to the ring. The NIH shift then converts the epoxide
to a ketone, and the subsequent enolization process gives
the hydroxylated amino acid, in which the initial para
substituent can be found ortho to the hydroxo group. The
alternative route (II) instead involves an arenium cation.
Subsequent NIH shift and enolization yield the final
product. The isotope effects measured when deuterated
phenylalanine reacts with TyrH support mechanism II and
they also seem to contradict the involvement of an epoxide
during substrate hydroxylation.[24]

A recent hybrid density func-
tional theory (DFT) investiga-
tion on tetrahydrobiopterin-
dependent hydroxylases has
shown the viability of a reaction
mechanism involving an iron-
(��) ± peroxy ±BH4 intermedi-
ate.[25] . It was also shown that
the peroxide intermediate can
subsequently undergo O�O
bond heterolysis giving a high-
valent iron ± oxo species. The
important question of whether

Scheme 2. Proposed mechanism describing the coupled hydroxylations of the aromatic substrate and of the
pterin cofactor. The reaction involving phenylalanine is illustrated.
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and how the activated non-heme FeIV�O core can carry out
the two-electron oxidation of an arene still remains to be
studied. In the present work the capability of the postulated
iron ± oxo intermediate to hydroxylate aromatic rings is thus
probed by means of a hybrid DFT approach. Since experi-
ments have highlighted significant kinetic differences be-
tween the hydroxylation processes occurring in PAH and
TrpH,[11] the reaction mechanisms for these two hydroxylases
have been addressed. Experiments have also shown that the
hydroxylating intermediate in pterin-dependent hydroxylases
is able to hydroxylate 4-methylphenylalanine giving 4-hy-
droxymethylphenylalanine together with the products of the
aromatic hydroxylation.[22] In order to shed light on the
oxidative capability of the postulated FeIV�O intermediate,
the possible reaction pathway of benzylic hydroxylation has
also been studied.

Computational Methods

The hydroxylation mechanism of the aromatic amino acids phenylalanine
and tryptophan in pterin-dependent hydroxylases have been investigated
by means of hybrid density functional theory (DFT) with the B3LYP
functional,[26] which includes the Becke three-parameter exchange[27] and
the Lee, Yang, and Parr correlation functionals.[28]

The two quantum chemical programs Gaussian 98[29] and Jaguar 4.1[30] were
cooperatively employed in the present study. Initially the potential energy
surfaces were probed by means of constrained optimizations to approx-
imately locate transition states; afterward the computation of molecular
Hessians (i.e., second derivatives with respect to the nuclear coordinates)
of these structures was used to fully optimize the transition-state geo-
metries. Molecular Hessians were calculated for the fully optimized
structures of the reactants, intermediates, transition states, and products
to evaluate the zero-point effects and the thermal corrections to the total
energy, enthalpy, and Gibbs free energy. The thermochemical analysis,
which uses standard expressions for an ideal gas in the canonical ensemble,
treats the normal modes within the harmonic approximation. Evaluation of
molecular Hessians for the transition state geometries was also needed to
confirm that the structure is characterized by only one imaginary frequency
corresponding to the normal mode associated to the reaction coordinate.

An effective core potential was used to describe iron.[31] In the geometry
optimizations and in the Hessian evaluations all the other atoms were
described by a standard double zeta basis set (labeled lacvp in Jaguar). The
final B3LYP energies for the fully optimized structures were computed by
using a large basis set with polarization functions on all atoms (labeled
lacv3p** in Jaguar[30]). In the present work free energies include zero-point
and thermal effects, evaluated for a temperature of 298.15 K.

The final energetics accounted for the actual environment in enzyme
catalysis by means of a correction added to the gas-phase energy. The
polarization effects induced by the protein environment were reproduced
by modeling the solvent as a macroscopic continuum with a dielectric
constant � and the solute as placed in a cavity contained in this continuous
medium. Specifically, the self-consistent reaction field as implemented in
Jaguar was used to derive the solvent corrections by employing the lacvp
basis set.[32, 33] A low dielectric constant (�� 4) was chosen together with a
probe radius of 1.4 ä. It was shown that the description of the protein
environment as a continuum is sufficiently accurate to take into account the
rather small long-range solvent effects.[34, 35]

The performance of the B3LYP functional was verified on the benchmark
tests performed on a wide array of molecules including radicals, non-
hydrogen systems, hydrocarbons, substituted hydrocarbons and inorganic
hydrides (the G2-2 test set).[36, 37] These benchmarks showed that the
B3LYP method has an average absolute deviation of 3.11 kcalmol�1. When
transition metals are involved, investigations on MR� complexes (R�H,
CH3, CH2, OH) showed that the M�R bond energies computed with the
B3LYP method have an error of 3.6 ± 5.5 kcalmol�1.[38, 39] It can be

concluded that an error of about 3 ± 5 kcalmol�1 is possibly affecting the
energy profiles reported in the present investigation. However, such an
accuracy should be enough to discriminate among different reaction
mechanisms.[40]

Results and Discussion

The involvement of an FeIV�O intermediate during the
coupled hydroxylations of the cofactor and the substrate in
aromatic amino acid hydroxylases has often been in-
voked.[1, 4, 8, 16, 17] In the present study the capability of a
high-valent iron ± oxo moiety to carry out the two-electron
oxidation of aromatic rings is probed. How the FeIV�O species
can carry out benzylic hydroxylation is also examined. The
first two subsections address the hydroxylation of phenyl-
alanine with the aim of elucidating the reaction steps leading
to tyrosine in PAH. While the first subsection deals with the
two-electron oxidation of the phenyl ring to give a ketone, the
second subsection describes the tautomerization reaction,
which generates the actual hydroxylated substrate. In the
third subsection the hydroxylation reaction in the 5-position
of indole models the chemical transformations occurring in
TrpH. The fourth subsection describes a possible reaction
pathway leading to the benzylic hydroxylation of 4-methyl-
phenylalanine. Before discussing the results for the aromatic
and benzylic hydroxylations by FeIV�O, a brief summary of
the previous DFT study, which demonstrated the feasibility of
the high-valent iron ± oxo species,[25] is given. An overview of
the geometrical arrangement of the active site in the pterin-
dependent hydroxylases is also presented in relation to the
modeling approach adopted here.
The previous theoretical work showed that an iron(��) ±

peroxy ± pterin intermediate can be obtained when dioxygen
enters the first coordination shell of iron, forming a bridging
bond between the cofactor and iron. The iron(��) ± peroxy ±
pterin intermediate decomposes through O�O bond heter-
olysis to give 4a-carbinolamine and the hydroxylating inter-
mediate HO�FeIV�O, whereby the hydroxide is generated by
a proton transfer from a water ligand to the cofactor.
The model employed to investigate the cofactor hydrox-

ylation was based on the crystal structures solved for the
binary complex of PAHwith pterin.[12, 13] The cofactor is found
positioned in the second coordination shell of iron, which in
turn coordinates two histidines (His285 and His290) and a
monodentate glutamate (Glu330). The octahedral coordina-
tion of the metal is completed by three water ligands. An
identical arrangement of the non-heme iron center was also
found in the crystal structure recently solved for the binary
complex TrpH-BH4.[15] The crystal structure of the ternary
complex of PAH with BH4 and the substrate analogue 3-(2-
thienyl)-�-alanine supports formation of an iron(��) ± peroxy ±
pterin intermediate, with the cofactor still in the second
coordination shell of the iron complex, but somewhat
displaced toward the metal.[41] In the ternary complex the
coordination environment of the metal still maintains the
2-His-1-carboxylate motif, but the glutamate (Glu330) is
found coordinated in a bidentate fashion to iron with two
Fe�O distances of 2.40 and 2.63 ä. The detection of the



FULL PAPER A. Bassan et al.

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4055 ± 40674058

density of only one water ligand in the first coordination shell
means that at least one of the three water ligands in the PAH-
BH4 complex is lost when both the substrate and the cofactor
are bound in the active site.[41] The change to a distorted
square-pyramidal five-coordinate environment of the metal
upon substrate binding agrees with CD and MCD spectros-
copies,[42, 43] which indicated substantial perturbations in the
ligand field when both the substrate and the cofactor are
bound to the ferrous PAH. The five-coordinate metal might
thus offer an open coordination site for oxygen activation.[17]

EXAFS spectra measured for the PAH ternary complex with
phenylalanine and the cofactor 6-methyltetrahydropterin still
indicate a five-coordinate environment for iron, and they also
support a monodentate glutamate.[44]

In the present theoretical study it is assumed that the
FeIV�O intermediate coordinates a monodentate glutamate.
Test calculations performed with an iron complex with a
bidentate glutamate have shown that the actual arrangement
of the carboxylate in the non-heme iron environment does not
considerably affect the investigated chemistry. However,
further studies on the effects of the bidentate glutamate on
the O�O heterolytic process are required. The high-valent
iron ± oxo species depicted in Figure 1 is employed to probe

Figure 1. The HO�FeIV�O model employed to investigate aromatic and
benzylic hydroxylations in pterin-dependent hydroxylases. Marked hydro-
gens corresponds to the connections with the protein backbone. The spin
distribution and bond lengths [in ä] are shown.

whether and how an FeIV�O species can hydroxylate an
aromatic ring as the second part of enzyme catalysis of pterin-
dependent hydroxylases. The 2-His-1-carboxylate facial triad
of the iron active site is modeled by two imidazole and one
formate groups. A water molecule together with a hydroxo
ligand complete the octahedral coordination of the iron ± oxo
species. The choice to model the hydroxylating intermediate
as HO�FeIV�O is connected with the previous DFT inves-

tigation, whereby the hydroxo ligand was produced during the
cofactor hydroxylation.[25] The structural arrangement of the
FeIV�O complex employed here is thus based on the geometry
of the metal complex generated after pterin hydroxylation.
However, with respect to that model, two extra water
molecules are also added in the second coordination shell of
the metal (W1 and W2 in Figure 1). One water (W1) was
found necessary to mimic the hydrogen-bonding network,
which stabilizes the octahedral coordination of iron in the
crystal structure. A second water molecule (W2) is placed so
that is forms a hydrogen bond to the monodentate glutamate
ligand. Test calculations with a model complex in which W2
was removed indicated that its presence does not affect the
computed energies for the two-electron oxidation of the
substrate. Nevertheless it was included in the system to better
model the final steps of the reactions, which involve a proton
transfer. It was proposed that before any enzymatic activity,
Glu330 could promote the dissociation of one of the three
water molecules ligated to iron in the PAH-BH4 complex.[13, 25]

Water W2 in the investigated system would consequently
model the water dissociated from the octahedral non-heme
complex.
It was previously found that the non-heme environment of

iron creates a weak ligand field, explaining the computed
quintet ground state for the HO�FeIV�O intermediate. The
Fe�O double bond, analogous to the one in the O2 molecule
accounts for the short iron ± oxygen distance (1.65 ä) and the
peculiar spin distributions calculated for this complex (Fig-
ure 1).[25, 45] Two ferromagnetically coupled electrons occupy
two degenerate �* orbitals, leading to a localization of one
electron on the metal and one on the oxo group; a total spin
population of about three is located on the iron center. The
triplet and the septet states, which are almost degenerate, lie
quite close in energy to the quintet, higher by about
6 kcalmol�1. Table 1 reports the spin distributions and the
Fe�O bond lengths of these states. The electronic structure of
the triplet differs from the one of the quintet in the coupling of

the d electrons, but the geometry is still characterized by a
short Fe�O bond length. On the other hand the bond between
iron and the oxo oxygen atom cannot be described by an
Fe�O double bond in the septet state, whereby an Fe�O bond
length of 1.93 ä is obtained and a spin of 4.03 is computed on
iron (this spin density on the metal corresponds to the ferric
state of iron). Other states, such as the open shell M� 1 state
(see Table 1) are much higher in energy than the quintet
ground state.

Table 1. Spin distributions and Fe�O bond lengths of the high-valent
iron ± oxo species with different multiplicities (M�multiplicity). Spin
densities on iron (Fe) and on the oxo group (Ooxo) are given. The energy
difference (E) is also reported.

M� 7 M� 5 M� 3 M� 1
spin (Fe) 4.03 3.04 1.21 0.67
spin (Ooxo) 1.29 0.70 0.83 � 0.64
Fe�O [ä] 1.93 1.65 1.66 1.72
E [kcalmol�1] 6.2 0.0 6.4 16.1
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The energy profiles reported
in the present work are derived
from fully optimized structures,
for which no coordinates were
constrained to mimic the pro-
tein strain. However, some ex-
ploratory calculations were per-
formed on a model system,
whereby constraints were im-
posed on the two imidazole
ligands and the monodentate
glutamate in order to reproduce
the actual rigidity of these li-
gands in the enzyme. When the
positions of three hydrogen
atoms (those marked in gray
in Figure 1) were locked ac-
cording to the X-ray crystal
structure, the calculations
showed that the added con-
straints perturb the energy pro-
file of the two-electron oxida-
tion of phenylalanine by less
than 2 kcalmol�1.
The aromatic hydroxylation

reaction of a model system with
a water molecule instead of the
hydroxo ligand has also been
considered, and the results will be presented below and
compared with those collected for HO�FeIV�O. The
[H2O�FeIV�O]� model mimics the enzyme catalysis if the
OH ligand is protonated before substrate hydroxylation or if
it is strongly hydrogen bonding; alternatively this model
might reflect a different reaction pathway, whereby the O�O
bond cleavage does not generate any hydroxide.

The two-electron oxidation of phenylalanine by FeIV�O :
Hydroxylation of phenylalanine by HO�FeIV�O was inves-
tigated with the complex shown in Figure 1, in which benzene
was also added in order to model phenylalanine. The initial
location of the substrate with respect to the non-heme iron
site was arbitrarily chosen, since the residues that anchor
phenylalanine in the protein were not included in the
modeling. It was found that the first step of benzene oxidation
by the oxo ± ferryl complex is the formation of a new C�O
bond, via the transition state depicted in Figure 2a. The spin
distribution reported in Figure 2a indicates that iron becomes
reduced during the C�O bond formation. The spin density
equal to 3.99 on the metal is typical for the high-spin ferric ion,
which delocalizes the remaining spin associated with the five
unpaired electrons on the ligands. The elongation of the Fe�O
bond from 1.65 ä in the reactant to 1.82 ä in the transition
state also reflects the reduction of the metal from iron(��) to
iron(���) during the ring oxidation. The process leads to the
formation of a radical on the arene, for which a spin of �0.37
is computed at the transition state.
The transition state for the C�O bond formation decays to

the intermediate shown in Figure 2b, whereby the unpaired
electron localized in the phenyl ring (spin density is �0.95) is

antiferromagnetically coupled to the five d electrons of the
ferric ion (spin density is 4.07). It is worth noting that, in the
proposed mechanism II of Scheme 3, the C�O bond forma-
tion leads to an arenium cation and a ferrous ion, while in the
present model the first reaction step is associated with a one-
electron oxidation of the ring, thus yielding ferric iron and a
radical. The involvement of a radical in the catalysis of
pterin-dependent hydroxylases resembles one of the pro-
posed mechanisms for aromatic hydroxylation by the P450-
dependent enzymes, whereby a radical is invoked.[23] The
formation of a radical rather than an arenium cation is
connected with the presence of the hydroxo ligand, since for
the alternative model [H2O�FeIV�O]� , in which a water
molecule is replacing the hydroxide, a carbocation was
obtained after C�O bond formation. For that system,
characterized by a total positive charge, the two-electron
oxidation of benzene is accomplished during the C�O bond
formation; this is not the case if the reactant is the
HO�FeIV�O species. A detailed comparison between the
energy profiles calculated for the two different models will
be presented below.
The reaction coordinate along different potential-energy

surfaces has also been analyzed leading to the conclusion that
the C�O bond formation occurs along the quintet potential-
energy surface. It is evident that the septet state of the HO-
FeIII-O-Ph . species (a state whereby the unpaired electron on
the ring is ferromagnetically coupled to the d electrons of
iron) is degenerate with the corresponding quintet state of
Figure 2b. It is therefore not surprising that the activation
energy for the C�O bond formation along the septet surface is
only a few kcalmol�1 higher in energy than the corresponding

Figure 2. a) The transition state corresponding to the C�O bond formation in the PAH modeling. b) The radical
(HO-FeIII-O-Ph .) following the C�O bond formation in the PAHmodeling. The computed spin densities on iron,
on the oxo group (Ooxo), and the phenyl ring (Phtot) are shown. Bond lengths [in ä] are also shown.
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one along the quintet state. The states (triplet or open shell
singlet) of the HO-FeIII-O-Ph . species with one unpaired
electron on the metal and one on the ring are about
15 kcalmol�1 higher in energy than the corresponding quintet
ground state.
As shown in Figure 3, which reports the energy diagram for

the two-electron oxidation of benzene by HO�FeIV�O lead-
ing to a ketone, the C�O bond formation requires

Figure 3. Computed energy diagram describing the two-electron oxidation
of benzene by HO�FeIV�O.

an activation energy of
16.2 kcalmol�1 and is endergon-
ic by 4.9 kcalmol�1. The inves-
tigation of the subsequent
chemical transformations re-
veals that the C�O bond for-
mation is the slowest step in the
hydroxylation process of ben-
zene by the HO�FeIV�O spe-
cies. The calculated energy bar-
rier of 16.2 kcalmol�1 shows the
viability of phenylalanine hy-
droxylation through the high-
valent iron ± oxo intermediate.
This activation energy is very
similar to the one previously
obtained for the cofactor hy-
droxylation (16.6 kcalmol�1).[25]

The computed activation ener-
gies are in general agreement
with experiments, which show
that the rate-determining step
in PAH catalysis does not in-
volve attack of the amino acid

substrate, but rather oxidation of the cofactor. Experiments
have also indicated that when 6-methyl-5,6,7,8-tetrahydro-
biopterin (6-MePH4) is used in place of BH4 in PAH,
hydroxylation of cofactor and hydroxylation of the amino
acid occur with comparable rates.[3] Due to the similarity
between BH4 and 6-MePH4, this evidence suggests that the
coupled hydroxylations of the cofactor and of the substrate
should have activation energies that are not very different.
The model system employed for the present theoretical
investigation thus seems sufficient to reproduce the true
energetics.
As mentioned above, hydroxylation of phenylalanine is

found to start with a one-electron oxidation giving the HO-
FeIII-O-Ph . intermediate. The two-electron oxidation is suc-
cessfully completed during the following step, the NIH shift,
which involves the transition state shown in Figure 4a. Since
the calculated spin density of 3.77 located on iron typically
corresponds to a high-spin ferrous ion, the two-electron
oxidation of the aromatic ring is already accomplished at the
transition state. The absence of any unpaired electron in the
substrate confirms this observation. Furthermore, the com-
puted total charge in the arene suggests that the transition
state of Figure 4a can be interpreted as an arenium cation
undergoing a 1,2-hydride shift. Due to the asymmetric
environment, the NIH shift has been probed in both
directions in the phenyl ring, but no significant difference
appeared. The transition state of Figure 4a, which lies
10.5 kcalmol�1 higher in energy than the HO�FeIV�O reac-
tant, decays to the keto intermediate of Figure 4b. The large
exergonicity of 34.8 kcalmol�1 associated with this chemical
step (Figure 3) makes the formation of the ketone irrever-
sible. As Figure 4b shows, the product of the NIH shift is the
oxidized substrate dissociated from the metal and located in
the second coordination shell. It was found that the dissoci-

Figure 4. a) The transition state corresponding to the NIH shift in the PAH modeling. b) The keto intermediate
generated by the two-electron oxidation of the aromatic ring in the PAH modeling. The computed spin densities
on iron are shown. Bond lengths [in ä] are also shown.
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ation of the ketone from the non-heme iron complex does not
require any significant activation energy, since it is facilitated
by a favorable hydrogen-bonding network created by the
water molecules of the first and second coordination shell.
The spin population in the iron center (3.77) reported in
Figure 4b confirms the ferrous oxidation state, as already
inferred from the spin distribution of the preceding transition
state. At this point of catalysis, iron is back to the initial
oxidation state, indicating that its redox catalytic activity has
been completed. The enolization reaction, during which iron
stays FeII, concludes phenylalanine hydroxylation. This step is
described in the following subsection.
Since experiments have suggested that an epoxide might be

involved in the hydroxylation reaction (Figure 3), this possi-
bility has also been probed. A transition state corresponding
to the simultaneous formation of two C�O bonds could not be
found, but the calculations show that an epoxide can be
generated from the radical of Figure 2b through the formation
of a second C�O bond. This chemical transformation occurs
with a high-energy barrier with respect to the reactant
(20.1 kcalmol�1) and, as in the case of the NIH shift, is
accompanied by the reduction of the metal to iron(��) and the
two-electron oxidation of the ring. The transition state and the
subsequent product (i.e., the arene oxide) are shown in
Figure 5 together with the corresponding spin distributions,
which are indicative of ferrous ion. From the collected results,
it can be concluded that, once the first C�O bond is formed,
the reaction can continue through two different channels. As
shown in Figure 3, an epoxide may be generated with an
energy barrier of 15.2 kcalmol�1 with respect to the HO-FeIII-
O-Ph . intermediate. However, a much smaller barrier
(5.6 kcalmol�1) is required for the NIH shift, which irrever-
sibly leads to the ketone. The computed values for these two
energy barriers show that the NIH shift is considerably

favored over the epoxide formation. Calculations were also
performed showing that the epoxide cannot undergo any NIH
shift through a low-energy pathway. If the epoxide is formed,
it can reversibly go back to the HO-FeIII-O-Ph . intermediate,
from where the reaction could proceed toward the ketone.
Although the transition state leading to the epoxide does not
lie at a low energy, the computed barrier of 20.1 kcalmol�1 is
not prohibitively high. It is thus concluded that the epoxide is
not an obligatory intermediate, but it might still be energeti-
cally accessible.
The oxidation of benzene giving the keto intermediate has

been investigated also for the slightly different model, where-
by the hydroxide of the HO�FeIV�O species was substituted
by a water molecule. The energy profile obtained with this
alternative model is rather similar to the one reported in
Figure 3. The main difference in terms of chemical mechanism
is associated with the product of the first step, as already
explained above. With the [H2O�FeIV�O]�/benzene model,
the C�O bond formation leads to a ferrous complex and an
arenium cation, which undergoes a zero-barrier NIH shift
forming the ketone. Also for this system, the reaction was
found to occur along the quintet potential-energy surface. A
transition state for concerted oxygen-atom insertion leading
to the epoxide was not located for this model either. Figure 6
describes a summary of the energy profile corresponding to
benzene hydroxylation by [H2O�FeIV�O]� . A lower barrier
(10.0 kcalmol�1) is required for the initial C�O bond for-
mation in the case of the [H2O�FeIV�O]� model than the one
obtained with HO�FeIV�O (16.2 kcalmol�1). It is also evident
that both approaches give a preference to the NIH shift over
the epoxide formation. It is interesting to note that the main
difference between the two models is related to the capability
of the iron ± oxo species to carry out the two-electron
oxidation of the aromatic ring. In the HO�FeIV�O model,

the HO-FeIII-O-Ph . intermedi-
ate is formed after the first
attack of the oxo group on the
ring, and the positive charge of
the ferric ion is stabilized by
the presence of two negatively
charged ligands, the carboxy-
late and the hydroxo ligands.
On the other hand, the
[H2O�FeIV�O]� model, with
only one negative ligand
(Glu330) carries out the two-
electron redox process in one
step. The different behavior of
the two models is also reflect-
ed in the value of the two
activation energies for the
C�O bond formation, which
implies an electron flow from
the ring to the oxo group. It is
clear that the additional
negative ligand in the
HO�FeIV�O makes the reduc-
tion of the metal from FeIV to
FeII more difficult.

Figure 5. a) The transition state corresponding to the formation of a second C�O bond leading to an epoxide in
the PAH modeling. b) The epoxide intermediate in the PAH modeling. The computed spin densities on iron, on
the Fe-O-Ph oxygen (Ooxo), and the phenyl ring (Phtot) are shown. Bond lengths [in ä] are also shown.



FULL PAPER A. Bassan et al.

¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4055 ± 40674062

Figure 6. The energy profile for the two-electron oxidation of benzene by
[H2O�FeIV�O]� .

The available experimental data and the rather similar
energy profiles computed for the two models (HO�FeIV�O/
benzene and [H2O�FeIV�O]�/benzene) do not allow any
conclusion on which system properly reflects the actual
chemical transformations occurring in PAH. However the
two models may be regarded as two extremes of the actual
mechanism describing the PAH catalysis. Therefore the
computed energetics obtained in both cases demonstrate that
the two-electron oxidation of phenylalanine can be accom-
plished by the high-valent iron ± oxo species.

The keto-phenol tautomerization reaction : After the two-
electron oxidation of benzene, the final product of aromatic
hydroxylation is obtained through a tautomerization reaction
yielding the phenol. Since an intramolecular enolization is
found to require too high a barrier, the tautomerization
process must be assisted by a suitable molecule, which acts as
proton shuttle. It was chosen to probe if one of the water
molecules in the second coordination shell of the metal
complex (W2 of Figure 1) could participate in the intermo-
lecular enolization leading to the final hydroxylated product,
which is the phenol. Figure 7 highlights the geometrical details
and the energy profile corresponding to the proton transfer
assisted by W2 in the keto intermediate (Figure 4). The
structure of the transition state and the normal mode with the
imaginary frequency (i.e., the reaction coordinate) indicate
that this transition state is mainly associated with the
formation of a protonated water molecule, which is stabilized
by the presence of the negative Glu, and which ultimately
donates the proton to form phenol. The keto ± enol tautome-
rization passing through the transition state of Figure 7
requires a barrier of 12.9 kcalmol�1 and is computed to be
exergonic by 18.9 kcalmol�1 with respect to the keto inter-

Figure 7. The geometrical details and the energy profile corresponding to
the tautomerization reaction of benzene assisted by a second coordination
shell water. Bond lengths [in ä] are shown.

mediate of Figure 4b and by 53.7 kcalmol�1 with respect to
the initial FeIV�O reactant. During enolization, the water W2
is pulled toward the first coordination shell of iron, contribu-
ting to the restoration of the iron complex ready to restart the
catalytic cycle.
The transition state reported in Figure 7 can be compared

to the one obtained for the simpler model depicted in
Figure 8, whereby the proton shuttle was investigated with a
phenyl ring and a water molecule, removing the iron complex.

Figure 8. The geometrical details and the energy profile corresponding to
the tautomerization reaction of benzene assisted by one and two water
molecules. Bond lengths [in ä] are shown.

In this case the enolization requires an activation energy of
22.7 kcalmol�1 and is found to be exergonic by 21.4 kcalmol�1

with respect to the ketone. The computed barrier is rather
high and indicates that a single water molecule is probably not
sufficient to catalyze the enolization reaction. The catalysis
carried out by two hydrogen bonding water molecules (Fig-
ure 8) considerably lowers the barrier down to 15.0 kcalmol�1.
From the energy values reported in Figure 8, it can be
concluded that two hydrogen bonding water molecules
present in the enzyme are able to catalyze the intermolecular
enolization of the ketone. Alternatively, an arrangement such
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as the one presented in Figure 7 still allows the tautomeriza-
tion catalyzed by only one water.

The aromatic hydroxylation of tryptophan by FeIV�O : Catal-
ysis in TrpH has been modeled with the HO�FeIV�O/indole
system, similar to the corresponding modeling for PAH. The
computed energy profile, which is summarized in Figure 9,
highly resembles the one found for phenylalanine. The
numbering used to refer to the different carbon atoms of
indole is also highlighted in this figure.

Figure 9. The energetics corresponding to the two-electron oxidation of
indole by HO�FeIV�O.

Hydroxylation of tryptophan starts with the one-electron
oxidation of the ring, leading to iron(���) and a radical in the
substrate. The geometrical arrangement and the spin distri-
bution of the transition state associated with the formation of
the new C�O bond (Figure 10a) are very similar to the
corresponding ones obtained for benzene, with iron evolving
toward the ferric oxidation state (the computed spin density
on iron is 3.98) and with a radical developing on the indole
(the computed spin density on the indole is �0.40). Also the
barrier for the one-electron oxidation of indole is found to be
identical to that for benzene, 16.2 kcalmol�1 for the PAH

model and 16.3 kcalmol�1 for the TrpH model. The C�O
bond formation is found to be endergonic by 7.1 kcalmol�1

and reversibly yields a ferric intermediate, whereby one
unpaired electron is delocalized in the arene and is antiferro-
magnetically coupled to the unpaired electrons of the metal.
As already noted, the energy profile of the one-electron
oxidation of benzene resembles very much that obtained for
indole. This can be related to the similar stability of the two
oxyarene radicals formed after FeIV�O reacts with indole or
benzene.
Once the new C5�O bond has been formed after the one-

electron oxidation of indole, a keto intermediate is obtained
through the NIH shift, which, a priori, could occur either
toward C4 or toward C6. Both directions were investigated
and were found to occur without any barrier with respect to
the ferric intermediate. It is worth mentioning that the
transition states for the two NIH shifts were indeed located
(Figure 10b reports the structure and the spin distribution for
one of the two transition states), but a rather big basis
correction of the order of �5 kcalmol�1 (i.e., the lacv3p**
correction added to the lacvp energies as described in the
computational details) together with the zero point and
thermal corrections of about �2 kcalmol�1 canceled out the
activation energy. As found for the benzene case, the NIH
shift is associated with the reduction of the metal from FeIII to
FeII, showing that the current chemical process can be viewed
as a reduction of iron immediately followed by a 1,2-hydride
shift of an arenium cation. The hydrogen shift leads to a
ketone, which, as in the benzene case, can dissociate from the
iron complex with an almost zero barrier. The redox catalytic
activity of the metal is completed when the keto intermediate
is obtained and iron is back to the ferrous oxidation state. The
energy profile reported in Figure 9 shows that the NIH shift is

an irreversible process occur-
ring with an exergonicity of
37.6 kcalmol�1 with respect to
the initial HO�FeIV�O species.
The final tautomerization re-

action of the ketone yielding
5-HO-indole has been explored
with two different models as
done for the PAH modeling.
The proton transfer catalyzed
by the water molecule, hydro-
gen bonding to Glu330 (W2) in
the keto intermediate, was
compared to the one catalyzed
by two hydrogen-bonding wa-
ter molecules, but without the
iron complex. An intramolecu-
lar enolization, or alternatively
an intermolecular proton trans-
fer assisted by only one water,
were estimated to require too
high activation energies. Ta-
ble 2 summarizes the energy
profiles of the tautomerization
reaction for the two investigat-
ed systems, the metal/indole

Figure 10. The structures for the transition state associated with the C�O bond formation (a) and the transition
state associated with the NIH shift toward C4 (b) in the TrpH modeling. The computed spin densities on iron, on
the oxo group (Ooxo), and in the aromatic ring (Intot) are shown. Bond lengths [in ä] are also shown.
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model and the two waters/indole model. The latter involves a
barrier of 15.9 kcalmol�1 and the former have a barrier of
18.0 kcalmol�1. From Table 2, it can also be noted that an
almost identical exergonicity has been evaluated for the
proton shuttle in the two different models.
At this stage the main features of the mechanism for

tryptophan hydroxylation can be summarized. The two-
electron oxidation of the aromatic substrate starts with the
formation of a new C�O bond, which requires a barrier
(16.3 kcalmol�1) very similar to the one previously computed
for the hydroxylation of the pterin cofactor (16.6 kcalmol�1).
Afterward, the reaction proceeds through an NIH shift,
leading to a ketone. The probabilities for the NIH shift to
occur in one or in the other direction are found to be identical.
The subsequent tautomerization of the ketone requires the
catalytic activity of two hydrogen-bonding water molecules or
of one water molecule assisted by a negatively charged metal
ligand. In both cases, the activation energy corresponding to
the enolization process is comparable to the C�O bond
formation.
A rather similar picture is obtained from the investigation

of indole hydroxylation for the [H2O�FeIV�O]� model. The
structural arrangements of the transition states corresponding
to the latter approach very much resemble the ones obtained
for the HO�FeIV�O/indole model and they are therefore not
reported here. Figure 11 summarizes the energy profile

Figure 11. he energetics corresponding to the two-electron oxidation of
indole by [H2O�FeIV�O]� .

provided by the study of the hydroxylation reaction with
[H2O�FeIV�O]� . As for the corresponding benzene case
illustrated above, the first C�O bond formation leads to an
arenium cation, implying a two-electron oxidation of the
aromatic substrate. However, this step is found to be
irreversible, in contrast to the corresponding reversible
reaction obtained for benzene and also in contrast to the
reversible reaction obtained for the C�O bond formation in
the HO�FeIV�O/indole model. This difference can be ascri-
bed to the capability of indole to stabilize a positive charge.
With a water molecule instead of the hydroxo ligand in the
FeIV�O complex, the formation of the C�O bond is easier,

requiring an activation energy of only 6.8 kcalmol�1 instead of
16.3 kcalmol�1. The arenium cation is converted to a ketone
by the NIH shift, whereby the activation energy (with respect
to the arenium cation) is still very small, although not zero as
in the previous HO�FeIV�O/indole model. The NIH shift is
again found to occur in both directions, since the computed
barriers toward C4 or C6 are small and very similar, 1.5 and
3.6 kcalmol�1 (with respect to the arenium cation) respec-
tively.
The calculated energy profiles for the HO�FeIV�O/indole

model give comparable activation energies for the hydrox-
ylation of tryptophan and the activation of dioxygen, 16.3 and
16.6 kcalmol�1, respectively. Considering a normal error of
the B3LYP method of a few kcalmol�1, this result does not
contradict the experimental interpretation that substrate
hydroxylation is likely to be rate-determining in TrpH. The
quite small error could also be related to an additional
structural parameter, which has been excluded from the
present modeling. For example, experiments suggest that the
nitrogen of the indole could play an important role for the
appropriate positioning of the amino acid through an essential
hydrogen bonding.[46] Experiments indicate an inverse secon-
dary kinetic isotope effect of 0.93 with 5-2H-tryptophan, but
no inverse isotope effect with 4-2H-tryptophan (the measured
isotope effect was in this case 1.03).[11] It was thus suggested
that the isotope effect could be ascribed to the C�O bond
formation during the substrate hydroxylation, which in turn
has to involve a higher barrier than the one of the cofactor
hydroxylation. By using transition-state theory, an inverse
isotope effect of 0.92 has indeed been computed for the
formation of the radical with deuterium in the 5-position (0.92
for the formation of the indole cation in the [H2O�FeIV�O]�
as well). When deuterium was substituted in the 4-position, an
isotope effect of 1.10 was found.
If the results for the HO�FeIV�O/indole model, as descri-

bed above, can be considered as in general agreement with
experiments, this can not be said about results for the
[H2O�FeIV�O]�/indole model. In this case, the calculated
barrier for substrate hydroxylation is only 6.8 kcalmol�1. This
value is much too low relative to the dioxygen activation of
16.3 kcalmol�1 to be considered in agreement with the
experimental interpretation that substrate hydroxylation is
rate-limiting. The conclusion from the results of these differ-
ent models is therefore that the model with an hydroxo group
on iron models the actual situation best, at least for
tryptophan hydroxylase but probably also for phenylalanine
hydroxylase.
As mentioned above, the NIH shift is experimentally found

to occur only from C5 to C4.[11] The present results with both
models show that the barriers for the NIH shifts are very
small. In the case of the [H2O�FeIV�O]�/indole a slight
preference for the shift toward C4 is actually computed, but
for the HO�FeIV�O/indole the NIH shift was found to occur
without any barrier in both directions. In this situation, with
very small or no barriers, the present type of model studies are
not sufficient for determining steric preferences. It appears
most likely that the preference for the NIH shift toward C4 is
determined by details of the dynamics, which are not well
described by transition-state theory but require a much more

Table 2. The energy profiles [kcalmol�1] describing the enolization
reaction yielding 5-HO-indole (see text). The barrier for the proton
transfer catalyzed by the water molecule hydrogen bonding to Glu300
(W2) in the ferric keto intermediate (metal/indole model) is compared to
that obtained with a simpler model including only indole and two
hydrogen-bonding waters (two waters/indole model).

Ketone Transition State 5-HO-Indole

metal/indole model 0.0 18.0 � 17.4
two waters/indole model 0.0 15.9 � 18.4
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sophisticated dynamical treatment. This is beyond the scope
of the present study.

The benzylic hydroxylation of 4-methylphenylalanine by
FeIV�O : In order to analyze the capability of pterin-depend-
ent hydroxylases to carry out benzylic hydroxylation,[22, 47]

methyl hydroxylation of toluene by HO�FeIV�O has been
investigated. The results are summarized in Figure 12, in

Figure 12. Energy diagram and corresponding structures for the rebound
mechanism of toluene and HO�FeIV�O. Bond lengths [in ä] are shown.

which the computed energy diagram is presented together
with the structures of the transition states and intermediates.
Oxidation of toluene by the high-valent iron ± oxo species

(in the quintet ground state) starts with hydrogen atom
abstraction from the methyl group, in agreement with the
widely accepted mechanism describing alkane hydroxylation
in cytochrome P450.[23] The process involves a barrier of
11.1 kcalmol�1, which includes a considerable correction of
about�5 kcalmol�1 due to zero-point effects. This correction,
which significantly lowers the activation energy, is typical for
hydrogen-atom abstraction; a similar value was found, for
example, in methane monooxygenase (MMO).[48] The spin
distribution (Table 3) associated with the transition states (TS
abstraction and TS rebound of Figure 12) and with the
intermediates (OH intermediate and FeII-OHR of Figure 12)
is indicative of the redox processes occurring during the
rebound mechanism. The computed spin of the TS-abstrac-

tion transition state (spin density of 3.88 on iron and �0.27
localized on the methyl carbon) reflects the reduction of iron
toward FeIII and the development of a radical on the substrate
during the hydrogen atom abstraction. The following inter-
mediate (OH intermediate of Figure 12) indeed contains a
ferric ion and an unpaired electron delocalized on the
substrate. As already explained above, the spin density of
4.12 found on iron of the OH intermediate is typical of the
high-spin iron(���). The unpaired electron of the radical
substrate is antiferromagnetically coupled to the five d
electrons of the metal and it generates a spin of �0.72 on
the methyl carbon and a delocalized spin of �0.26 in the
aromatic ring. It is interesting to note that the hydrogen-atom
abstraction from toluene is exergonic by 13.7 kcalmol�1, as
opposed to the corresponding intermediate following the
hydrogen-atom abstraction from methane by an oxo ± ferryl
species in P450.[49, 50] The computed exergonicity of this step is
connected with the stability of the radical intermediate with
the electron partially delocalized in the aromatic ring. The
rebound mechanism with the non-heme iron complex is also
different from the one in P450, whereby there is an additional
radical (on the porphyrin) in the reactant and in the
corresponding OH intermediate.
According to the rebound mechanism proposed for alkane

hydroxylation in P450, the next step in the benzylic hydrox-
ylation is the radical rebound, which involves the TS-rebound
transition state lying at 9.1 kcalmol�1 with respect to the
previous intermediate. From a thermodynamic point of view,
the rebound step occurs with a large exergonicity
(�36.8 kcalmol�1) and it leads to the final hydroxylated
product (FeII�OHR). It is important to note that during the
rebound step, iron is further reduced to FeII and is then ready
to carry out another catalytic cycle. The computed activation
energies for the hydrogen-atom abstraction and the radical
rebound indicates that the first step is rate-limiting for the
benzylic hydroxylation by the FeIV�O species. The barrier for
substrate hydroxylation is considerably lower than that
associated with the cofactor hydroxylation.
By examining different potential-energy surfaces, corre-

sponding to different spin states, it was found that the rebound
mechanism occurs along the quintet potential-energy surface.
It is interesting to remember that the septet and triplet states
of the iron(��) ± oxo species are energetically quite similar to
the quintet state (see Table 1). However, the activation energy
for the hydrogen-atom abstraction along the triplet potential-
energy surface, is about 10 kcalmol�1 higher than the corre-
sponding quintet transition state; also for the OH intermedi-
ate, the triplet state lies about 8 kcalmol�1 higher in energy

Table 3. The computed spin distribution for the reactant (FeIV�O), transition states
(TS-abstraction, TS-rebound), and intermediates (OH intermediate, FeII-OHR) in
the rebound mechanism (see text and Figure 12). Spin densities on iron (Fe), on the
oxo group (Ooxo), on the phenyl ring (Ph), and on the methyl carbon (C) are given.

FeIV�O TS abstraction OH intermediate TS rebound FeII-OHR

spin (Fe) 3.04 3.88 4.12 4.01 3.77
spin (Ooxo) 0.70 0 0.32 0.29 0
spin (Ph) 0 0 � 0.26 � 0.17 0
spin (C) 0 � 0.27 � 0.72 � 0.51 0
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than the corresponding quintet structure. Because of these
energy differences and since the ground state of the product is
a quintet, the triplet potential-energy surface has not been
further investigated. On the other hand, it is clear that the
septet state of the OH intermediate (the unpaired electrons
on the metal and on the substrate are ferromagnetically
coupled) is degenerate with the quintet state, whose spin
distribution is shown Table 3. Therefore it is not surprising
that also the septet TS-abstraction transition state is almost
degenerate with the corresponding quintet structure. The
rebound step, however, must still involve the quintet poten-
tial-energy surface, since the septet product is very high in
energy.
The rebound mechanism, which can explain how the

benzylic hydroxylation occurs, is feasible because of the
relatively weak methyl C�H bond in toluene. A similar
hydrogen-atom abstraction for benzene would not be possi-
ble. The computed benzylic C�H bond strength is
86 kcalmol�1 as compared to the 109 kcalmol�1 found for
benzene.

Conclusions

In the present study, quantum chemical calculations at the
B3LYP level of theory shows the capability of an activated
FeIV�O core to hydroxylate phenylalanine and tryptophan
during the second part of the catalytic cycle of tetrahydro-
biopterin-dependent hydroxylases.
Previous theoretical work has shown that an iron(��) ± oxo

hydroxylating intermediate can be generated during cofactor
hydroxylation, which involves O�O heterolysis and a proton
transfer from one of the waters ligated to the iron complex.[25]

Based on those findings, a model with a hydroxo group
coordinated to the metal center (HO�FeIV�O) was employed
to probe the reaction mechanism of aromatic hydroxylation.
Another model ([H2O�FeIV�O]�) with a water ligand in place
of the hydroxide was also explored in order to mimic other
possible reaction pathways. For both amino acids and for both
models the slow step in the two-electron oxidation of the
amino acid is the attack of the activated FeIV�O core on the
substrate with the subsequent formation of a new C�O bond.
The chemical transformations are found to occur along the
quintet potential-energy surface, which is also the ground
state for FeIV�O.
In the [H2O�FeIV�O]� model, the C�O bond formation is

associated with two-electron oxidation of the aromatic amino
acid, consequently generating an arenium cation as an
intermediate. This reaction step involves activation energies
for phenylalanine and tryptophan that are much lower than
that associated with dioxygen activation. In agreement with
experiments, which indicated a migration of the hydrogen
atom from the hydroxylated site to the adjacent one, it was
found that the arenium cation undergoes a 1,2-hydride shift
leading to a keto intermediate. With respect to the arenium
cation, the NIH shift requires very low activation energies,
almost zero for phenylalanine, a couple of kcalmol�1 for
tryptophan.

Higher activation energies for the C�O bond formation are
found for the HO�FeIV�O species, the other investigated
model. In this case the iron ± oxo species attacks phenyl-
alanine or tryptophan with a barrier of about 16 kcalmol�1, a
value that is almost identical to the energy barrier previously
found for dioxygen activation. When a hydroxo group
coordinates the metal, the C�O bond formation implies a
one-electron oxidation of the substrate, yielding a ferric ion
and a radical delocalized on the substrate. The two-electron
oxidation of the amino acid is completed in the next chemical
step, when iron becomes FeII and simultaneously a 1,2-hydride
shift leads to the keto intermediate. The calculated activation
energies show that for this model the rates for the two coupled
hydroxylations of the cofactor and the substrate are compa-
rable.
The findings acquired from the present quantum chemical

calculations agree with the various experimental data collect-
ed for phenylalanine hydroxylase. The computed barriers for
the hydroxylation of tryptophan is perhaps a bit too low with
respect to the information given by experiments. Hence, a
structural lack in the model for TrpH can possibly be invoked.
Nevertheless when the two models (HO�FeIV�O and
[H2O�FeIV�O]�) for PAH and TrpH are regarded as two
possible extremes of the true enzyme catalysis, an important
conclusion can be drawn from the computed energetics, and
this is the feasibility of aromatic hydroxylation by a high-
valent iron ± oxo species. This conclusion is additionally
supported by other calculations performed on benzylic
hydroxylation of 4-methylphenylalanine by FeIV�O. The
calculated energetics for the hydrogen-atom abstraction and
for the subsequent rebound step indicate that the high-valent
iron ± oxo species can carry out methyl hydroxylation, as
indeed is observed experimentally in the aromatic amino acid
hydroxylases.
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