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ABSTRACT

High-valent iron(IV)-oxo species have been implicated as the key
reactive intermediates in the catalytic cycles of dioxygen activation
by heme and non-heme iron enzymes. Our understanding of the
enzymatic reactions has improved greatly via investigation of
spectroscopic and chemical properties of heme and non-heme
iron(IV)-oxo complexes. In this Account, reactivities of synthetic
iron(IV)-oxo porphyrin s-cation radicals and mononuclear non-
heme iron(IV)-oxo complexes in oxygenation reactions have been
discussed as chemical models of cytochrome P450 and non-heme
iron enzymes. These results demonstrate how mechanistic devel-
opments in biomimetic research can help our understanding of
dioxygen activation and oxygen atom transfer reactions in nature.

1. Introduction

Heme and non-heme iron enzymes catalyze a diverse
array of important metabolic transformations that require
the binding and activation of dioxygen.' Our under-
standing of the catalytic reactions of the enzymes, espe-
cially the nature of active oxidizing species, has improved
recently with the intensive mechanistic studies of the
enzymes and their model compounds. One example is the
fact that a catalytic cycle of dioxygen activation and
oxygen atom transfer by cytochrome P450 enzymes (CYP
450) has been proposed (Figure 1la), and high-valent
iron(IV)-oxo porphyrin s-cation radicals, termed com-
pound I and two oxidizing equivalents above the resting
ferric state (see the structure in Figure la), are believed
to transfer their oxygen atom to organic substrates. Very
recently, a high-valent iron(IV)—-oxo porphyrin z-cation
radical has been characterized in CYP 450, but its detailed
physical and chemical properties remained elusive in
future studies.® In iron porphyrin models, a number of
iron(IV)-oxo porphyrin n-cation radicals have been syn-
thesized and characterized with various spectroscopic
techniques, and their reactivities have been extensively
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investigated in various oxygenation reactions, including
alkane hydroxylation and olefin epoxidation, in an effort
to unveil mechanistic details of dioxygen activation and
oxygen atom transfer reactions by CYP 450.%7

High-valent iron(IV)—oxo species have been invoked as
key reactive intermediates in non-heme iron enzymes as
well.*#9 Very recently, non-heme iron(IV)-oxo intermedi-
ates have been identified as active oxidizing species in the
catalytic cycles of Escherichia coli taurine:a-ketogultarate
dioxygenase (TauD) (Figure 1b), prolyl-4-hydroxylase, and
halogenase CytC3.'%"'? The intermediates were character-
ized with various spectroscopic techniques, such as Moss-
bauer, resonance Raman, and X-ray absorption spec-
troscopies, showing that the intermediates have a high-
spin (S = 2) iron(IV)-oxo unit with double bond character
between the iron ion and oxygen atom. The activation of
C-H bonds by the iron(IV)-oxo species was proposed to
occur via a hydrogen atom abstraction mechanism (i.e.,
KIE of ~37).! In biomimetic studies, the first indirect
evidence for the existence of a mononuclear non-heme
iron(IV)-oxo intermediate was reported by Wieghardt and
co-workers, but the structure was characterized only with
Méssbauer spectroscopy.'* In 2003, Miinck, Nam, Que,
and their co-workers reported the isolation of a mono-
nuclear non-heme iron(IV)-oxo complex bearing a mac-
rocyclic ligand.'® The intermediate has been well-char-
acterized with various spectroscopic techniques and X-ray
crystallography, revealing that the intermediate has an
iron(IV)-oxo unit with Fe-O double bond character and
a low-spin (S = 1) Fe'V oxidation state. Since then, a
number of mononuclear non-heme iron(IV)-oxo com-
plexes bearing tetradentate N4 and pentadentate N5 and
N4S ligands have been synthesized and studied in the
oxidation of various substrates, such as PPh;, thioanisoles,
N,N-dialkylanilines, aromatic compounds, alkylaromatic
compounds, olefins, alcohols, and alkanes.®'>28 Thus, the
success of generating and isolating mononuclear non-
heme iron(IV)-oxo complexes opened a new area in the
biomimetic studies of non-heme iron enzymes. In this
Account, we describe our recent results from the reactivity
studies of heme and non-heme iron(IV)-oxo complexes
in the oxygenation of organic substrates and their reaction
mechanisms.

2. High-Valent Iron—0xo Porphyrin Complexes

In 1979, Groves and co-workers published the first
article on the catalytic olefin epoxidation and alkane
hydroxylation by a synthetic iron(III) porphyrin complex,
Fe(TPP)Cl (TPP = meso-tetraphenylporphyrin), and iodo-
sylbenzene (Phl0).?° In the reactions, olefins and alkanes
were preferentially oxidized to the corresponding epoxides
and alcohols, respectively. Since then, iron(III) porphyrin
complexes bearing functional aryl groups at meso posi-
tions have been synthesized and used as catalysts in a
variety of oxidation reactions, with the intention of
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FIGURE 1. Proposed catalytic cycles of CYP 450 (a) and TauD (b).

developing biomimetic catalysis which shows shape se-
lectivity and regio-, stereo-, and enantioselectivity with a
high efficiency under mild conditions; iron(III) porphyrins
with electron-withdrawing substituents on the phenyl
groups, such as Fe(TPFPP)CIl [TPFPP = meso-tetrakis(pen-
tafluorophenyl)porphyrin], Fe(TDFPP)CI [TDFPP = meso-
tetrakis(2,6-difluorophenyl) porphyrin], and Fe(TDCPP)CI
[TDCPP = meso-tetrakis(2,6-dichlorophenyl)porphyrin],
exhibited good catalytic activities in oxygenation reactions
with very high turnover numbers and a resistance against
the destruction of porphyrin ligands.?*3' The electron-
deficient iron porphyrins were also excellent catalysts in
the oxygenation of hydrocarbons by H,0,, a biologically
relevant and environmentally benign oxidant, in protic
and aprotic solvents.*** In the catalytic oxygenation
reactions, iron(IV)-oxo porphyrin m-cation radicals (2),
which are formed via O-O bond heterolysis of iron
(IIH-hydroperoxo species (1), have been proposed as
reactive species (Scheme 1, pathways A and D). In addition
to the porphyrin ligand effect, the catalytic oxygenation
of hydrocarbons by H,0, was also markedly affected by
the anionic axial ligands of iron(IlI) porphyrins and the
presence of base added externally, indicating that the
electron donating ability of the axial ligands as well as the
electron richness of porphyrin ligands is an important

Scheme 1. Proposed Mechanisms for the Reactions of Iron
Porphyrin Complexes
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factor in activating the hydroperoxide O-O bond by iron
porphyrin catalysts.?>3¢

Our research team has also been involved in elucidating
mechanisms of O-O bond cleavage of (Porp)Fe™-OOR
(R = acyl, H, and alkyl) intermediates under various
reaction conditions (Scheme 1, pathways A and B). While
our current understanding of the O-O bond cleavage
mechanism is quite advanced in the case where peroxy-
acids are used as oxidants, in which the O-O bond of
peroxyacids is cleaved heterolytically by the iron porphyrin
complexes,®” the situation is less clear in the cases of
biologically important oxidants such as hydrogen peroxide
and alkyl hydroperoxides. Traylor and co-workers pro-
posed that the O-O bond of 1 is heterolytically cleaved to
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Scheme 2. Correlation hetween Electron Richness of Iron—0xo Complexes and Their Reactivities
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Scheme 3. Effects of Axial Ligands on the Reactivities of Iron(IV)—Oxo Porphyrin 7-Cation Radicals™
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form 2 as reactive species in the epoxidation of olefins by
H,0, and tert-alkyl hydroperoxides in protic solvents
(Scheme 1, pathway A).*? In contract, Bruice and co-
workers provided evidence that the initial step of the O-O
bond cleavage of 1 is homolysis in aqueous and aprotic
solvents, resulting in the formation of 3 and a hydroxyl
radical (Scheme 1, pathway B).>® Recently, we have
provided experimental results which show that the hy-
droperoxide O-O bond can be cleaved both heterolytically
and homolytically, depending on the conditions such as
the electronic nature of iron porphyrin complexes (i.e.,
electronic properties of porphyrin and axial ligands) and
the substituent of hydroperoxides, ROOH [R = C(O)R’, H,
and CRj for peracids, H,0,, and alkyl hydroperoxides,
respectively].® Other factors such as solvents also influ-
ence the modes of O-O bond cleavage (e.g., heterolysis
in protic solvents and homolysis in aprotic solvents).
2.1. Reactivities of Iron(IV)-Oxo Porphyrins. In 1981,
Groves and co-workers reported the synthesis and char-
acterization of an iron(IV)-oxo porphyrin 7z-cation radical
intermediate in the reaction of Fe(TMP)Cl (TMP = meso-
tetramesitylporphyrin) and m-chloroperbenzoic acid (m-
CPBA) in CH,Cl, and CH;OH at —78 °C; the green species,
formulated as [(TMP)**Fe'V=0]* on the basis of various
spectroscopic measurements, was found to be a compe-
tent oxidantin olefin epoxidation.*’ Since then, iron(IV)-oxo
porphyrin z-cation radicals bearing electron-rich and
-deficient porphyrins and with different axial ligands have
been prepared and studied in various oxidation reactions,
in an effort to understand the electronic effects of por-
phyrin and axial ligands on the chemical properties of the
iron-oxo intermediates.*' As electron-deficient iron(III)
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porphyrin complexes are better catalysts in catalytic
oxygenation reactions,*>3! iron(IV)-oxo porphyrin z-cat-
ion radicals bearing electron-deficient porphyrin ligands
exhibit high reactivities in hydrocarbon oxygenations.*!
This result indicates that the oxidizing power of iron—-oxo
porphyrins is controlled by the electronic nature of
porphyrin ligands and that iron-oxo species with electron-
deficient porphyrins are more powerful oxidants in the
oxygenation of organic substrates (Scheme 2).?

The axial ligands bound trans to the iron-oxo moiety
also markedly influence the reactivities of iron(IV)-oxo
porphyrin z-cation radicals in olefin epoxidation and
alkane hydroxylations. For example, Gross and Nimri
reported a pronounced axial ligand effect on the epoxi-
dation of olefins by (TMP)*'Fe'V(0)(X), in which
(TMP)*"Fe'V(0)(X) complexes bearing ligating anionic
ligands (e.g., F~, CI7, and CH;CO, ) showed a greater
reactivity than those bearing nonligating anions (e.g.,
CF;S05™ and ClO,) in the epoxidation of styrenes.*® Very
recently, we have demonstrated that iron(IV)-oxo por-
phyrin z-cation radicals, (TPFPP)™Fe!V(O)(Cl) (4) and
(TPFPP)*"Fe'V(0) (NCCH,) (5) (Scheme 3), exhibit diverse
reactivity patterns depending on the identity of axial
ligands, such as in the selectivity of cis- versus trans-olefins
(reaction a) and of styrene versus para-substituted sty-
renes (reaction b) in olefin epoxidation, the oxidizing
power in alkane C-H bond activation (reaction c), the
kinetic isotope effect (reaction d), and the regioselectivity
of aromatic ring oxidation versus C-H bond hydroxylation
in ethylbenzene hydroxylation (reaction e) and of C=C
epoxidation versus C-H bond hydroxylation (reaction f)
in olefin oxygenation.** These results demonstrate un-
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Scheme 4. Reactions of Mononuclear Non-Heme Iron Intermediates®
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ambiguously that iron(IV)-oxo porphyrin s-cation radicals
can exhibit diverse reactivity patterns under different
circumstances. Theoretical calculations provided plausible
explanations for the role of axial ligands in tuning the
reactivities of iron-oxo species,*>*® in which the electron
donating ability of axial ligands influences the Fe-O bond
strength in the transition state*® or the spin states of
iron(IV)-oxo intermediates.*® Since the electron donating
property of the axial thiolate ligands in CYP 450 and
chloroperoxidase (CPO) is believed to play a key role for
the unique spectroscopic features of CPO and the strong
oxidizing power of CYP 450 in the activation of C-H
bonds,*” continued extensive research is in progress to
elucidate the axial ligand effects on the chemical and
physical properties of iron(IV)-oxo intermediates in heme
enzymes.

2.2. Multiple-Oxidants Hypothesis. In addition to the
iron(IV)-oxo porphyrin sz-cation radicals, oxidant—iron(III)
porphyrin adducts (1) are proposed as active oxidants in
electrophilic oxygenation reactions (see Scheme 1). Thus,
there has been an intriguing, current controversy over the
involvement of an iron(Ill)-hydroperoxo species as a
“second electrophilic oxidant” in oxygenation reactions
by heme and non-heme iron enzymes and their model
compounds.*®°! The primary evidence for proposing the
multiple-oxidants hypothesis was that products and/or
product distributions derived from the catalytic oxidations
by CYP 450 and iron porphyrin models were different
depending on reaction conditions such as catalysts (e.g.,
CYP 450 and their mutants), oxidants (e.g., H,0,, peracids,
and iodosylarenes), and axial ligands of iron porphyrin
catalysts (e.g., ligating and nonligating anions).**9>!
However, as we have discussed in the previous section,
iron(IV)-oxo porphyrin s-cation radicals can exhibit di-
verse reactivity patterns under different circumstances,
leading us to postulate that the different products and/or
product distributions observed in iron porphyrin-cata-
lyzed oxygenation reactions do not arise from the involve-
ment of multiple oxidizing species but from a single
oxidant under different environmental circumstances.**
More strong experimental evidence for excluding the
possibility of a “second electrophilic oxidant” in oxygen
atom transfer reactions was obtained from the reactivity
studies of iron(III)-hydroperoxo species in nucleophilic
and electrophilic reactions, by using in situ-generated
mononuclear non-heme iron(Ill)-hydroperoxo complexes
that have been well characterized with various spectro-
scopic techniques.® In this study, non-heme iron(III)-hy-
droperoxo intermediates did not exhibit any reactivities

in both nucleophilic (e.g., aldehyde deformylation) and
electrophilic (e.g., oxidation of sulfide and olefin) reactions
(Scheme 4), demonstrating that non-heme iron(III)-hy-
droperoxo species are sluggish oxidants and that the
oxidizing power of the intermediates cannot compete with
that of iron(IV)-oxo complexes. Similarly, reactivity, spec-
troscopic, and theoretical studies of a non-heme iron
(Ill)-alkylperoxo complex, [(TPA)Fe™-O0’Bu]?*, revealed
that this intermediate is not capable of oxygenating
substrates and that a high-valent iron(IV)-oxo intermedi-
ate, which is generated via O-O bond homolysis of the
Fe(III)-OOR species, is an active oxidant that effects the
oxygenation of organic substrates.>®

3. Mononuclear Non-Heme Iron(IV)-0xo
Complexes

While the first paper on the synthesis and characteriza-
tion of an iron(IV)-oxo porphyrin s-cation radical ap-
peared in 1981,%° the first well-characterized mononuclear
non-heme iron(IV)-oxo complex was reported in 2003.'°
The late discovery of the non-heme iron—oxo species was
dueto thedifficultyin characterizingnon-hemeiron(IV)-oxo
intermediates by routine spectroscopies like a UV-vis
spectrophotometry; the generation of iron(IV)-oxo por-
phyrin 7-cation radicals exhibits distinct UV-vis spectral
changes of Soret and Q-bands in heme models. Nonethe-
less, the first high-resolution structure of an iron(IV)-oxo
species was obtained in non-heme iron models (Figure
2);'>%* the success of growing single crystals for X-ray
crystallography analysis results from their greater thermal
stability. With non-heme iron(IV)-oxo complexes firmly
established by crystallography, significant progress has
been made in the chemistry of non-heme iron(IV)-oxo
intermediates over the past 4 years; ~15 non-heme
iron(IV)-oxo complexes appeared in the literature in that
time. In this Account, the reactivities of mononuclear non-
heme iron(IV)-oxo complexes in a variety of oxidation
reactions are discussed with a brief introduction about
the synthesis and characterization of the intermediates.

3.1. Generation and Characterization of Non-Heme
Iron(IV)-Oxo Complexes. Wieghardt and co-workers re-
ported for the first time the generation of an iron(IV)-oxo
intermediate in the reaction of [Fe(cyclam-
acetato)(CF;S03)]" and O3 in acetone and water at
-80 °C; the green species was characterized as a low-spin
(S = 1) Fe(IV)-oxo intermediate based on Md&ssbauer
analysis.' Subsequently, Miinck, Nam, Que, and their co-
workers reported the first X-ray crystal structure of a
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FIGURE 2. X-ray crystal structures of [Fe"/(TMC)(0)(NCCH,)]*" (left) and [Fe"'(N4Py)(0)]*" (right). Atom colors: gray for carbon, blue for nitrogen,

red for oxygen, and purple for iron. This figure is adapted from ref 8.
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dicarboxylate.®®°

mononuclear non-heme iron(IV)-oxo complex that was
generated in the reaction of Fe" (TMC) (CF,SO3), and PhIO
in CH;CN at —40 °C (Figure 2).'® The pale green interme-
diate, characterized with various spectroscopic methods,
such as UV-vis spectroscopy, electrospray ionization mass
spectrometry, EPR, Md&ssbauer, resonance Raman, and
magnetic circular dichroism, was assigned as
[(TMC)Fe™V=0]** with a low-spin (S = 1) Fe(IV) center
and a 1.646 A Fe-O distance.'>?">* Since then, a handful
of non-heme iron(IV)-oxo complexes have been synthe-
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sized using macrocyclic tetradentate N4, tripodal tet-
radentate N4, and pentadentate N5 and N4S ligands
(Figure 3 for ligand structures).>®42%55 The structural
analysis of the intermediates by X-ray crystallography for
[(TMC)FeV=0]*" and [(N4Py)Fe'V=0]?" (Figure 2) and
extended X-ray absorption fine structure (EXAFS) for
others revealed a short Fe-O bond distance of ~1.64 A,
indicating double-bond character between the iron ion
and the oxygen atom.'>?* The Fe-O double-bond char-
acter was further supported by v(Fe-O) frequencies (e.g.,
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Scheme 5. Generation of Iron(IV)-0xo Complexes Using Different
Oxidants
(a) Single oxygen atom donors

(OFe"™ + X-0 — [(L)FeV=0]"™ + X

(b} Hydroperoxides

[(LFe"™ + ROOH 2% 1(1)Fe.00RI™ —» [(L)FeV=0]™ + RO

(c) Molecular oxygen

2 [(LFe"™ + 0y —— ((LFe"-0-O-Fe ()P —— 2 [(L)FeV=0O]™

~830 cm ') of [Fe™(TMC)(0)(X)]"" complexes.'>?! Moss-
bauer analysis indicates a low-spin (S = 1) Fe(IV) oxidation
state for all of the synthetic non-heme iron(IV)-oxo
complexes except [(H,0)s;Fe™V=0]*" which has a high-spin
(S = 2) state of Fe(IV) in acidic aqueous media.’” In
enzymes, an iron(IV)-oxo intermediate identified in TauD
has a 1.62 A Fe-O distance and a high-spin (S = 2) Fe(IV)
center.'® Interestingly, low-spin Fe(IV)-oxo complexes
exhibit characteristic near-IR absorption bands between
650 and 1050 nm with low extinction coefficients (e, Of
250-400 M~ ! cm™1),® and it turns out that the IR features
serve as a convenient spectral signature in forecasting the
formation of low-spin iron(IV)-oxo species.

Various oxygen atom donors were used in generating
the iron(IV)-oxo complexes, such as PhlIO,!%1718:21.25,55
peracids (e.g., m-CPBA and peracetic acid),'>'®182228
KHSOs,'® 05,'*°® and NaOX (X = Cl or Br)? as single-
oxygen atom donors, hydroperoxides (e.g., H,O, and tert-
butyl hydroperoxide),’>'®5” and molecular oxygen (Scheme
5).1 While two-electron oxidation of Fe(Il) to the Fe(IV)-oxo
species was proposed in the reactions of single-oxygen
atom donors (reaction a),'>® Fe(III)-OOR species was
homolytically cleaved to form Fe(IV)-O species in the
reactions of hydroperoxides (reaction b).>*°? In the case
of O, activation (reaction c), we found that the structures
of iron(II) complexes and solvents (e.g., alcohols) are
important factors in generating iron(IV)-oxo species by
activating O,.'® A mechanism was proposed in which two
molecules of an iron(II) complex react with O, to give two
molecules of an iron(IV)-oxo species. This mechanism is
similar to the O, activation by iron(Il) porphyrins®® and
relevant to the catalytic cycle of methane monooxygenases
(MMOs).>® In the latter reaction, a dinuclear non-heme
iron(II) complex activates O, to form a di(u-oxo)diiron(IV)
intermediate that effects the hydroxylation of organic
substrates, including CH,.

The stability of non-heme iron(IV)-oxo complexes is
dependent on ligand structures. For example,
[(TMC)FeV=0]*>" and [(N4Py)Fe'V=0]*" are thermally
stable even at room temperature,'>'” whereas
[(TPA)Fe™V=0]?" is stable only at low temperatures (e.g.,
—40 °C).'® Also, the stability of iron(IV)-oxo species is
markedly dependent on the pH of reaction solu-
tions; 85560 [(N4Py)Fe'V=0]?" is stable at low pH (i.e., pH
5-6) but decays at a fast rate with an increase in the pH
of the reaction solutions.'® Further, iron-oxo complexes
exhibit different reactivities in oxidation reactions, de-
pending on the ligand structures. While [(TMC)Fe™V=0]**
oxygenates Ph,P to Ph;PO,'>?! [(N4Py)FeV=0]?" shows

the capability of oxidizing the C-H bonds of cyclohexane
at room temperature.'” Furthermore, as we have observed
in iron(IV)-oxo porphyrin z-cation radicals,*>** the reac-
tivity of non-heme iron(IV)-oxo complexes is markedly
influenced by the axial ligands bound trans to the iron—-oxo
group.?"?>6! As a conclusion, we have demonstrated that
the stability and reactivity of non-heme iron(IV)-oxo
intermediates are sensitive to the structure of iron com-
plexes, the axial ligand bound to iron ion, and the pH of
reaction solutions. With the results, we were able to
investigate the reactivities of nonheme iron(IV)-oxo com-
plexes in a variety of oxidation reactions in detail.

3.2. Non-Heme Iron(IV)-Oxo Complexes in Oxidation
Reactions. Thefirst clear example thatnon-hemeiron(IV)-oxo
complexes are capable of transferring their oxygen atom
to organic substrates was the oxidation of Ph;P by
[(TMC)Fe™V=0]?", yielding Ph;PO quantitatively (Figure
4, P-oxidation).'® Subsequently, it was demonstrated that
an iron(IV)-oxo complex, [(TPA)Fe!Y=0]?", reacts with
cyclooctene to give cyclooctene oxide at —40 °C (Figure 4,
alkene epoxidation).'® Similarly, Girerd and co-
workers reported the epoxidation of olefins by
[(Bn-TPEN)Fe™V=0]?", in which cyclooctene oxide and
trans-stilbene oxide were produced in the epoxidation of
cyclooctene and cis-stilbene, respectively.>” More recently,
we have shown that non-heme iron(IV)-oxo complexes,
[(TPA)Fe"=0]?*, [(Bn-TPEN)Fe"V=0]?*, [(TPA)FeV=0]*",
and [(TMC)Fe™V=0]*", are capable of oxygenating sulfides
to the corresponding sulfoxides (Figure 4, S-oxida-
tion).'®1952 In the sulfide oxidation, the relative reactivi-
ties of the iron-oxo species were in the following
order: [(TPA)Fe"V=0]** > [(Bn-TPEN)Fe'V=0]*" >
[(N4Py)FeV=0]?* > [(TMC)Fe'V=0]**.52 The reaction
rates were significantly dependent on the electron donat-
ing ability of para substituents (i.e., Hammett p values
between —1.4 and —2.5).'%°?

The most striking observation made in oxygenation
reactions by non-heme iron(IV)-oxo complexes was the
hydroxylation of alkanes by [(N4Py)FeV=0]*" and
[(Bn-TPEN)Fe™=0]?" (Figure 4, aliphatic hydroxylation)."”
The iron(IV)-oxo complexes bearing pentadentate N5
ligands were thermally stable even at room temperature
but capable of hydroxylating C-H bonds as strong as those
in cyclohexane. More significantly, a large KIE of >30 was
observed in the hydroxylation of ethylbenzenes, CgH,, and
CgD;o.'” Such a large KIE implies that the C-H bond
activation by non-heme iron(IV)-oxo species occurs via
a hydrogen atom abstraction mechanism (Scheme 6).%2
In non-heme iron enzymes, large isotope effects were
observed in H-atom abstraction reactions by the iron(IV)
intermediates of the monoiron TauD (i.e., KIE of ~37)'3
and the diiron MMO (i.e., KIE of >50).%®

A large KIE of ~50 was also observed in the oxidation
of benzyl alcohol by non-heme iron(IV)-oxo complexes,
[(TPA)Fe™V=0]?" and [(N4Py)Fe'V=0]?" (Figure 4, alcohol
oxidation).?° Such a large KIE value indicates that non-
heme iron(IV)-oxo intermediates activate alcohols exclu-
sively by H-atom abstraction from the a-CH group of
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FIGURE 4. Oxidation reactions mediated by mononuclear non-heme iron(IV)-oxo complexes.

Scheme 6. Alkane Hydroxylation by an Iron(IV)-Oxo Complex'’
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Scheme 7. Proposed Mechanism for Alcohol Oxidation by Iron(IV)-
Oxo Species?
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benzyl alcohol (Scheme 7, pathway A) and that C-H bond
cleavage is the rate-determining step. The mechanism of
the alcohol oxidation was further investigated with an '20-
labeled iron(IV)-oxo complex, [(N4Py)FeV='80]** to
understand whether the final step of the alcohol oxidation
occurs via a gem-diol dehydration or a dual-hydrogen
abstraction process. The product formed in the '80-
labeled experiment contained only a trace amount of 20,
supporting the possibility that the alcohol oxidation by
non-heme iron(IV)-oxo complexes occurs via a dual-
hydrogen abstraction mechanism (Scheme 7, pathway C),
not via a gem-diol dehydration process (Scheme 7, path-
way B).%°

In contrast to the alkane hydroxylation and alcohol
oxidation, we have obtained a low KIE value of ~0.9 in
the hydroxylation of aromatic compounds by non-heme
iron(IV)-oxo complexes (Figure 4, aromatic hydroxyla-
tion).** In the hydroxylation of anthracene by
[(N4Py)Fe™=0]?* and [(Bn-TPEN)Fe™V=0]?", anthraquino-
ne was produced in high yields. We also found the
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electron donating ability of para substituents on an-
thracene influences reaction rates significantly, affording
a large Hammett p value of —-3.9. Such a large negative p
value implies that the iron—oxo group attacks the aromatic
ring via an electrophilic pathway. Further, the calculated
k! kp values of ~0.9, determined kinetically in the hy-
droxylation of anthracene and deuterated anthracene,
indicate an inverse KIE in the aromatic ring oxidation
reactions; the observation of the inverse KIE is consistent
with the sp®-to-sp® hybridization change during the ad-
dition of an electrophilic iron-oxo group to the sp? center
of the aromatic ring to form a o adduct.®® On the basis of
the large negative Hammett p and inverse KIE values, we
have proposed that the aromatic ring oxidation does not
occur via a hydrogen atom abstraction mechanism but
involves an initial electrophilic attack on the 7z-system of
the aromatic ring to produce a tetrahedral radical or
cationic o-complex.545°

Non-heme iron enzymes participate in oxidative N-
dealkylationreactionsin nature, and high-valentiron(IV)-oxo
species have been invoked as an active oxidant that effects
the oxygenation of organic substrates.®® We therefore
performed oxidative N-dealkylation of N,N-dialkylamines
with non-heme iron(IV)-oxo complexes. In the ox-
idative N-dealkylation of N,N-dimethylaniline by
[(N4Py)Fe'V=0]?" and [(TMC)Fe"V=0]*", N-methylaniline
was produced as a major product with the concurrent
formation of CH,0.%® Detailed mechanistic studies were
carried out in an effort to understand whether the oxida-
tive N-dealkylation occurs via an electron transfer—proton
transfer (ET-PT) mechanism or a hydrogen atom transfer
(HAT) (Scheme 8).°” On the basis of the results of a linear
free energy correlation (e.g., Hammett p values of ap-
proximately —2.5), inter- and intramolecular kinetic isotope
effects (e.g., KIE values of <5), and product analysis with
mechanistic probes, the oxidative N-dealkylation reactions
by non-heme iron(IV)-oxo complexes were proposed to
occur via an ET-PT mechanism (Scheme 8).%¢
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Scheme 8. Proposed Mechanisms for Oxidative N-Demethylation hy
Fe(IV)-0xo Complexes®®
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Complexes®*
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In addition to the oxygenation of organic substrates,
we have reported the first example of the transfer of an
oxygen atom between non-heme iron(IV)-oxo and iron(Il)
complexes (i.e., complete intermetal oxygen atom trans-
fer).?* This observation is contrary to the case of iron
porphyrins, in which the reaction of iron(IV)-oxo and
iron(Il) porphyrins resulted in the generation of x-oxo-
bridged iron(II) porphyrin dimers (i.e., incomplete inter-
metal oxygen atom transfer).5® The oxygen atom transfer
was found to depend on the oxidizing power of the
iron(IV)-oxo complexes (Scheme 9); the oxidizing power
of iron(IV)-oxo complexes was determined to be on the
order of [(Bn-TPEN)FeV=0]** > [(N4Py)FeV=0]?>" >
[(TMC)FeV=0]?" in sulfide oxidation reactions.®? Detailed
investigations aimed at illustrating the mechanism of
complete intermetal oxygen atom transfer from iron (IV)—-oxo
to iron(Il) complexes are currently underway in this
laboratory.

4. Concluding Remarks

In this Account, efforts to understand the reactivities and
mechanisms of iron(IV)-oxo porphyrin sz-cation radicals
and non-heme iron(IV)-oxo complexes in oxygenation
reactions over the past 7 years have been reviewed. In the
part of iron(IV)-oxo porphyrin szz-cation radicals, we have
demonstrated that there are significant porphyrin and
axial ligand effects on the catalytic oxygenation of hydro-
carbons by hydroperoxides, the activation of the hydro-
peroxide O-O bond, and the oxidizing power of iron-oxo
complexes in oxygenation reactions. A current controversy
about the multiple-oxidants hypothesis in catalytic oxy-
genation reactions (i.e., ferric-hydroperoxide species as
a “second electrophilic oxidant”) has been addressed, and
we have proposed that ferric-hydroperoxo species are not
active oxidants in electrophilic oxidation reactions.

Our non-heme iron(IV)-oxo studies were initiated with
the success of obtaining the first crystal structure of a
mononuclear non-heme iron(IV)-oxo complex with the
groups of Que and Miinck. Despite a short history of non-

heme iron(IV)-oxo species, significant developments were
made in characterizing the intermediates and understand-
ing their reactivities in a variety of oxygenation reactions.
The reactions depicted in Figure 4 clearly demonstrate
that mononuclear non-heme iron(IV)-oxo complexes are
involved in diverse oxygenation reactions. The next chal-
lenging target in biomimetic studies of non-heme iron
enzymes is to understand the reactivities of the recently
discovered non-heme iron(V)-oxo intermediate.

As mentioned above, we have observed the great
advances in elucidating the chemistry of heme and non-
heme iron(IV)-oxo complexes. However, continued ex-
tensive research is needed to clarify the currently unan-
swered questions in both enzymatic and biomimetic
reactions, such as the role(s) of the axial-thiolate ligand
of (Porp)™*Fe'(0)(S-Cys) in activating C-H bonds of
hydrocarbons by CYP 450, the involvement of multiple
oxidants in the catalytic oxygenation of organic substrates
by heme and non-heme iron complexes, and the effect(s)
of the heme and non-heme ligands and the axial ligands
on the reactivities of iron(IV)-oxo species in oxygenation
reactions. Especially, it is of interest to understand why
enzymes with iron active sites utilize heme and non-heme
ligands in oxygenation reactions [e.g., the role(s) of heme
and non-heme ligands in governing and tuning the
oxidizing power of iron—-oxo intermediates]. Without a
doubt, our next Account will provide exciting discoveries
to answer the currently unanswered questions and new
mechanistic insights into the oxygenation reactions by
heme and non-heme iron(IV)- and iron(V)-oxo complexes.

I thank the past and present students and collaborators whose
names appear in the list of references. Financial support from the
Ministry of Science and Technology of Korea through the Creative
Research Initiative Program is greatly acknowledged. This Account
is dedicated to Professor Joan S. Valentine, who was my Ph.D.
advisor at the University of California (Los Angeles, CA) and has
been a great supporter for my independent research career. “Joan,
I could not have this honorable Account without your endless
help.”

References

(1) Ortiz de Montellano, P. R. Cytochrome P450: Structure, Mechanism,
and Biochemistry, 3rd ed.; Kluwer Academic/Plenum Publishers:
New York, 2005.

Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. Structure

and chemistry of cytochrome P450. Chem. Rev. 2005, 105, 2253~

2277.

(3) Meunier, B.; de Visser, S. P.; Shaik, S. Mechanism of oxidation
reactions catalyzed by cytochrome P450 enzymes. Chem. Rev.
2004, 104, 3947-3980.

(4) Abu-Omar, M. M.; Loaiza, A.; Hontzeas, N. Reaction mechanisms

of mononuclear non-heme iron oxygenases. Chem. Rev. 2005, 105,

2227-2252.

Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. Dioxygen

activation at mononuclear nonheme iron active sites: Enzymes,

models, and intermediates. Chem. Rev. 2004, 104, 939-986.

(6) Makris, T. M.; von Koenig, K.; Schlichting, I.; Sligar, S. G. The status
of high-valent metal oxo complexes in the P450 cytochromes.
J. Inorg. Biochem. 2006, 100, 507-518.

(7) Groves, J. T. High-valent iron in chemical and biological oxidations.
J. Inorg. Biochem. 2006, 100, 434-447.

(8) Shan, X.; Que, L., Jr. High-valent nonheme iron-oxo species in
biomimetic oxidations. J. Inorg. Biochem. 2006, 100, 421-433.

(2

(5

VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 529



(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

530

High-Valent Iron(IV)-0Oxo Complexes Nam

Kryatov, S. V.; Rybak-Akimova, E. V.; Schindler, S. Kinetics and
mechanisms of formation and reactivity of non-heme iron oxygen
intermediates. Chem. Rev. 2005, 105, 2175-2226.

Bollinger, J. M., Jr.; Krebs, C. Stalking intermediates in oxygen
activation by iron enzymes: Motivation and method. J. Inorg.
Biochem. 2006, 100, 586-605.

Hoffart, L. M.; Barr, E. W.; Guyer, R. B.; Bollinger, J. M., Jr.; Krebs,
C. Direct spectroscopic detection of a C-H-cleaving high-spin Fe(IV)
complex in a prolyl-4-hydroxylase. Proc. Natl. Acad. Sci. U.S.A.
2006, 703, 14738-14743.

Galonic, D. P.; Barr, E. W.; Walsh, C. T.; Bollinger, J. M., Jr.; Krebs,
C. Two interconverting Fe(lV) intermediates in aliphatic chlorination
by the halogenase CytC3. Nat. Chem. Biol. 2007, 3, 113-116.
Price, J. C.; Barr, E. W.; Glass, T. E.; Krebs, C.; Bollinger, J. M., Jr.
Evidence for hydrogen abstraction from C1 of taurine by the high-
spin Fe(lV) intermediate detected during oxygen activation by
taurine: o-Ketoglutarate dioxygenase (TauD). J. Am. Chem. Soc.
2003, 725, 13008-13009.

Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyhermidiller, T.; Wieghardt,
K. Mononuclear (nitrido)iron(V) and (oxo)iron(IV) complexes via
photolysis of [(cyclam-acetato)Fe"'(N;)]™ and ozonolysis of [(cy-
clam-acetato)Fe"'(O,SCF,)]" in water/acetone mixtures. Inorg.
Chem. 2000, 39, 5306-5317.

Rohde, J.-U.; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski,
M. R.; Stubna, A.; Mlinck, E.; Nam, W.; Que, L., Jr. Crystallographic
and spectroscopic characterization of a nonheme Fe(IV)=0 com-
plex. Science 2003, 299, 1037-1039.

Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas, M.;
Ho, R. Y. N.; Miinck, E.; Nam, W.; Que, L., Jr. An Fe'V=0 complex
of a tetradentate tripodal nonheme ligand. Proc. Natl. Acad. Sci.
U.S.A. 2003, 700, 3665-3670.

Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna,
A.; Kim, J.; Miinck, E.; Nam, W.; Que, L., Jr. Nonheme Fe'VO
complexes that can oxidize the C-H bonds of cyclohexane at room
temperature. J. Am. Chem. Soc. 2004, 126, 472-473.

Sastri, C. V.; Seo, M. S.; Park, M. J.; Kim, K. M.; Nam, W. Formation,
stability, and reactivity of a mononuclear nonheme oxoiron(IV)
complex in aqueous solution. Chem. Commun. 2005, 1405-1407.
Kim, S. O.; Sastri, C. V.; Seo, M. S.; Kim, J.; Nam, W. Dioxygen
activation and catalytic aerobic oxidation by a mononuclear
nonheme iron(ll) complex. J. Am. Chem. Soc. 2005, 127, 4178-
4179.

Oh, N. Y.; Suh, Y.; Park, M. J.; Seo, M. S.; Kim, J.; Nam, W.
Mechanistic insight into alcohol oxidation by high-valent iron-oxo
complexes of heme and nonheme ligands. Angew. Chem., Int. Ed.
2005, 44, 4235-4239.

Sastri, C. V.; Park, M. J.; Ohta, T.; Jackson, T. A.; Stubna, A.; Seo,
M. S.; Lee, J.; Kim, J.; Kitagawa, T.; Miinck, E.; Que, L., Jr.; Nam,
W. Axial ligand substituted nonheme Fe'V=0 complexes: Observa-
tion of near-UV LMCT bands and Fe=0 raman vibrations. J. Am.
Chem. Soc. 2005, 127, 12494-12495.

Bukowski, M. R.; Koehntop, K. D.; Stubna, A.; Bominaar, E. L.;
Halfen, J. A.; Minck, E.; Nam, W.; Que, L., Jr. A thiolate-ligated
nonheme oxoiron(lV) complex relevant to cytochrome P450. Sci-
ence 2005, 370, 1000-1002.

Klinker, E. J.; Kaizer, J.; Brennessel, W. W.; Woodrum, N. L.;
Cramer, C. J.; Que, L., Jr. Structures of nonheme oxoiron(lV)
complexes from X-ray crystallography, NMR spectroscopy, and
DFT calculations. Angew. Chem., Int. Ed. 2005, 44, 3690-3694.
Sastri, C. V.; Oh, K.; Lee, Y. J.; Seo, M. S.; Shin, W.; Nam, W.
Oxygen-atom transfer between mononuclear nonheme iron(IV)-
oxo and iron(ll) complexes. Angew. Chem., Int. Ed. 2006, 45, 3992—
3995.

Suh, Y.; Seo, M. S.; Kim, K. M.; Kim, Y. S.; Jang, H. G.; Tosha, T.;
Kitagawa, T.; Kim, J.; Nam, W. Nonheme iron(ll) complexes of
macrocyclic ligands in the generation of oxoiron(lV) complexes
and the catalytic epoxidation of olefins. J. Inorg. Biochem. 2006,
100, 627-633.

Nehru, K.; Seo, M. S.; Kim, J.; Nam, W. Oxidative N-dealkylation
reactions by oxoiron(IV) complexes of nonheme and heme ligands.
Inorg. Chem. 2007, 46, 293-298.

Balland, V.; Charlot, M.-F.; Banse, F.; Girerd, J.-J.; Mattioli, T. A.;
Bill, E.; Bartoli, J.-F.; Battioni, P.; Mansuy, D. Spectroscopic
characterization of an Fe'V intermediate generated by reaction of
XO~ (X = Cl, Br) with an Fe" complex bearing a pentadentate non-
porphyrinic ligand: Hydroxylation and epoxidation activity. Eur.
J. Inorg. Chem. 2004, 301-308.

Martinho, M.; Banse, F.; Bartoli, J.-F.; Mattioli, T. A.; Battioni, P.;
Horner, O.; Bourcier, S.; Girerd, J.-J. New example of a non-heme
mononuclear iron(IV) oxo complex. Spectroscopic data and oxida-
tion activity. Inorg. Chem. 2005, 44, 9592-9596.

Groves, J. T.; Nemo, T. E.; Myers, R. S. Hydroxylation and
epoxidation catalyzed by iron-porphine complexes. Oxygen trans-
fer from iodosylbenzene. J. Am. Chem. Soc. 1979, 101, 1032-1033.

ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 7, 2007

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47

(48)

(49)

(50)

(51)

(52)

(53)

Meunier, B. Metalloporphyrins as versatile catalysts for oxidation
reactions and oxidative DNA cleavage. Chem. Rev. 1992, 92, 1411-
1456.

Dolphin, D.; Traylor, T. G.; Xie, L. Y. Polyhaloporphyrins: Unusual
ligands for metals and metal-catalyzed oxidations. Acc. Chem. Res.
1997, 30, 251-259.

Traylor, T. G.; Kim, C.; Richards, J. L.; Xu, F.; Perrin, C. L. Reactions
of iron(lll) porphyrins with oxidants. Structure-reactivity studies.
J. Am. Chem. Soc. 1995, 117, 3468-3474.

Nam, W.; Goh, Y. M.; Lee, Y. J.; Lim, M. H.; Kim, C. Biomimetic
alkane hydroxylations by an iron(lll) porphyrin complex with H,0,
and by a high-valent iron(IV) oxo porphyrin cation radical complex.
Inorg. Chem. 1999, 38, 3238-3240.

Nam, W.; Oh, S.-Y.; Sun, Y. J.; Kim, J.; Kim, W.-K.; Woo, S. K;
Shin, W. Factors affecting the catalytic epoxidation of olefins by
iron porphyrin complexes and H,0, in protic solvents. J. Org.
Chem. 2003, 68, 7903-7906.

Nam, W.; Lee, H. J.; Oh, S.-Y.; Kim, C.; Jang, H. G. First success of
catalytic epoxidation of olefins by an electron-rich iron(lll) por-
phyrin complex and H,0,: Imidazole effect on the activation of
H,0, by iron porphyrin complexes in aprotic solvent. J. Inorg.
Biochem. 2000, 80, 219-225.

Nam, W.; Lim, M. H.; Oh, S.-Y.; Lee, J. H.; Lee, H. J.; Woo, S. K,;
Kim, C.; Shin, W. Remarkable anionic axial ligand effects of iron(lll)
porphyrin complexes on the catalytic oxygenations of hydrocar-
bons by H,0, and the formation of oxoiron(IV) porphyrin inter-
mediates by m-chloroperoxybenzoic acid. Angew. Chem., Int. Ed.
2000, 39, 3646-3649.

Watanabe, Y. In The Porphyrin Handbook; Kadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 4, Chapter
30, pp 99-117.

Almarsson, O.; Bruice, T. C. A homolytic mechanism of O-O bond
scission prevails in the reactions of alkyl hydroperoxides with an
octacationic tetraphenylporphinato-iron(lll) complex in aqueous
solution. J. Am. Chem. Soc. 1995, 117, 4533-4544.

Nam, W.; Han, H. J.; Oh, S.-Y.; Lee, Y. J.; Choi, M.-H.; Han, S.-Y.;
Kim, C.; Woo, S. K.; Shin, W. New insights into the mechanisms
of 0-O bond cleavage of hydrogen peroxide and tert-alkyl hydro-
peroxides by iron(lll) porphyrin complexes. J. Am. Chem. Soc.
2000, 722, 8677-8684.

Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J. High-valent iron-porphyrin complexes related to peroxidase
and cytochrome P-450. J. Am. Chem. Soc. 1981, 103, 2884-2886.
Fujii, H. Electronic structure and reactivity of high-valent oxo iron
porphyrins. Coord. Chem. Rev. 2002, 226, 51-60.

Goh, Y. M.; Nam, W. Significant electronic effect of porphyrin
ligand on the reactivities of high-valent iron(IV) oxo porphyrin
cation radical complexes. Inorg. Chem. 1999, 38, 914-920.
Gross, Z.; Nimri, S. A pronounced axial ligand effect on the
reactivity of oxoiron(lV) porphyrin cation radicals. Inorg. Chem.
1994, 33, 1731-1732.

Song, W. J.; Ryu, Y. O.; Song, R.; Nam, W. Oxoiron(IV) porphyrin
m-cation radical complexes with a chameleon behavior in cyto-
chrome P450 model reactions. J. Biol. Inorg. Chem. 2005, 10, 294—
304.

Kamachi, T.; Kouno, T.; Nam, W.; Yoshizawa, K. How axial ligands
control the reactivity of high-valent iron(IV)-oxo porphyrin zz-cation
radicals in alkane hydroxylation: A computational study. J. Inorg.
Biochem. 2006, 700, 751-754.

de Visser, S. P. The axial ligand effect of oxo-iron porphyrin
catalysts. How does chloride compare to thiolate? J. Biol. Inorg.
Chem. 2006, 71, 168-178.

Behan, R. K.; Green, M. T. On the status of ferryl protonation.
J. Inorg. Biochem. 2006, 100, 448-459.

Hlavica, P. Models and mechanisms of O-O bond activation by
cytochrome P450. Eur. J. Biochem. 2004, 271, 4335-4360.
Newcomb, M.; Hollenberg, P. F.; Coon, M. J. Multiple mechanisms
and multiple oxidants in P450-catalyzed hydroxylations. Arch.
Biochem. Biophys. 2003, 409, 72-79.

Jin, S.; Bryson, T. A.; Dawson, J. H. Hydroperoxoferric heme
intermediate as a second electrophilic oxidant in cytochrome P450-
catalyzed reactions. J. Biol. Inorg. Chem. 2004, 9, 644-653.

Nam, W.; Ryu, Y. O.; Song, W. J. Oxidizing intermediates in
cytochrome P450 model reactions. J. Biol. Inorg. Chem. 2004, 9,
654-660.

Park, M. J.; Lee, J.; Suh, Y.; Kim, J.; Nam, W. Reactivities of
mononuclear non-heme iron intermediates including evidence that
iron(lll)-hydroperoxo species is a sluggish oxidant. J. Am. Chem.
Soc. 2006, 128, 2630-2634.

Seo, M. S.; Kamachi, T.; Kouno, T.; Murata, K.; Park, M. J.;
Yoshizawa, K.; Nam, W. Experimental and theoretical evidence for
nonheme iron(lll)-alkylperoxo species as sluggish oxidants in
oxygenation reactions. Angew. Chem., Int. Ed. 2007, 46, 2291-2294.



(54)

(55)

(56

(57)

(58)

(59)

(60)

(61)

(62)

High-Valent Iron(IV)-0Oxo Complexes Nam

Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, E. |. Spectroscopic
and quantum chemical characterization of the electronic structure
and bonding in a non-heme Fe'V=0 complex. J. Am. Chem. Soc.
2004, 7126, 5378-5379.

Bukowski, M. R.; Comba, P.; Lienke, A.; Limberg, C.; de Laorden,
C. L.; Mas-Ballesté, R.; Merz, M.; Que, L., Jr. Catalytic epoxidation
and 1,2-dihydroxylation of olefins with bispidine-iron(ll)/H,0,
systems. Angew. Chem., Int. Ed. 2006, 45, 3446-3449.

Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Miinck, E.; Que,
L., Jr.; Bakac, A. Aqueous Fe'V=0: Spectroscopic identification and
oxo-group exchange. Angew. Chem., Int. Ed. 2005, 44, 6871-6874.
Kaizer, J.; Costas, M.; Que, L., Jr. A dramatic push effect on the
homolysis of Fe'"'(OOR) intermediates to form non-heme Fe'V=0
complexes. Angew. Chem., Int. Ed. 2003, 42, 3671-3673.

Trayler, T. G.; Traylor, P. S. In Active Oxygen in Biochemistry;
Valentine, J. S., Foote, C. S., Greenberg, A., Liebman, J. F., Eds.;
Blackie Academic and Professional, Chapman and Hall: London,
U.K., 1995; pp 84-187.

Tshuva, E. Y.; Lippard, S. J. Synthetic models for non-heme
carboxylate-bridged diiron metalloproteins: Strategies and tactics.
Chem. Rev. 2004, 104, 987-1012.

Bautz, J.; Bukowski, M. R.; Kerscher, M.; Stubna, A.; Comba, P.;
Lienke, A.; Minck, E.; Que, L., Jr. Formation of an aqueous
oxoiron(lV) complex at pH 2-6 from a nonheme iron(ll) complex
and H,0,. Angew. Chem., Int. Ed. 2006, 45, 5681-5684.

Rohde, J.-U.; Que, L., Jr. Axial coordination of carboxylate activates
the non-heme Fe'V=0 unit. Angew. Chem., Int. Ed. 2005, 44, 2255~
2258.

Groves, J. T. Key elements of the chemistry of cytochrome P-450.
J. Chem. Educ. 1985, 62, 928-931.

(63)

(64)

(65)

(66)

(67)

(68)

(69)

Nesheim, J. C.; Lipscomb, J. D. Large kinetic isotope effects in
methane oxidation catalyzed by methane monooxygenase: Evi-
dence for C-H bond cleavage in a reaction cycle intermediate.
Biochemistry 1996, 35, 10240-10247.

de Visser, S. P.; Oh, K.; Han, A.-R.; Nam, W. Combined experimental
and theoretical study on aromatic hydroxylation by mononuclear
nonheme iron(lV)-oxo complexes. Inorg. Chem. 2007, 46, (in press)

de Visser, S. P.; Shaik, S. A proton-shuttle mechanism mediated
by the porphyrin in benzene hydroxylation by cytochrome P450
enzymes. J. Am. Chem. Soc. 2003, 125, 7413-7424.

Mishina, Y.; He, C. Oxidative dealkylation DNA repair mediated by
the mononuclear non-heme iron AlkB proteins. J. Inorg. Biochem.
2006, 700, 670-678.

Ortiz de Montellano, P. R.; De Voss, J. J. Oxidizing species in the
mechanism of cytochrome P450. Nat. Prod. Rep. 2002, 19, 477-
493.

Balch, A. L.; Chan, Y.-W.; Cheng, R.-J.; La Mar, G. N.; Latos-
Grazynski, L.; Renner, M. W. Oxygenation patterns for iron(ll)
porphyrins. Peroxo and ferryl (Fe'VO) intermediates detected by
"H nuclear magnetic resonance spectroscopy during the oxygen-
ation of (tetramesitylporphyrin)iron(ll). J. Am. Chem. Soc. 1984,
106, 7779-7785.

de Oliveira, F. T.; Chanda, A.; Banerjee, D.; Shan, X.; Mondal, S.;
Que, L., Jr.; Bominaar, E. L.; Minck, E.; Collins, T. J. Chemical and
spectroscopic evidence for an FeV-oxo complex. Science 2007, 315,
835-838.

AR700027F

VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 531



