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Abstract: The direct benzene hydroxylation by an iron-oxo species is discussed from density-functional-
theory (DFT) calculations. The proposed reaction pathway is FeO+ + C6H6 f OFe+(C6H6) f [TS1] f HO-
Fe+-C6H5 f [TS2] f Fe+(C6H5OH) f Fe+ + C6H5OH, in which TS means transition state. This reaction
is initiated by the formation of the reactant complex, OFe+(C6H6), exhibiting anη2-C6H6 binding mode; benzene
C-H bonds are activated on this complex due to significant electron transfer from the benzene to the iron-
oxo species. The reaction should proceed in a concerted manner, neither via the formation of radical species
nor ionic intermediates. The reaction mechanism is quite similar to the two-step concerted mechanism that we
have proposed originally for the direct methane hydroxylation by an iron-oxo species. The quartet potential
energy surface affords a low-cost reaction pathway for the benzene hydroxylation, spin inversion being
unimportant in contrast to the methane hydroxylation in which crossing between the sextet and quartet potential
energy surfaces plays an important role. We suggest that our two-step concerted mechanism should be widely
applicable to hydrocarbon hydroxylations catalyzed by transition-metal oxides if coordinatively unsaturated
metal oxides are responsible for such important catalytic reactions.

Introduction

Nearly all phenol is now produced by an industrial process
that starts with cumene (2-propylbenzene).1 Cumene is converted
by air oxidation into cumene hydroperoxide, which is converted
by aqueous acid into phenol and acetone. Since acetone is
produced as a byproduct in this process, the economics of the
so-called cumene method is dependent on the marketability of
acetone. Thus, economical, direct conversion of benzene to
phenol has attracted the attention of researchers in pure and
applied chemistry.1b

Such a direct benzene hydroxylation in the gas phase was
investigated by Schro¨der and Schwarz and their collaborators.2

The bare FeO+ complex, which is generated from the reaction
of Fe+ with nitrous oxide (N2O) under ion-cyclotron-resonance
conditions, reacts with benzene at a collision rate ofk ) 1.3×
10-9 cm3/(molecule‚s), giving rise to the formation of Fe+/C6H5-
OH (56%), Fe(C5H6)+/CO (37%), Fe(C6H4)+/H2O (5%), and
Fe(C5H5)+/CO/H• (2%). Detailed analyses of the gas-phase
reaction clarified that MnO+, FeO+, and CoO+ efficiently
convert benzene to phenol whereas ScO+, TiO+, and VO+ do
not.2c It is clear from these results that the late transition-metal
oxides play an essential role in the direct conversion of benzene
to phenol. However, neither mechanistic nor quantum-chemical
studies have yet been conducted for the very interesting gas-
phase processes. An analysis of the reaction pathway is the key

to understanding the catalytic benzene hydroxylation over
various transition-metal oxides supported on silica gel3 and over
Fe-ZSM-5 zeolites.4,5 Schröder and Schwarz6 also demonstrated
that the bare FeO+ complex reacts with methane to lead to the
formation of methanol in high yield. It is therefore important
to investigate the reaction mechanisms for the two interesting
gas-phase reactions.

Considerable theoretical work concerning C-H bond activa-
tion of small alkanes by transition-metal complexes has been
conducted,7-14 but activation of the benzene C-H bond has
not yet been fully investigated from a mechanistic viewpoint.
We think that the unknown reaction species that catalyzes the
direct benzene hydroxylation over heterogeneous catalysts3-5

should have relevance to transition-metal complexes including
iron-oxo species by analogy with the active sites of cytochrome
P45015 and soluble methane monooxygenase (sMMO).16 From
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previous work,17 we believe that the direct benzene hydroxy-
lation catalyzed by the FeO+ complex should occur following
the two-step concerted mechanism (Scheme 1) that we have
proposed originally for the methane hydroxylation. Our recent
interest is in whether the concerted mechanism is applicable to
hydrocarbon hydroxylations catalyzed by the metalloenzymes
in which the coordination environment would dominate the
mechanism and selectivity. We have proposed from theoretical
calculations18 that the conversion of methane to methanol can
occur on a diiron site of sMMO similar to the gas-phase reaction
indicated in Scheme 1.

In this work, we present from density-functional-theory (DFT)
calculations how the iron-oxo species activates benzene to lead
to the formation of phenol. The reaction intermediates and the
energetics along the reaction pathway are computed and

analyzed in detail. Orbital interaction analyses are performed
to gain a better understanding of the important reaction,
especially concerning the reason a certain spin state plays an
essential role. Our theoretical analysis on the direct benzene
hydroxylation will probably be influential among experimental-
ists in the fields of catalysis chemistry as well as of bioinorganic
chemistry.

Method of Calculation

We optimized local minima (on a potential energy surface) corre-
sponding to the reactant complex, OFe+(C6H6), the reaction intermedi-
ate, HO-Fe+-C6H5, and the product complex, Fe+(C6H5OH), using
the hybrid Hartree-Fock/density-functional-theory (HF/DFT) B3LYP
method.19,20This method consists of the Slater exchange, the Hartree-
Fock exchange, the exchange functional of Becke,19 the correlation
functional of Lee, Yang, and Parr (LYP),20 and the correlation functional
of Vosco, Wilk, and Nusair.21 The contribution of each energy to the
B3LYP energy expression was fitted by Becke19 empirically on a
reference set of molecules. The hybrid B3LYP method has been
reported to provide excellent descriptions of various reaction profiles,
particularly in geometries, heats of reaction, barrier heights, and
vibrational analyses.22

For the Fe atom we used the (14s9p5d) primitive set of Watchers23

supplemented with one polarization f-function (R ) 1.05)24 resulting
in a (611111111|51111|311|1) [9s5p3d1f] contraction, and for the H,
C, N, and O atoms we used the D95** basis set,25 a standard double-ú
basis set with polarization function. Transition-state (TS) structures were
also optimized at the same level of theory. Vibrational frequencies were
systematically computed to ensure that on a potential energy surface
each optimized geometry corresponds to a local minimum that has no
imaginary frequency or a saddle point that has only one imaginary
frequency. Zero-point energy corrections were taken into account in
calculating the total energies of the reactant complex, the intermediate,
the product complex, and the transition states. Sextet and quartet spin
states were considered. The spin-unrestricted method was applied to
the open-shell systems. Computed〈S2〉 values confirmed that spin
contamination included in calculations was very small (within 0.3%
after annihilation of spin contamination). The Gaussian 94 program
package was used for all DFT calculations.26

One of the reviewers of this paper suggested we include some
calibration calculations to evaluate the applicability of the method we
used. We list in Table 1 computed values for the dissociation energy
of the 6Σ+ state of FeO+ at various levels of theory as well as an
experimental value. The B3LYP method behaves quite well for this
quantity to give a value comparable to the experimental value. Thus,
this hybrid DFT method is appropriate for the subject of this paper,
the reaction between FeO+ and benzene.

We performed orbital interaction analyses, based on the extended
Hückel method29 to have a deeper understanding of the reaction profile
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of the direct conversion of benzene to phenol, particularly with regard
to the barrier heights of transition states with different spin states. We
used the YAeHMOP program developed by Landrum.30

Results and Discussion

Reaction Intermediates and Transition States.Let us
consider the gas-phase reaction of FeO+ and benzene. As
mentioned above, this reaction leads to the formation of phenol
in a high yield of 56%.2 This reaction can be viewed as a simple
model for the catalytic benzene hydroxylation over Fe-ZSM-5
zeolites if we assume that the unknown reaction species has
relevance to the iron-oxo species. We confirmed from DFT
calculations that the conversion of benzene to phenol by FeO+

is initiated by C-H activation of benzene which occurs through
the formation of the reactant complex, OFe+(C6H6). A subse-
quent H atom abstraction from the benzene, via four-centered
TS1, results in formation of the hydroxy intermediate, HO-
Fe+-C6H5. This important intermediate is finally transformed
into the product complex, Fe+(C6H5OH), via three-centered TS2,
followed by dissociation into phenol and Fe+. The proposed
reaction pathway, indicated in reaction 1, is quite similar to that
of the methane-methanol conversion by MnO+, FeO+, and
CoO+.17 It is important to note that in the initial stages of the
proposed reaction pathway we rule out a direct H atom
abstraction by the oxygen atom of the iron-oxo species. Our
mechanism is different from a conventional radical mechanism
that involves a direct H atom abstraction with a linear C-H-
OFe array.

The three reaction intermediates and the two transition states
along the reaction pathway on the sextet potential energy surface
are shown in Figure 1. Systematic vibrational analyses confirmed
that the reactant complex, the hydroxy intermediate, and the
product complex correspond to stable points on the potential
energy surface and that TS1 and TS2 correspond to saddle
points. The geometries of the reaction intermediates and the
transition states are quite similar in the sextet- and quartet-spin
states.

Let us first look at the computed geometry of the reactant
complex, OFe+(C6H6), in detail. There are in general three
typical binding modes for a metal-benzene complex: theη6-,
η4-, andη2-C6H6 modes, as indicated in1, 2, and3, respectively.
Interconversion of these is expected to occur.31 We found from
a vibrational analysis that an optimized OFe+(η6-C6H6) complex
exhibits a 2-fold degenerate imaginary-frequency mode; thus
this structure is not a stable point on the potential energy surface.
We predict from DFT computations that the Fe atom is closer
to one pair of carbon atoms, as indicated in Figure 1; the two
Fe-C distances of 2.324 and 2.344 Å are clearly shorter than
other Fe-C distances lying within a range of 2.467-2.658 Å.
Thus, this initially formed species can be viewed as an OFe+-
(η2-C6H6) complex, in which the benzene ring remains nearly
planar. The computational results are consistent with the general
features of the M-benzene complexes with anη2-coordination
mode reported in previous papers,32 in which M is bare transition
metals and their ions such as Pt and Ag+. Thus, the structure
of the reactant complex should follow the generally accepted
picture of the bonding inπ complexes in terms of electron
donation from filled bondingπ orbitals of the benzene and
simultaneous electron acceptance into empty antibondingπ*
orbitals; such bonding interactions may be generally drawn from
the Dewar-Chatt-Duncanson bonding model.33 Computed
binding energies of 59.9 kcal/mol in the sextet state and 67.7
kcal/mol in the quartet state of the OFe+(C6H6) complex are
much larger than those (22.8 and 22.2 kcal/mol) of the OFe+-
(CH4) complex.17b

Figure 2 shows orbital interaction analyses for the OFe+(η6-
C6H6) and OFe+(η2-C6H6) complexes, in which we assume the
benzene ring to be aD6h structure to derive simpler orbital
interactions. The FMO (fragment molecular orbital) diagrams
are built up from the FeO+ species (in its high-spin d5

configuration) and the benzene. The high-lying 1δ, 2π, and 3σ
orbitals of the FeO+ fragment consist mainly of 3d atomic
orbitals of the iron, and the low-lying 2σ and 1π orbitals (not
shown here) come mainly from 2p atomic orbitals of the oxygen.
At the center in Figure 2 the five d-block orbitals of the FeO+

fragment are shown; on the left the orbitals reconstructed for
the OFe+(η6-C6H6) complex are demonstrated; on the right the
orbitals for the OFe+(η2-C6H6) complex are shown. The orbitals
for the two binding modes are demonstrated in their high-spin
d5 configuration.

In theη6-C6H6 mode the degenerate 2π of the FeO+ fragment
has good interaction with the 2-fold degenerate HOMO of the
benzene fragment so that the in-phase combination is stabilized
to -13.2 eV and the out-of-phase counterpart is pushed up to
-11.2 eV. Other orbitals of the two fragments do not mix with
each other in this binding mode, due to orbital symmetry.
Therefore both the sextet and quartet states in theη6-C6H6 mode
are energetically unfavorable because the destabilized orbitals
are doubly and singly occupied in the sextet and quartet states,
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Table 1. Dissociation Energies (in kcal/mol) of the6Σ+ State of
FeO+ from Computations at Various Levels of Theory and from
Experiment

method dissociation energy

MP2(FC) 40.8a

MP4(FC) 44.2a

CISD+D(FC) 33.6a

CCSD(T)(FC) 64.7a

QCISD(T)(FC) 72.2a

CASSCF 25.4a

MRCI+D(FC) 70.2a

CASPT2N(full) 74.6a

B3LYP 75.2b

exptl 81.4( 1.4c

a Cited from ref 27.b This study.c Cited from ref 28.

FeO+ + C6H6 f OFe+(C6H6) f [TS1] f

HO-Fe+-C6H5 f [TS2] f Fe+(C6H5OH) f

Fe+ + C6H5OH (1)
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respectively. In contrast, the orbital interactions in theη2-C6H6

mode are a little complicated, but we understand from a close
inspection of the FMO diagrams that theη2-C6H6 mode is
preferred to theη6-C6H6 mode because the 2π of the FeO+

fragment is not significantly destabilized in theη2-C6H6 mode.
In this way, our qualitative orbital interaction analyses reason-
ably explain the DFT result that theη2-C6H6 mode is energeti-
cally preferred.

The degenerate LUMO of the benzene fragment remains
almost unchanged in energy because it does not mix with the
d-block orbitals of the FeO+ fragment. The dominant interaction
in this π complex is therefore in electron donation from the
filled bondingπ orbital of the benzene, and the degree of back-
donation is small, as demonstrated in Figure 2. The total charge
of the benzene ring is thus+0.23 from DFT computations.
Consequently, the C-C bonds of the benzene ring are slightly
longer than that of 1.403 Å in free benzene as shown in Figure
1, but the C-H bond lengths are not different from that of 1.089
Å in free benzene. We think that benzene activation occurs

initially through the formation of thisπ reactant complex. Before
conducting computations, we expected aσ-type complex, in
which FeO+ is strongly bound to a single carbon atom and as
a result the benzene ring is deformed from a plane, but we could
not find such aσ-complex as a stable structure on the potential
energy surface.

TS1, which connects the reactant complex and the hydroxy
intermediate, exhibits an imaginary frequency of 1911i cm-1,
the vibrational mode of which is indicated by the arrow in Figure
1. This high frequency is a direct consequence of C-H bond
cleavage as well as a O-H bond formation, as the vibrational
mode suggests. The C-H bond and the O-H bond in the four-
centered structure were computed to be 1.460 and 1.282 Å,
respectively. These values are reasonable for a transition-state
structure responsible for a C-H bond breaking and an O-H
bond forming. The C-H bond is significantly deviated from
the benzene plane; the four-centered structure is orthogonal to
the benzene plane. The structure of TS1 reminds us of the
famousσ complex or arenium ion,34 a highly reactive interme-
diate in aromatic electrophilic substitution. Although in theoreti-
cal chemistry a reaction intermediate is strictly defined as a local
minimum on a potential energy surface, its definition is
sometimes not so precise in experimental chemistry.

We next take a look at the hydroxy intermediate, HO-Fe+-
C6H5 in Figure 1. This intermediate is likely to play a central
role in the reaction pathway for the benzene-phenol conversion,
by analogy with the reaction pathway for the methane-methanol
conversion. The FeOH moiety is nearly coplanar with the
benzene ring. The formation of the Fe-C bond significantly
affects the two C-C bonds adjacent to it and consequently these
C-C bond lengths, which were computed to be 1.437 and 1.429
Å, are much larger than others. Clearly, the Fe-O bond of 1.728
Å is shorter than the expected distance of about 2 Å for a
coordinate Fe-O bond. Since the Mulliken charge of the OH
moiety is -0.39, this short Fe-O distance seems to be
reasonable; we mean that this bond should be viewed as a
covalent bond, not a coordinate bond. The formation of this

(34) See for example: March, J.AdVanced Organic Chemistry, 4th ed.;
John Wiley & Sons: New York, 1992; p 501.

Figure 1. Reaction intermediates and transition states for the direct benzene hydroxylation by the FeO+ species in the sextet state. Bond lengths
are in Å and bond angles (italic) are in deg.

Figure 2. Orbital interaction analyses for the initially formed OFe+-
(η6-C6H6) and OFe+(η2-C6H6) complexes on the left and right,
respectively. The geometry of the benzene is idealized to beD6h

symmetry, in which the HOMO and LUMO are 2-fold degenerate.
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intermediate may have relevance to the mechanism ofGif
chemistry proposed by Barton and collaborators,35 but to the
best of our knowledgeGif chemistry does not mention how such
an interesting Fe-C bond is formed in the initial stages of the
proposed mechanism.

TS2 is a transition state in which Fe-C bond breaking and
C-O bond formation occur simultaneously to connect the
hydroxy intermediate and the product complex, Fe+(C6H5OH),
including phenol as a ligand. This three-centered transition state
can be viewed as a process for a phenyl migration from the
iron active center to the oxygen atom. It exhibits an imaginary
frequency of 425i cm-1, which is lower than that of TS1,
because TS2 is concerned with a coupling of the OH and C6H5

fragments in contrast to TS1 which is responsible for C-H bond
cleavage as well as O-H bond formation. The breaking Fe-C
bond and the forming C-O bond were computed reasonably
well to be 2.077 and 2.022 Å, respectively. The three-centered
(Fe,O,C) structure responsible for the phenyl migration is
orthogonal with the benzene ring as in TS1.

Let us finally look at the product complex, Fe+(C6H5OH).
Note that the basic structure of the phenol moiety in the product
complex is not significantly changed from that of isolated
phenol. The Fe-O distance of 2.051 Å is much longer than
those of the reactant complex and the hydroxy intermediate.
The Fe-O bond of the product complex is thus viewed as a
typical coordinate bond in contrast to those of the reactant
complex and the hydroxy intermediate, as indicated in Figure
1. Thus, we expect that the Fe-O bond in the product complex
should easily dissociate to lead to the final products, i.e., phenol
and Fe+. The contrast between the Fe-O bonds in the hydroxy
intermediate and the product complex is interesting.

Since the geometries of the intermediate species and the
transition states in the low-spin quartet state are basically
identical with those in the high-spin sextet state, we will not
discuss them further. The only variation in their geometries is
the bond distances around the Fe atom; the Fe-C and Fe-O
distances in the reactant complex, the hydroxy intermediate, and
the product complex in the low-spin quartet state are 0.04-0.2
Å shorter than those in the sextet state. These computational
results are reasonably consistent with the general features of
metal-ligand distances in high-spin and low-spin complexes.

Energetics of the Reaction Pathway.The computed sextet
and quartet potential energy diagrams along the pathway of
reaction 1 are shown in Figure 3. From an inspection of the
two diagrams, we expect that the quartet potential surface should
afford an energetically low-cost reaction pathway whereas the
sextet state is important in the entrance and exit channels.
Although crossing between the two potential energy surfaces
occurs twice in the vicinity of the reactant and product
complexes, the spin inversions have little effect on the energetics
of the reaction pathway because the sextet and quartet energies
at the three stable points, i.e., the reactant complex, the hydroxy
intermediate, and the product complex, are close in energy. Only
the barrier heights for the transition states of different spin states
are crucial for the characterization of the direct benzene
hydroxylation. Therefore only the quartet potential surface is
likely to play an essential role in this reaction because the barrier
heights of TS1 and TS2 on the quartet potential surface are
smaller. This situation is somewhat different from that of the
reaction pathway for the methane-to-methanol conversion by
FeO+,17 in which such spin inversions in the entrance and exit
channels play a significant role.

On the quartet potential surface, the activation barrier for the
C-H bond cleavage via TS1 was computed to be 37.7 kcal/
mol, and that for the Fe-C bond cleavage via TS2 28.7 kcal/
mol. The crossing between the sextet and quartet surfaces does
not play a role in the benzene hydroxylation, as mentioned
above. It is interesting to compare the activation energies as
well as the reaction mechanism with those in the methane-
methanol conversion by FeO+.24 In the methane hydroxylation,
the corresponding barrier height for TS1 was computed to be
31.1 and 15.7 kcal/mol on the sextet and quartet potential energy
surface, respectively, and it becomes 22.1 kcal/mol if we
consider a crossing between the sextet and quartet surfaces.17b

Thus, the spin inversion plays an important role in decreasing
the activation energy for the C-H bond cleavage of methane.
The barrier height for TS2 in the methane hydroxylation is 36.2
and 28.6 kcal/mol in the sextet and quartet states, respectively.
In any event, the general features of the reaction pathways as
well as the energetics of the two important reactions, the
methane and benzene hydroxylations, are quite similar.

Orbital Interactions in the C -H Activation of Benzene.
We conducted an FMO analysis for TS1 to consider the reason
the low-spin quartet state affords a flat potential energy surface
compared with the sextet state. Application of such an orbital
interaction analysis to the transition state is very effective for
the characterization of transition states with different spin states,
as we will show below. The structure of TS1, shown in Figure
1, can be theoretically partitioned into FeO+ and benzene
fragments. Figure 4 illustrates an FMO analysis of TS1, in which
the d-block levels of the FeO+ species are shown on the left,
the frontier orbitals of the deformed benzene on the right, and
the orbitals reconstructed from the two fragments at the center.
The HOMO of the benzene fragment interacts well with a few
of the d-block orbitals of the FeO+ fragment.

As a consequence, the 3σ orbital of the FeO+ fragment in
TS1 is significantly pushed up to-10.7 eV; in the sextet state
this orbital is singly occupied, but in the quartet state it is empty.
Although explicit electron-electron interactions are not included
in the extended Hu¨ckel method,29 we can have some information
about a preferred spin state from an empirical criterion within
the framework of this one-electron theory; a low-spin state is
expected in general to occur in the extended Hu¨ckel method if
an energy splitting between two levels is more than 1.5 eV.36

This d-block orbital at-10.7 eV lies just 1.5 eV above the
(35) (a) Barton, D. H. R.; Doller, D.Acc. Chem. Res. 1992, 25, 504. (b)

Barton, D. H. R.; Hu, B.Pure Appl. Chem.1997, 69, 1941.

Figure 3. Potential energy diagrams for the direct benzene hydroxy-
lation by the FeO+ species in the sextet and quartet states. Note that
the reaction proceeds in a two-step manner, via TS1 and TS2. Relative
values are in kcal/mol.
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next high-lying orbital, as shown in Figure 4, so that the sextet
state of TS1 is comparable to the corresponding quartet state
in energy within the framework of the one-electron theory.

Another important result can be derived from the FMO
analysis in Figure 4. We expect that d4-oxo complexes, e.g.,
MnO+ and FeO2+, should be more efficient for the activation
of the C-H bond of benzene because in the quintet state of
TS1 the high-lying d-block orbital at-10.7 eV is unfilled and
the other low-lying d-block orbitals are singly occupied by four
electrons. In addition, exchange interactions among the four
electrons with the same spin can work well to stabilize the high-
spin quintet state of TS1 so that we can derive this statement.
In previous papers,17b,37we demonstrated from DFT calculations
that this qualitative prediction is true in the methane-to-methanol
conversion by the bare transition-metal oxides; the activation
barriers of TS1 in the MnO+ and FeO2+ cases were calculated
to be only 9.4 and 4.9 kcal/mol, respectively, while that in the
FeO+ case is 22.1 kcal/mol. Thus, we expect that bare d4-oxo
complexes activate the C-H bond of hydrocarbons most
efficiently, but it is important to note that all the hydroxylations
are dependent on the barrier heights of both TS1 and TS2.
Although iron(IV)-oxo complexes play an essential role in
hydroxylase enzymes such as cytochrome P45014 and sMMO,15

such iron(IV) species have not yet been detected in Fe-ZSM-5
zeolites. Of course, our qualitative discussion based on orbital
interaction analyses depends on the coordination spheres of the
metal active center. However, if coordinatively unsaturated iron
is generated in catalytic or enzymatic systems to afford a
coordination site for substrate hydrocarbons, we expect that
similar reactions should occur along the reaction pathway
presented in Figure 3.18a,g

Let us next consider the orbital interactions in TS2. It is wise
to partition TS2 into the FeOH+ and C6H5

• fragments. We show
an FMO analysis in Figure 5. The five d-block orbitals of the
FeOH+ fragment, which are similar to those of FeO+, are
occupied by six electrons, and the radical orbital of the C6H5

•

fragment at-11 eV, which directs toward the missing H atom,

is singly occupied. The orbital degeneracy of the FeOH+

fragment shown on the left in Figure 5 is accidental. We can
reconstruct the molecular orbitals of TS2 from these fragment
molecular orbitals, as shown at the center of the illustration.
The sextet and quartet states can be reasonably composed of
ferromagnetic and antiferromagnetic couplings of the quintet
state of the FeOH+ fragment and the doublet state of the C6H5

•

fragment, respectively. The high-lying orbital at-10 eV, which
comes mainly from the C6H5

• radical orbital at-11 eV, is
occupied by one electron in the sextet state of TS2, as shown
at the center in Figure 5. On the other hand, the high-lying
orbital is empty in the quartet state. The energy separation
between the high-lying d-block orbital and the low-lying d-block
orbitals is more than 2 eV and therefore the quartet state of
TS2 is predicted to be energetically more stable than the
corresponding sextet state from the criterion of the extended
Hückel method mentioned above. From the one-electron picture,
we can thus qualitatively understand why the quartet state of
TS2 is energetically more stable than the sextet state. In this
way, FMO analyses are quite useful for a qualitative under-
standing of the reaction profile, especially for transition states
TS1 and TS2.

Conclusions

We propose a concerted reaction pathway for the direct
benzene hydroxylation by an iron-oxo species. The reaction
occurs through concerted H atom and phenyl migrations at the
iron active center, neither via the formation of radical species
nor ionic intermediates. The conversion of benzene to phenol
by the FeO+ species is initiated by C-H activation of benzene,
which occurs through the formation of the reactant complex,
OFe+(C6H6). Detailed DFT computations and orbital interaction
analyses predict that the reactantπ complex should prefer an
η2-C6H6 mode rather than anη6-C6H6 mode; the formation of
Fe-C bonds in the OFe+(η2-C6H6) complex plays an essential
role in the C-H bond activation in the initial stages of the
reaction. A subsequent H atom abstraction from the benzene
ring in the π complex, which occurs via four-centered TS1,
results in the formation of the hydroxy intermediate, HO-Fe+-
C6H5. This stable intermediate is in the next step transformed
into the product complex, Fe+(C6H5OH), via three-centered TS2
responsible for a phenyl migration, followed by dissociation
into phenol and Fe+. Some important energies along the reaction

(36) Hoffmann, R.; Zeiss, G. D.; Van Dine, G. W.J. Am. Chem. Soc.
1968, 90, 1485.

(37) Yoshizawa, K.; Shiota, Y.; Yamabe, T.Organometallics1998, 17,
2825. In this paper, a concerted H atom abstraction via TS1 in Scheme 1
was shown to be energetically more favorable than a direct H atom
abstraction via a transition state with a linear C-H-OFe array.

Figure 4. An orbital interaction analysis for the concerted H atom
abstraction of benzene (TS1). The electronic configurations indicated
at the left and center are high-spin sextet states.

Figure 5. An orbital interaction analysis for the concerted phenyl
migration (TS2). The electronic configuration indicated at the center
is a sextet spin state.
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pathway are listed in Table 2. The proposed reaction mechanism
is essentially identical with that of the methane-methanol
conversion by coordinatively unsaturated iron-oxo species. Our
two-step concerted mechanism should be widely applied to
hydrocarbon hydroxylations catalyzed by transition-metal oxides
if metal oxides are responsible for such important catalytic
reactions. The reaction pathway for the direct benzene hydroxy-
lation discussed in this paper may increase our understanding
of some catalytic and enzymatic processes concerning aromatic-
ring oxidations by various transition-metal oxides.
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Appendix

Extended Hu¨ckel parameters for Fe, O, C, and H atoms are
given in Table 3.

JA981525I

Table 2. Computed Binding Energies, Activation Energies for TS1
(∆E1) and TS2 (∆E2), and Desorption Energies (in kcal/mol) for the
Conversion of Benzene to Phenol along Eq 1

spin state binding energy ∆E1 ∆E2 desorption energy

sextet 59.9 51.0 37.1 35.1
quartet 67.7 37.7 28.7 57.9

Table 3. Extended Hu¨ckel Parameters for Fe, O, C, and H Atoms,
in Which Hii Is the Orbital Energy andú the Slater Exponent

orbital Hii (eV) ú1 c1 ú2 c2

Fe4s -9.1 1.9
Fe4p -5.32 1.9
Fe3d -12.6 5.35 0.5505 2.00 0.6260
O2s -32.3 2.275
O2p -14.8 2.275
C2s -21.4 1.625
C2p -11.4 1.625
H1s -13.6 1.3
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