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Abstract: The reactivity of [HO—
(tpa)Fe'=0] (TPA =tris(2-pyridyl-
methyl)amine), derived from O—O
bond heterolysis of its [H,O—(tpa)-
Fe"—-OOH] precursor, was explored by
means of hybrid density functional
theory. The mechanism for alkane hy-
droxylation by the high-valent iron-
oxo species invoked as an intermediate
in Fe(tpa)/H,O, catalysis was investi-
gated. Hydroxylation of methane and
propane by HO—Fe'=0 was studied by

that this species is capable of stereo-
specific alkane hydroxylation. The
mechanism proposed for alkane hy-
droxylation by HO—-FeY=0 accounts
for the experimentally observed incor-
poration of solvent water into the
products. An investigation of the possi-
ble hydroxylation of acetonitrile (i.e.,
the solvent used in the experiments)
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shows that the activation energy
for hydrogen-atom abstraction by
HO-Fe"=0 is rather high and, in fact,
rather similar to that of methane, de-
spite the similarity of the H-CH,CN
bond strength to that of the secondary
C—H bond in propane. This result indi-
cates that the kinetics of hydrogen-
atom abstraction are strongly affected
by the cyano group and rationalizes the
lack of experimental evidence for sol-
vent hydroxylation in competition with

following the rebound mechanism asso-
ciated with the heme center of cyto-
chrome P450, and it is demonstrated

catalysis -
O—O0 activation

Introduction

Mononuclear, non-heme iron enzymes are involved in a
wide variety of key biological processes that start with di-
oxygen activation.” Intense biochemical investigations
have been dedicated to clarifying catalysis by these enzymes,
in which the active site hosts an iron complex with a coordi-
nation environment dominated by oxygen and nitrogen li-
gands (i.e., histidine, aspartate, glutamate, tyrosine).’) Much
experimental effort has been devoted to investigation of
synthetic complexes aimed at mimicking the chemistry of
non-heme iron oxygenases.! Biomimetic complexes may
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homogeneous
that of substrates such as cyclohexane.

not only provide useful insights into the enzymatic activity,
but they can also serve as new powerful bio-inspired cata-
lysts.

Interesting catalytic activity has been observed for a
family of non-heme iron complexes represented by [Fe'-
(tpa)(CH;CN),]**, in which TPA is the tetradentate tripodal
tris(2-pyridylmethyl)amine ligand. These catalysts utilize
H,0, to carry out stereospecific alkane hydroxylation as
well as olefin epoxidation and cis-dihydroxylation,*®! the
last-named being a reaction not previously known to be ef-
fected by a synthetic iron complex. Isotopic labeling experi-
ments provide compelling evidence for the probable in-
volvement of a formally iron(v)-oxo species in these oxida-
tions. For example, it has been observed that alkane hydrox-
ylation occurs with complete retention of stereochemistry,
but with some incorporation of O from added H,'*O into
the alcohol product.!! The extent of label incorporation
from H,"O depends on the strength of the alkane C—H
bond: the stronger the bond, the more oxygen from water is
incorporated. These experiments suggest the involvement of
a highly selective metal-based oxidant capable of introduc-
ing water into the product. It is thus proposed that the
active oxidant is a HO—FeY=0 species derived from O—O
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heterolysis of its [Fe(tpa)(H,O)(OOH)]** precursor, which
is formed from the reaction of [Fe"(tpa)(CH;CN),]** and
H,0, (Scheme 1). The [Fe(tpa)(OOH)]** species has indeed
been characterized and found to have a low-spin ground
state.”® The coordination of water as the sixth ligand in the
Fe™(OOH) complex provides the mechanism for water in-
corporation into the proposed HO—FeY=0 oxidant. Isotopic
labeling results for olefin oxidation provide strong support
for this mechanism. As in Fe(tpa)-catalyzed alkane hydroxy-
lation, there is some incorporation of label from H,'"*O into
the epoxide product. More persuasively, the cis-diol product
shows the incorporation of one oxygen atom from H,O, and
one oxygen atom from H,O, a result that requires the sole
involvement of the HO—Fe'Y=0O moiety having one oxygen
atom from water and one oxygen atom from hydrogen per-
oxide."!

This type of high-valent iron-oxo intermediate has been
invoked in the catalysis of some non-heme iron enzymes,
namely, the Rieske-type dioxygenases, which catalyze cis-di-
hydroxylation of aromatic compounds.”!) The proposed
mechanism involving a formally iron(v)-oxo species also has
similarities to the heme chemistry of cytochrome P450, for
which a similar high-valent iron—oxo species, namely, [(Por’)-
Fe'V=0]* is suggested as the key oxidizing intermediate.!"

Previous theoretical studies have demonstrated the feasi-
bility of O—O bond heterolysis leading to the HO-Fe'=0
species.'” The present study is aimed at gaining mechanistic
insight into the steps subsequent to HO—FeY=0 formation,
that is, the transformations leading to substrate oxidation.
Here we consider specifically the hydroxylations of methane
and propane, which occur by slightly different routes that
depend on the strength of the C—H bond being cleaved. The
hydroxylation of acetonitrile was also studied, since it is the
solvent used in the experiments.

Computational Methods

Density functional theory (DFT) was employed to explore how the high-
valent iron-oxo species HO—Fe"=0 can react with alkanes and acetoni-
trile. The B3LYP functional,™® which includes the Becke three-parameter
exchange!™ and the Lee, Yang, and Parr correlation functionals,'” was
used.

The energy profiles and the structures included in the present study were
obtained by means of the quantum chemical programs Jaguar4.2!" and
Gaussian 98.!""! Fully optimized transition states were obtained by evalua-
tion of the second derivatives with respect to the nuclear coordinates
(Hessian) of approximate transition-state structures. Second derivatives
were essential for confirming that the optimized transition state was char-
acterized by only one imaginary frequency corresponding to the normal
mode associated with the reaction coordinate. Hessians for reactants, in-
termediates, and transition states were also needed to derive the zero-
point effects and the thermal corrections necessary for determining
Gibbs free energies. The thermochemical analysis, which uses standard
expressions for an ideal gas in the canonical ensemble, treated the
normal modes within the harmonic approximation. The corrections to
the Gibbs free energies were computed with respect to a supercluster in-
cluding both the iron complex and the substrate. Account has be taken
of the fact that this type of approach may lead to underestimation of the
actual energy barrier because some loss of entropy is neglected.
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An effective core potential was used to describe iron.*! In the geometry
optimizations and Hessian evaluations all other atoms were described by
a standard double zeta basis set, denoted lacvp in Jaguar. The final
B3LYP energies for the fully optimized structures were computed by
using a large basis set with polarization functions an all atoms (denoted
lacv3p** in Jaguar!'”). In the present work, free energies are reported
with inclusion of zero-point and thermal effects, evaluated for a tempera-
ture of 298.15 K. Spin populations obtained with the lacvp basis set are
reported.

Concerning spin populations and oxidation states, the oxidation state of a
mononuclear metal complex does not require careful analysis of the
wave function, but in general follows more or less directly from the input
specification of total charge on the basis of general conventions. Excep-
tions might occur where, for example, an expected iron(1v) state instead
becomes an iron(mm) state with a ligand radical. This situation is easily
recognized from the computed spin populations. If an unrealistic oxida-
tion state were to appear for some intermediate in the calculations, this
can easily be judged because the energy is too high. Furthermore, for
high-spin iron complexes the spin distribution on the metal does not
strictly correspond to the number of d electrons expected from the oxida-
tion state. A typical case is iron(m), which in the high-spin state (S=5/2)
gives rise to a spin population of about 4 on the metal, with the remain-
ing spin density delocalized an the ligands. When an iron—-oxo moiety is
present, the convention is to assign the oxidation state of iron by consid-
ering the oxo ligand to be an oxide anion (O*7), while the spin distribu-
tions are more easily interpreted in terms of the electronic configuration
associated with the Fe=O double bond, which resembles the electronic
configuration of triplet dioxygen.!'>?"!

To reproduce the polarization effects of acetonitrile, which is the solvent
used in the experiments,*” the self-consistent reaction field as imple-
mented in Jaguar was employed.”??! The solvent was modeled as a mac-
roscopic continuum with dielectric constant ¢ =36.64, and the solute was
placed in a cavity contained in this continuous medium. The probe radius
used for acetonitrile molecules was 2.155 A. Final energies of the opti-
mized structures were corrected for the solvent effects by employing the
lacvp basis set. As explained below, the investigation of oxo-hydroxo tau-
tomerization, which involves strong hydrogen bonds, required a slightly
different procedure to account for the polarization induced by the sol-
vent. In this case, geometry optimizations in solution were necessary.

The accuracy of the B3LYP functional can be ascertained from bench-
mark tests on a wide array of molecules (radicals, non-hydrogen systems,
hydrocarbons, substituted hydrocarbons, and inorganic hydrides)®2" and
transition-metal systems.”**") From the available data, it can be deter-
mined that an error of about 3-5 kcalmol ™' could affect the energy pro-
files reported in the present investigation. However, such an accuracy
should be sufficient to discriminate among different reaction mecha-
nisms.*'*? Note that other theoretical studies on TPA complexes® and
similar systems®® indicate that the chosen hybrid functional is capable of
predicting the proper spin for the ground state. In the present work the
performance of B3LYP is compared to a G2MP2 extrapolation scheme
for some probe reactions, namely, hydrogen-atom abstraction from pro-
pane, methane, and acetonitrile by the hydroperoxyl radical. The opti-
mized geometries obtained from the B3LYP approach described above

were used to calculate the energies on the basis of G2MS [Eq. (1)]:*!

E(G2MS) = E[CCSD(T)/6-31G(d)] + E[MP2/6-311 + G(2df 2p)]—
E[MP2/6-31G(d)]

The free energy G(G2MS) was then obtained by using the corrections
(i.e., solvent, zero-point, and thermal) derived from the B3LYP ap-
proach. In one case, the more accurate G2 energies based on the MP4/6-
311G(d,p) level were calculated; the expressions for the corrections in
the G2 scheme are described in ref. [36].

A case of spin contamination was encountered in the study on the low-
spin state for the high-valent iron-oxo species. An approximate correc-
tion to the energy was therefore derived from the energies of the low-
spin (“broken symmetry”) and high-spin states together with the Heisen-
berg spin Hamiltonian formalism.”)
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Results and Discussion

Experiments on alkane hydroxylation and olefin oxidation
with the non-heme Fe(tpa) catalyst suggested a mechanism
involving a formally HO—Fe'=O intermediate, formed by
O-O heterolysis of its H,0-Fe™-OOH precursor
(Scheme 1).1*% Theoretical studies based on DFT have dem-
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Scheme 1. Proposed mechanism for alkane hydroxylation and olefin oxi-
dation by [Fe"(tpa)(CH;CN),]** and H,O,.

onstrated the viability of the O—O heterolytic cleavage,
which affords the high-valent iron-oxo species. ' The pres-
ent theoretical study goes further and investigates the reac-
tivity of HO—Fe¥=0 toward alkanes. A description of the
high-valent iron—oxo species is presented first. Then the re-
action mechanism for the hydroxylation of methane and
propane is discussed. Finally hydroxylation of acetonitrile is
examined, since it is the solvent used in the experiments and

Oxe 1.00 | AG=0.0 keal mol-1

Ono 1.05 | AG=0.62 keal mol-1 0,

its C—H bond strength is comparable to the secondary C—H
bond strength of propane (vide infra).

The HO—Fe¥(tpa)=0 species: Previous theoretical studies
demonstrated that a high-valent iron—-oxo species can be
generated by O—O heterolysis of the [Fe(tpa)-
(H,0)(OOH)]** precursor, in which the presence of a water
molecule in the octahedral coordination sphere of the metal
complex promotes O—O bond cleavage. ') The product of
the cleavage is the cis-HO—Fe"=0 species depicted in Fig-
ure la, in which the hydroxo ligand and the free water mole-
cule are generated during O—O heterolysis of the peroxo
ligand. The ground state for the high-valent iron—-oxo species
is a quartet (S=3/2), which is calculated to have a rather
short Fe—O bond (1.66 A) and a longer Fe—~OH bond
(1.77 A). Our calculations show that unpaired spin density is
distributed mainly within the HO-Fe¥=0 unit with spin
populations of 1.58 on the Fe atom, 1.00 on the oxo atom,
and 0.44 on the hydroxo oxygen atom. This spin distribution
is not unlike that found for compounds I of heme peroxi-
dases and cytochrome P450, and related model com-
plexes.’** The iron centers in the high-valent heme com-
plexes are also formally Fe', but are better described as
Fe™V=0 coupled to a porphyrin radical cation. The descrip-
tion of the S=1 Fe™"=0 center is analogous to that in triplet
O,: two unpaired electrons are accommodated in two 7t* or-
bitals with spin populations of about 1 on both the metal
and the oxo group.'”®! The unpaired electron on the por-
phyrin radical then interacts weakly with the S=1 Fe'V=0
center to afford almost degenerate quartet and doublet
states. In the ground state of the biomimetic non-heme iron
complex, the third unpaired electron is instead ferromagnet-
ically coupled to the other two unpaired spins and thus
lowers the total energy by maximizing the exchange interac-
tion. Although this unpaired electron is mainly localized on

Spin
Fe 154
o, 070

0.80 ) AG*#=14.2 keal mol-1

Figure 1. a) The cis-HO—Fe"(tpa)=0 species in which the oxo group occupies the position trans to the amine nitrogen atom. b) The cis-HO-Fe"(tpa)=0
species in which the oxo group occupies the position trans to one of the aromatic nitrogen atoms (for clarity only part of the TPA ligand is depicted).
¢) Transition state for oxo-hydroxo tautomerization mediated by a water molecule. Bond lengths in A are shown together with the corresponding spin
densities and relative energies.
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iron, some spin density is delocalized on the hydroxo ligand,
owing to transfer of spin density from the hydroxo ligand to
the metal atom. The electronic structure of the HO—Fe'=0
species can thus be described by two extremes: in one reso-
nance form the metal center has oxidation state five with
three unpaired electrons on the Fe=0O moiety. The other res-
onance form consists of the metal center with oxidation
state four (S=1) and the OH ligand with a hole, which is
ferromagnetically coupled to attain the S=3/2 state. There
are ample precedents for oxoiron(rv) moieties with S=1
states in biological and biomimetic heme centers™' ! and,
more recently, in synthetic non-heme iron complexes as
well, including [Fe'Y(O)(tpa)]**.[+!

Two tautomers are possible for the cis-sHO-Fe'=0 spe-
cies: as illustrated in Figure la the oxo group can occupy the
position trans to the sp® amine nitrogen or trans to one of
the aromatic nitrogen atoms (Figure 1b). The two complexes,
which have very similar structural parameters and spin den-
sities, differ by less than 1 kcalmol™ in energy and can be
considered as almost degenerate. Conversion between the
two structures may be mediated by the hydrogen-bonding
water molecule, which serves as a proton shuttle. A highly
symmetric transition state for the oxo-hydroxo tautomeriza-
tion involving the water molecule was located; the geometri-
cal details and spin populations for this transition state are
reported in Figure Ic. A barrier of 14.2 kcalmol™! was ob-
tained for oxo—hydroxo tautomerization.

The tautomerization was also investigated by using a dif-
ferent model, in which a molecule of acetonitrile (i.e., the
solvent) forms a hydrogen bond with water (Figure 2a). In
this way the transition state, which involves the H;O" ion,
should be stabilized by the hydrogen-bonding solvent. Intro-
duction of polarization effects of the medium proved to be
essential for locating the minima, and therefore the tauto-
merization with the model depicted in Figure 2a was investi-
gated by optimizing geometries in solution (see Computa-
tional Methods). With this type of computational approach
only an approximate transition state was located (Fig-
ure 2b), for which the thermal effects of the Gibbs free
energy could not be evaluated. The structures of the cis-
HO—-Fe™=0 species and the transition state obtained with
the small model (Figure la and c) are rather similar to the
corresponding strucatures obtained with the larger model
(Figure 2a and b). However, the presence of acetonitrile
with a hydrogen bond to the water molecule significantly
lowers the barrier for oxo-hydroxo tautomerization. The
computed activation energy for the large model, corrected
for thermal effects from the small model, is 10.5 kcalmol ™.
Since O—O heterolysis was found to be endergonic by
5.1 kcalmol ™ with respect to the [Fe(tpa)(OOH)J** reac-
tant,'? it can be concluded that the tautomerization reaction
involves a total barrier of 15.6 kcalmol .

Alkane hydroxylation: The reactivity of HO—Fe'=0 toward
alkanes was studied by exploring the hydroxylation of me-
thane and propane. In the case of propane, formation of
2-propanol was investigated. Since the hydrogen-bonding
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Figure 2. The model used to account for the strong polarization effects of
the solvent (i.e., acetonitrile) in oxo-hydroxo tautomerization. The struc-
tures of a) HO—Fe"(tpa)=0 and b) the approximate transition state were
obtained by means of geometry optimizations in solution. Bond lengths
in A are shown together with the corresponding spin densities; for clarity
only part of the TPA ligand is depicted.

water molecule of Figure 1 is not involved in the reaction
pathway leading to the hydroxylated products, the model for
the present investigation does not contain water in the
second coordination shell of the metal complex. Further-
more, the reactivity of the slightly more stable tautomer
with the oxo group in the position trans to the amine nitro-
gen atom (Figure la) is discussed; it has been verified that
the two tautomers behave very similarly. The reactive spe-
cies (M-reac) is thus the cluster of Figure 3, in which the
alkane is located in the second coordination sphere of the
HO-Fe"=0 complex. The electronic structure and geometry
of HO—FeY=O0 is not significantly perturbed by the presence
of the substrate as compared to the HO—Fe"=0 species of
Figure la. There are, however, some differences for some of
the bond lengths and for the computed spin densities. These
differences can be attributed mainly to the loss of the rather
strong hydrogen bond between the hydroxo ligand and the
water molecule.

The mechanism for alkane hydroxylation was explored by
following the rebound paradigm, which first involves ab-
straction of a hydrogen atom from the alkane to give an
alkyl radical (Scheme 2)."*l Subsequently, the radical re-
bound step gives the final hydroxylated product and a com-
plex in which the metal center has changed its oxidation
state from Fe¥ to Fe™. Because the chemical transforma-
tions described below involve different spin states of the
iron complex, it is important to note that for HO—Fe'=0
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Figure 3. The reactant in methane hydroxylation, in which the alkane is
located in the second coordination shell of the metal complex. Spin den-
sities and bond lengths in A are shown.

H
G
H™""H *CH;  CHs
1] . (I)H . (|)H
FeV-OH FeV-OH Fe'-OH
Scheme 2. The rebound mechanism in alkane hydroxylation by
HO-Fe"=0.

two states other than the quartet ground state are possible:
the doublet (S=1/2) and the sextet (§=5/2). As shown in
Table 1, which reports the most important structural param-
eters and the spin distributions for the three spin states, the
sextet and the doublet states are more than 10 kcalmol
higher in energy than the quartet ground state.

Table 1. Comparison of geometrical parameters and spin densities of the three possible spin states for HO—
Fe'=0: doublet (S=1/2), quartet (S=3/2), and sextet (S=>5/2). Relative energies are also reported. O1 refers
to the oxo group, and O2 to the oxygen atom of the hydroxo ligand (see Figure 3).

the two m* electrons. Although the two doublet states of
HO-FeY=0 have different electronic configurations, they
are found to differ by only 1.3 kcalmol™, lying at +12.4
and +13.7 kcalmol ™ with respect to the quartet ground
state. As a comparison, for cytochrome P450 the doublet
state, which is almost degenerate with the quartet state, has
the two unpaired m* electrons antiferromagnetically coupled
to an unpaired electron localized an the porphyrin ligand,
giving a total spin of S=1/2.

While the (S?) expectation values for the quartet and the
sextet states indicate negligible spin contamination, the dou-
blet states are heavily contaminated by higher spin states.
As explained in the section on Computational Methods, ap-
proximate corrections to the energies of the two states with
a high-level of spin contamination were estimated from the
Heisenberg spin Hamiltonian formalism. Corrections of
about 6.4 and 6.8 kcalmol™' were obtained (see Table 1),
which destabilize the doublet states even more with respect
to the quartet ground state.

Methane hydroxylation: The three potential-energy surfaces
(§=1/2, 3/2, 5/2), which are quite different in energy on the
reactant side, become energetically very similar along the
reaction pathway leading to the hydroxylated alkane. For
methane hydroxylation the energy profiles of the rebound
mechanism along the doublet and the quartet potential-
energy surfaces are illustrated in Figure 4. When the quartet
state is considered, the first step of the hydroxylation passes
through the transition state M-tsab (Figure 5a), in which one
hydrogen atom of methane is abstracted by the oxo group
of the metal complex. During this transformation a radical
develops on the substrate, as indicated by the spin density of
0.68 computed on methane in the transition state (Fig-
ure 5a). The hydrogen-atom abstraction implies reduction of
the metal from iron(v) to
iron(1v) and the formation of a
new OH ligand. The transition
state of Figure Sa decays to an
intermediate in which iron is

coordinated by two hydroxo li-

d(Fe-O1) [A]  d(Fe-O2H) [A]  Spin(Fe)  Spin(O1)  Spin(02)  AE[kealmol]  gands, and the methyl radical is
doublet 1.74 1.77 1.58 —0.80 0.30 12.446.4 (18.8))  located in the second coordina-
doublet’  1.68 1.80 0.21 125 —0.48 137468 205" tion shell of the metal complex
quartet 1.67 1.79 1.67 1.08 0.29 0.0 TV )
sextet 172 1.86 297 1.01 071 174 (M-Fe™). The structural details

[a] For the quartet and the sextet states, the (S?) expectation values (3.78 and 8.80, respectively) indicate a low
level of spin contamination; for the doublet states the spin contamination (the (S*) expectation values are 1.79
and 1.77) affects the relative energies, whose corrections of 6.4 and 6.8 kcalmol ' were estimated from the

Heisenberg spin Hamiltonian formalism.?”)

Two electronic configurations arise when S=1/2, and they
can be interpreted in terms of the two possible couplings of
the three unpaired electrons characterizing the ground state
(§=3/2) of the iron-oxo moiety. Either the two mt* electrons
are antiferromagnetically coupled, or alternatively the un-
paired d electron can be antiferromagnetically coupled to

696 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and the spin distribution com-
puted for this intermediate are
reported in Figure 5b. The spin
density of iron has not changed
significantly with respect to that
obtained for the HO—Fe'=0O
species: the spin densities are
1.67 in the reactant and 1.66 in the iron(iv)-hydroxo inter-
mediate. So the formation of the methyl radical (spin popu-
lation at C1: 1.04) occurs concomitantly with the loss of un-
paired spin density at the terminal oxo and hydroxo ligands
of the oxidant. While the computed spin population of 1.67
in the reactant can be interpreted in terms of the electronic
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Figure 4. Energy profiles for the rebound mechanism of methane hydroxylation along the quartet potential-energy surface (S=3/2; a) and the doublet

potential-energy surface (S=1/2; b). Free energies in kcalmol ! are reported.

[C) M-tsab

Figure 5. a) Transition state for hydrogen-atom abstraction in methane hydroxylation along the quartet poten-
tial-energy surface (S=3/2). b) The iron(1v)-hydroxo intermediate formed by hydrogen-atom abstraction (S=
3/2). c) Transition state for hydrogen-atom abstraction in methane hydroxylation along the doublet potential-
energy surface (S=1/2). Bond lengths in A and spin densities are shown. For clarity the TPA ligand is only

partially depicted.

structure associated with the short Fe=O double bond, the
new spin density of 1.66 reflects the intermediate spin state
(§=1) of iron(iv) in an octahedral environment, which
yields two unpaired d electrons on iron. As usual some spin
density is delocalized on the ligands and in particular on the
two OH groups. The rearrangement of the electronic struc-
ture during hydrogen-atom abstraction also explains the
lengthening of the Fe—O bond length from 1.67 A in the
Fe'=0 species to 1.78 A in the iron(1v)-hydroxo species of
Figure 5b.

Chem. Eur. J. 2005, 11, 692705 www.chemeurj.org

The energy diagram in Fig-
ure 4a shows that the computed
barrier for hydrogen-atom ab-
straction is  17.0 kcalmol ™.
Zero-point effects lower the
barrier by 4.2 kcalmol !, while
thermal effects, in particular the
entropy contribution, increase it
by 3.3 kcalmol™'. With respect
to the HO—Fe'=0 species, hy-
drogen-atom abstraction occurs
with an  endergonicity of
5.2 kcalmol .

The iron(1v)-hydroxo inter-
mediate of Figure 5b is almost
degenerate with the corre-
sponding doublet structure, in
which the unpaired electron on
the methyl group is antiferro-
magnetically coupled with the
two unpaired d electrons of iron. Because of the weak cou-
pling between the unpaired d electrons and the unpaired
electron of the substrate, the doublet species is only
1.1 kcalmol ™' higher in energy than the corresponding quar-
tet, as illustrated in the energy diagrams of Figure 4 (be-
cause of the small energy difference, effects of spin contami-
nation were neglected in this case). The doublet state of the
iron(1v)-hydroxo intermediate can be formed by hydrogen-
atom abstraction along the doublet surface via transition
state M'-tsab (Figure 5c). Because of the broken-symmetry
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correction in the reactant, the energy barrier associated with
the S=1/2 hydrogen-atom abstraction step disappears. A
comparison between M'-tsab of Figure 5Sc and the corre-
sponding transition state on the quartet surface (Figures Sc
and a) shows that the transition state with S=1/2 resembles
the reactant structure (i.e., hydrogen-atom abstraction has
proceeded only to a small extent), while the transition state
with §=3/2 is more similar to the iron(1v)-hydroxo inter-
mediate. It is difficult to derive the exact activation energy
associated with hydrogen-atom abstraction when S=1/2 due
to the high degree of spin contamination. However, the dou-
blet potential-energy surface does not involve reaction path-
ways lower than the quartet one. Low-energy pathways
could not be located on the sextet potential-energy surface
either. For example, the sextet iron(1v)-hydroxo intermedi-
ate is found to lie 5.8 kcalmol™" above the corresponding
quartet state M-Fe™.

After hydrogen-atom abstraction, the methyl radical com-
bines with one of the OH groups in the subsequent rebound
step to generate the final product. Two different pathways
are possible at this stage of the reaction. The methyl radical
can recombine with the hydroxo ligand originating from the
oxo group (O1), or the rebound process can involve O2 of
the other OH ligand (see labeling in Figure 5b). Both these
chemical transformations involve activation energies that
are lower than the barriers obtained for hydrogen-atom ab-
straction. When the rebound step on the quartet potential-
energy surface is considered, the recombination with O1
passes through transition state M-tsrebl, which is
5.6 kcalmol ™ higher in energy than the reactant HO-—
FeY=0 species. The recombination of the methyl radical
with O2 involves a barrier of 9.3 kcalmol™' (M-tsreb2 in Fig-
ure 4a). The different activation energies obtained for the
two possible recombinations originate from solvent correc-
tions added to the free energies (see Computational Meth-
ods). While the rebound step involving O1 is favored by the
presence of the solvent, the solvent corrections increase the
activation energy for the rebound step involving O2.

Although different in energy, the two transition states
have rather similar structural parameters, as shown in Fig-
ures 6a and b, in which the most important distances are
highlighted together with spin populations. The two transi-
tion states are characterized by a rather long distance (2.8
2.9 A) between the methyl carbon and oxygen atoms. They
decay to two different products: the Fe™ complex in which
bound methanol occupies the position trans to the amine ni-
trogen atom, and that in which it is situated frans to one of
the aromatic nitrogen atoms. As shown in the energy dia-
gram of Figure 4, the hydroxylation reaction along the quar-
tet surface is exergonic by 49.5 kcalmol ™' for both products.

When the doublet potential-energy surface is explored, it
is estimated that the recombinations with O1 or with O2
have almost zero barriers with respect to the iron(rv)-hy-
droxo intermediate. It follows that hydrogen-atom abstrac-
tion and the rebound step along the doublet surface may be
considered to occur in a concerted fashion. The fast rebound
step results from the favorable coupling between the singly
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Figure 6. a) Transition state for recombination (S =3/2) of the methyl rad-
ical with the oxygen atom (O1) trans to the amine nitrogen atom.
b) Transition state for recombination (S=23/2) of the methyl radical with
the oxygen atom (O2) trans to one of the aromatic nitrogen atoms. The
spin populations of the metal complex and of the substrate are shown to-
gether with bond lengths in A. For clarity the TPA ligand is only partially
depicted.

occupied methyl orbital and the unpaired electrons of the
iron(1v)-hydroxo species. In the doublet state of the
iron(1v)-hydroxo intermediate two unpaired electrons
occupy the d orbitals of iron, and they are antiferromagneti-
cally coupled with the unpaired electron located on the
methyl radical. During the formation of the C—O bond in
the rebound step (see Figure 6), one electron is donated to
iron, which changes its oxidation state from four to
three.***’l. The B-electron of the methyl radical thus has the
proper spin to complete the double occupation of one of the
d orbitals. The electron transfer associated with C—O bond
formation leads to the low-spin Fe™ product with S=1/2. In
the quartet state, the unpaired electron of the methyl radical
is ferromagnetically coupled with the two d electrons on
iron. This a-electron is then donated to an empty d orbital
during C—O bond formation leading to the quartet Fe™
product, which is characterized by three unpaired electrons
on the metal center.

Figure 7 summarizes relative energies, structural parame-
ters, and spin distributions for the two possible products (M-
prodl, M-prod2) in their corresponding quartet and doublet
states. The ground state of the product is neither the doublet
nor the quartet; it is the sextet Fe'" complex (S=5/2).%]
Still, the rebound step for S=5/2 is estimated to involve a
barrier which is higher than those for §=1/2 and §=3/2,
and therefore the reaction along the sextet potential-energy
surface was not investigated in detail. Figure 7 also shows
that the doublet Fe™ complex is more stable than the corre-
sponding quartet structure. Because of the shapes of the po-
tential-energy surfaces, spin crossing from the quartet to the
doublet or sextet states is expected at a late stage of the hy-
droxylation reaction. Exactly where the crossing occurs
could not be determined.

The product in which methanol occupies the position
trans to one of the aromatic nitrogen atoms (M-prod2) is in
general favored over the other product (M-prodl), especial-
ly in the doublet and sextet cases, because the stronger hy-
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diFeC) diFe0z) aiFeO:zH)
A A

Doublet . 2.04 1.81 117.0° Doublet
Quartet | 2.22 1.80 118,70 Quartet
Sextet 2.1 1.79 176.9° Sextet
siFe)  s(O1) s(02) AE s{Fe)
keal mol-1
Doublet  0.89 - 0.17 8.4 Doublet
Quartat 277 - 0.1 9.1 Quartat
Sextet 4.02 - 0.46 4.4 Sextet

Figure 7. The two products of methane hydroxylation by HO—Fe"=0. Some relevant structural details such as
Fe—O distances (d) and Fe-O-H angles (a) are reported for the three possible spin states (S=1/2, 3/2, 5/2).

Spin densities and relative energies are also given.

droxo ligand (relative to methanol) is located trans to the
weaker amine nitrogen atom (relative to pyridine). Interest-
ingly, opposite entropy and solvent effects are obtained for
the different spin states of the two products. The entropy
gives rise to a larger energy difference between the high-
spin states and the low-spin states,’” in contrast to the sol-
vent effects, which stabilize the low-spin states with respect
to the high-spin states.

The energy diagrams of Figure 4 show that the hydrogen-
atom abstraction step, which passes over a barrier of
17 kcalmol ™!, is rate-determining for methane hydroxylation
by the HO-Fe'=O species. Since formation of the high-
valent iron-oxo complex was computed to be endergonic by
5.1 kcalmol™, a final activation energy of about
22 kcalmol ™ is obtained.

The computed pathways for the biomimetic, non-heme,
high-valent, iron—oxo species show some resemblance to
those of the widely studied compound I of heme enzymes.
The energy profiles for the rebound mechanism with the
TPA catalyst (Figure 4) can be compared to those for cyto-
chrome P450 proposed by Shaik et al.“**"! Interestingly, hy-
drogen-atom abstraction leads to the iron(1v)-hydroxo inter-
mediate in the TPA catalyst, while an iron(1)~hydroxo spe-
cies is instead formed in cytochrome P450; however, a radi-
cal on the porphyrin ligand is also present ([(Por)Fe™OH]*).
The recombination step is thus associated with electron
transfer to the porphyrin in the case of P450, while the elec-
tron is transfered to the metal in the rebound step of the
Fe(tpa) system. As in the case of cytochrome P450, for
which the high- and low-spin states have been suggested to
play a key role in the reactivity of compound I (two-state re-
activity),*”! the rebound mechanism for the HO—Fe"=O0 spe-

Chem. Eur. J. 2005, 11, 692705 www.chemeurj.org

d{Fe01) diFeOz) aiFeO1H)
A A

2.77

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

cies in Fe(tpa) may also involve
the quartet and doublet poten-
tial-energy surfaces (Figure 4).
In both systems, the doublet
surfaces support a concerted
mechanism, while the quartet
surfaces favor a stepwise mech-
anism. However, it is important
to point out that the two states
are almost degenerate for [(Por’)-
FeVO]*, while they differ by
more than 10 kcalmol ™ in the
HO—-Fe"=0 species.

2.06 117.7¢
217 116.7°
2.19 171.99

Propane  hydroxylation: A
lower barrier for propane hy-
droxylation is found due to the

ot Bl weaker secondary C—H bond.

keal mol-!
088 017 . 6.2 The reaction mechanism of pro-
405 g'gi* QD‘; pane hydroxylation again starts

with hydrogen-atom abstraction
by the oxo group. This step in-
volves transition state P-tsab
(Figure 8), which lies 7 kcal
mol™ higher in energy than the
HO-Fe"=0 reactant. Similarly to hydrogen-atom abstrac-
tion in methane hydroxylation, a radical starts to develop on
propane in the transition state, as indicated by the computed
spin populations in Figure 8b. However, the transition state
does not decay to a radical intermediate, but instead leads
directly to the hydroxylated product, in which propanol is
located in the first coordination shell of the metal complex
(Figure 9). In contrast to the methane case, in which the
methyl radical could be optimized in the presence of the
high-valent iron—-oxo intermediate (M-Fe'" in Figure 5b),
the hydrogen-atom abstraction step for propane does not

Figure 8. Transition state for hydrogen-atom abstraction from propane
along the quartet potential-energy surface (S=3/2). Relevant bond
lengths in A and spin densities are reported.

— 699


www.chemeurj.org

CHEMISTRY—

A. Bassan et al.

A EUROPEAN JOURNAL

o(FeO1) g{FeOz) a{FeOzH)
A A

Doublet  2.07 1.82 116.69 Doublet
Quartet 2.22 1.81 119,07 Quartet
Sextet 212 1.80 174.8° Sextet
siFe)  s(O1) s(02) AE
kcal mol-1
Doublet  0.90 - Q.16 11.8 Doublat
Quartet 2,79 . 0.12 126 CQuartet
Sextet 4.02 - 0.43 71 Sextet

Figure 9. The two products of propane hydroxylation by HO-Fe'V=0. Some relevant structural details are re-
ported for the three possible spin states (S=1/2, 3/2, 5/2). Spin densities and relative energies are also shown.

give any propyl radical and iron(1v)-hydroxo complex. The
nascent propyl radical immediately reacts with the nascent
iron(1v)-hydroxo species by forming a new C—O bond and
thus propanol. This difference may initially appear counter-
intuitive, since the primary methyl radical would be expect-
ed to be more reactive than the secondary isopropyl radical.
However, this counterintuitive behavior could be rational-
ized in terms of the ionization potentials of the alkyl radi-
cals, as discussed previously for MMO.P! In this argument,
formation of the C—O bond implies that an electron is do-
nated by the alkyl radical to the metal center,“***) which is
reduced to Fe'™. The different behaviors of the two alkanes
can be understood in terms of the computed lower ioniza-
tion potential of the propyl radical (170 kcalmol™!) versus
the methyl radical (227 kcalmol '), which thereby drives the
transition state of Figure 8 directly toward the formation of
propanol. The low ionization potential favors electron trans-
fer to the metal complex and thus the immediate formation
of the hydroxylated species without the involvement of a
radical species.

The calculations show that the transition-state structure of
Figure 8 (S=3/2) directly yields product P-prodl of Fig-
ure 9a, in which propanol results from the rebound of the
nascent propyl radical with the oxygen atom O1 coming
from the oxo group, which is derived from the oxidant (i.e.,
H,0,). Formation of propanol incorporating not only Ol1
but also O2 (i.e., the oxygen atom of the OH group originat-
ing from water) can occur for the doublet state. When the
S§=1/2 potential-energy surface is examined, it is found that
hydrogen-atom abstraction by doublet HO—Fe¥=0 does not
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involve any significant barrier.
The potential-energy surface
around the approximate transi-

tion state is rather flat, and the
nascent propyl radical can
rebind  without  significant

energy barriers with either one
of the two OH groups, most
likely giving without selectivity
either of the two complexes of
Figure 9 (P-prodl and P-
prod2). Exploration of the po-
tential-energy surface indicated
that electron transfer associated
with the hydrogen-atom ab-
straction (see Scheme 2) occurs

a at an early stage of the process.

1.81 205  116E°

180 215 116.3° This observation may explain
R &8 A why recombination with O2
s(Fe) s(O1) s(0z2) AE (i.e., the OH ligand of HO—

kcal maol-1 vV . .
a0, DhE T Fe'=0) is poss’lble along the
278 005 - 114 doublet potential-energy sur-
404 043 - 00

face: the orientation of propane
is still favorable for interaction
of the nascent propyl radical
with O2 of the OH group. This
means that a pathway leading
to propanol exists on the doublet potential-energy surface,
and it implies a spin transition of the quartet iron(v)-oxohy-
droxo species to the doublet state, followed by hydrogen-
atom abstraction to give propanol. However, the doublet
state of the HO—Fe"=0 reactant is estimated to lie rather
high in energy (see Table 1), and the transformations involv-
ing the quartet spin state are thus more probable. Interest-
ingly, calculations also indicate that in the vicinity of the
transition state with §=3/2 (Figure 8), a spin crossing con-
nects the doublet and the quartet potential-energy surfaces
as sketched in the energy diagram of Figure 10. The exact
position of the spin crossing could not be located.

Similarly to the methane case, propane hydroxylation is
highly exergonic, as indicated in the energy profile of
Figure 10, which shows the free energy changes leading to
the two products P-prodl and P-prod2. As summarized in
Figure 9, the species in which propanol occupies the position
trans to one of the aromatic nitrogen atoms (P-prod2 of
Figure 9) is always more stable than the other complex.
Among the three possible spin states (S=1/2, 3/2, 5/2), the
sextet state is always more stable than the doublet and quar-
tet states. As noted above for methanol, entropy effects sta-
bilize the high-spin states,”” while solvent effects favor the
low-spin states.

In summary, according to the energy profiles of Figure 10
the iron(mm)—propanol species of Figure 9a can be formed
along the quartet or doublet potential-energy surfaces,
where finally a spin transition brings the metal complex to
the more stable sextet state. The other tautomer (Figure 9b)
can instead be formed with §=1/2 and then decay to the
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Figure 10. Energy diagram for propane hydroxylation by HO-Fe"=0.
Solid line: §=3/2 (quartet), dotted line: S=1/2 (doublet). P’-prodl and
P’-prod2 correspond to the doublet state of the TPA complex.

more stable sextet state. The HO—Fe =0 species is thus ca-
pable of hydroxylating secondary alkanes with sufficiently
low barriers. In the previous theoretical study, the formation
of the high-valent iron-oxo species was computed to be en-
dergonic by 5.1 kcalmol™."? When this value is added to
the calculated activation energy of 7 kcalmol™', a final barri-
er of only 12.1 kcalmol™' for propanol formation by HO—
FeY=0 is obtained.

Hydrogen-atom abstraction—C—H bond strength versus ac-
tivation energy: The computed energy profiles for methane
and propane hydroxylation (Figures 4 and 10) show that hy-
drogen-atom abstraction requires a higher activation energy
for methane than for the weaker secondary C—H bond of
propane. For hydroxylation of the primary C—H bond of
propane, hydrogen-atom abstraction has a barrier which is
about 4 kcalmol™ higher than that of the secondary C—H
bond but still lower than that of methane. This result agrees
with the bond dissociation energies of the primary C—H
bond in propane, which is computed to be 97.1 kcalmol
and compared to the other two bond dissociation energies
in Table 2. Since it is clear that for alkanes the C—H bond
strength alone drives the abstraction step by the iron(v)-oxo
species, it might be expected that acetonitrile (i.e., the sol-
vent used in the experiments) should also be hydroxylated
by the biomimetic species, because the C—H bond strength
of acetonitrile is in fact very similar to the computed bond
dissociation energy (BDE) of the secondary C—H bond of
propane (Table 2). However, such a reaction has not been
experimentally observed. To shed light on the possible inter-
action between the iron(v)-oxo intermediate and the sol-
vent, the rebound mechanism was probed with acetonitrile
as substrate. A slightly larger model than was employed for
propane and methane had to be used, since acetonitrile
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Table 2. Computed bond dissociation energies (BDE) of methane, pro-
pane (secondary CH bond), and acetonitrile. Activation and reaction en-
ergies corresponding to hydrogen-atom abstraction by HO-Fe'=0 are
reported.

CH, H,CCH,CH, H.CCN
BDE" [kcalmol™] 101.6 92.7 92.4
AG* [kcalmol ] 17.0 7.0 18.3
AG [kcalmol ] 5.2 - -2.5

[a] BDEs are corrected for solvent effects (¢ =36.64).

tends to form a hydrogen bond with the hydroxo group of
HO—-Fe"=0. Two molecules of CH;CN were therefore in-
cluded in the model: one representing the substrate and one
forming a hydrogen bond to the hydroxo ligand of HO—
FeY=0. This type of model prevents the hydrogen bond be-
tween the substrate and the oxidant from affecting the ener-
getics of the rebound process. Hence, the computed activa-
tion energies for the hydrogen-atom abstraction and for the
rebound step can be directly compared to the corresponding
energies of the other two substrates investigated in the pres-
ent work.

Although the C—H bond strengths of propane and aceto-
nitrile are very similar, the computed activation energies for
hydrogen-atom abstraction by the oxo group differ by more
than 10 kcalmol™': the computed energy barriers are
7.0 kcalmol ™~ for propane and 18.3 kcalmol ™! for acetonitrile
(Table 2). The transition state associated with hydrogen-
atom abstraction from CH;CN (§=3/2) is shown in
Figure 11 with relevant bond lengths and spin populations.
This structure subsequently decays to a stable radical in
which the electron is delocalized over the cyano group, as
already inferred from the computed spin population of the
transition state. The computed energetics for the entire re-
bound process are displayed in Figure 12.

Figure 11. Transition state for hydrogen-atom abstraction from acetoni-
trile (S=3/2). Relevant bond lengths in A and spin densities are report-
ed.

Hydrogen-atom abstraction from CH;CN requires an acti-
vation energy comparable to that obtained for methane.
Also, the C—H and O—H bond lengths of the transition state
shown in Figure 11 resemble the corresponding ones of
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Figure 12. Energy diagram for acetonitrile hydroxylation by HO—Fe'=0
(§=3/2).

methane (Figure 5) rather than those of propane (Figure 8).
However, the energy change of the hydrogen-atom abstrac-
tion step yielding the iron(1v)-hydroxo species and a radical
on the substrate parallels the C—H BDE, as derived from
the computed energies gathered in Table 2. A comparison
with the propyl radical cannot be made, since the corre-
sponding intermediate following hydrogen-atom abstraction
from propane is not stable and evolves directly to the hy-
droxylated product. The calculations show that, while the
activation energy of hydrogen-atom abstraction from al-
kanes correlate with the corresponding C—H bond strength,
the energy barrier of the same step with acetonitrile as sub-
strate does not depend entirely on the C—H bond strength,
but is strongly affected by the presence of the cyano group.

The three substrates, methane, propane, and acetonitrile,
give rise to an equivalent energy pattern when a simpler hy-
drogen-atom abstraction reaction is explored. More specifi-
cally, abstraction by the hydroperoxyl radical was investigat-
ed, and the corresponding energetics are summarized in
Figure 13. Again, the activation energy for hydrogen-atom

HsC-H + -OOH — HsC. + HOOH

AG*=22.9 AG=20.1
AGHG2MS)=22.6

PHs ot
HC|;_H + OOH — HCl; -+ HOCH
CHs AG#=12.7 AG=9.3 CHs
AGHG2MS)=14.3

CN CN
HC-H + -OOH —= HxC. + HOOH
AG#=20.3 AG=7.1
AGHG2MS)=24.0
AGHG2)=22.9

Figure 13. Energetics for a probe hydrogen-atom abstraction step with
three different substrates. B3LYP (bold) and G2MS activation energies
in kcalmol ! are compared.
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abstraction from acetonitrile is more similar to that of meth-
ane than that for propane. On the other hand, the free
energy changes of the reaction match the trend of the com-
puted C—H BDEs of the three substrates. The computed
energy difference for acetonitrile is somewhat lower than
that of propane because the products (i.e., the radical and
hydrogen peroxide) are characterized by a new hydrogen
bond between the cyano group and H,O,.

This small model system was used to compare the per-
formance of B3LYP with the G2ZMS extrapolation scheme in
deriving the activation energies for hydrogen-atom abstrac-
tion from methane, propane, and acetonitrile (see Computa-
tional Methods).® These calculations confirm the B3LYP
energy pattern and showed again that the energy barrier for
hydrogen-atom abstraction for CH;CN is comparable to
that for CH,. Because the difference between the two meth-
ods is somewhat larger for acetonitrile (Figure 13), the more
accurate G2 calculation was performed for this substrate;"!
it yielded an activation energy of 22.9 kcalmol™, which
compares to 20.3 kcalmol™' obtained with the B3LYP
method. Therefore, the activation barriers for hydrogen-
atom abstraction are rather well reproduced (within the ex-
pected accuracy) by the B3LYP functional, as was already
found in other studies on similar systems.”>* This simple
reaction corroborates the conclusions obtained from the
study on the hydrogen-atom abstraction by the high-valent
iron—-oxo species, which showed that the thermodynamic
and kinetic profiles of hydrogen-atom abstraction for meth-
ane and propane correlate with the corresponding BDE. In
the case of acetonitrile, the hydrogen-atom abstraction step
involves not only C—H bond cleavage, but also an electronic
reorganization on the CN group, whereby the radical be-
comes partially delocalized. Such an electronic rearrange-
ment is likely to be the origin of the rather high barrier
computed for hydrogen-atom abstraction in acetonitrile, al-
though its C—H bond strength is similar to that of the secon-
dary C—H bond of propane.

Alkane hydroxylation—a comparison between theory and
experiment: The theoretical findings can be compared with
the experimental results collected for alkane hydroxylation
by the Fe(tpa) catalyst.l! Cyclohexane was used in the ex-
periments, and propane is a suitable model for the larger
alkane: in both cases secondary C—H bonds are involved in
hydrogen-atom abstraction by the high-valent iron-oxo spe-
cies, and therefore similar barriers are expected for cyclo-
hexane and propane.®™ The principal experimental evidence
pointing toward the involvement of an iron(v)-oxo species
in alkane hydroxylation is the incorporation of '*O when the
reaction is carried out in the presence of H,*O. For exam-
ple, oxidation of cyclohexane with H,'°O, in the presence of
labeled solvent (H,"™0O) gives cyclohexanol with about 30 %
80 incorporation.

The energy profiles of Figure 10 indicate that hydrogen-
atom abstraction from propane leads to recombination with
the oxo group (P-prodl), but they also show that recombi-
nation can involve O2 of the hydroxo ligand (P-prod2). Re-
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combination with O2 of the hydroxide, which would corre-
spond to the labeled oxygen coming from the solvent, leads
to the incorporation of 'O in the alcohol. As explained
above, recombination with O2 must involve the doublet po-
tential-energy surface, either through a quartet-to-doublet
spin transition on the reactant side or by spin crossing in the
vicinity of the transition state. Because the doublet iron(v)—
oxo species lies rather high in energy, we favor hydrogen-
atom abstraction on the quartet surface and spin transition
to the doublet surface in the vicinity of the transition state.
On the other hand, recombination with the hydroxide origi-
nating from the oxo group, which is derived from H,0,, may
occur along both the quartet and the doublet potential-
energy surfaces. It is expected that the chemical transforma-
tion along the quartet potential-energy surface, which corre-
sponds to the ground state of the HO—FeY=0 species, is
faster since it involves no spin crossing, and it follows that
incorporation of the oxo oxygen atom is preferred over in-
corporation of the solvent oxygen atom. This result is
indeed in agreement with experiment.

Incorporation of labeled oxygen might also involve a dif-
ferent pathway, that is, oxo—hydroxo tautomerization occur-
ring prior to alkane hydroxylation. If this reaction occurs,
the oxo group responsible for hydrogen-atom abstractions
might contain oxygen derived from water. As discussed
above, the tautomerization reaction mediated by a water
molecule has a barrier of about 10 kcalmol ™. Importantly,
the barrier computed for propane hydroxylation
(7 kcalmol ™) is lower than that of the competing tautomeri-
zation, that is, incorporation of the oxygen atom originating
from hydrogen peroxide should be favored. In light of the
accuracy of the present calculations, oxo-hydroxo tautome-
rization cannot be excluded as a viable pathway accounting
for the experimental oservation of solvent incorporation in
the product. The exact ratio of incorporation of solvent
oxygen cannot be predicted from the present model, be-
cause spin crossing is involved and because the calculated
energies are subject to an uncertainty of 3-5 kcalmol ™,
which, for example, makes it hard to completely disregard
the competing tautomerization. It can be concluded that the
involvement of the low-spin state (i.e., S=1/2) and possibly
of oxo-hydroxo tautomerization determine the degree of in-
corporation of solvent oxygen, while the high-spin state (S=
3/2) leads only to incorporation of oxygen originating from
hydrogen peroxide.

Note that the suggested mechanism of Figure 10 does not
involve any long-lived radical intermediates along the reac-
tion pathway. Hydrogen-atom abstraction is in fact followed
directly by C—O bond formation. The nascent alkyl radical
present at the transition state for hydrogen-atom abstraction
must have a very short lifetime, since the next step (rebound
step) occurs with zero barrier. The recombination can be
compared to the the epimerization process, with an estimat-
ed rate of 10%-10°s7'.°7 According to transition-state
theory, this rate approximately corresponds to a barrier of
6 kcalmol . It follows that alkane hydroxylation by the
high-valent iron—oxo species occurs with retention of config-
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uration at the carbon atom because epimerization is slower
than recombination. This conclusion agrees with experi-
ments showing that the Fe(tpa) catalyst is able to carry out
stereospecific hydroxylation of alkanes.

The investigation on the hydroxylation of acetonitrile
shows that hydrogen-atom abstraction, that is, the slow step
of the reaction, requires a rather high energy barrier. In
particular, the computed activation energy (AG™=
18.3 kcalmol™) is as high as that obtained for methane
(AG*=17.0 kcalmol™), and much higher than the activa-
tion energy for propane (AG*=7kcalmol™). This result
confirms the available experimental data showing that hy-
droxylation of acetonitrile does not compete with substrate
oxidation. Indeed the comparable barriers for C—H bond
cleavage of methane and acetonitrile suggest that methane
hydroxylation may not be experimentally attainable with
the Fe(tpa)/H,O, system. Another possible reaction that
might occur between acetonitrile and the iron—oxo species is
the formation of acetonitrile N-oxide. Since the calculations
indicate that the transition-state structure corresponding to
the N—O bond formation lies rather high in energy (ca.
30 kcalmol ™), this reaction can also be disregarded.

Conclusions

Hybrid DFT was employed to shed light an the reactivity of
the high-valent iron-oxo species HO—(tpa)Fe'=0 with al-
kanes. The HO—(tpa)Fe¥=O species was previously pro-
posed to be an intermediate in the oxidative catalysis of
iron TPA complexes**'*” aimed at mimicking non-heme
iron oxygenases. For example, a similar intermediate is sug-
gested to be involved in the cis-dihydroxylation reaction cat-
alyzed by the Rieske-type dioxygenases."”

Hydroxylation of methane and propane to methanol and
2-propanol was explored according to the two-step rebound
mechanism, which has been widely discussed by other inves-
tigators for the heme case."**’! The rebound mechanism in-
volves first a hydrogen-atom abstraction generating the
alkyl radical and the HO-—(tpa)Fe™™—OH species (see
Scheme 2), and second recombination of the alkyl radical
with one of the hydroxo ligands. Two different spin states
are relevant for alkane hydroxylation by HO-FeY=0: the
quartet (S=3/2) and the doublet (S=1/2) states. The ground
state for the HO—Fe" =0 species is the quartet, and the dou-
blet lies rather high in energy. However, in the rebound
mechanism the doublet potential-energy surface crosses the
quartet surface. For both methane and propane, the slow
step of the chemical transformations leading to the alcohols
is hydrogen-atom abstraction. Due to the weaker secondary
C—H bond of propane, hydrogen-atom abstraction for this
alkane has a lower barrier than the corresponding reaction
for the C—H bond of methane (see Figures 4 and 10). In the
case of methane, the transition state associated with hydro-
gen-atom abstraction decays to the iron(1v)-hydroxo inter-
mediate, which has a very short lifetime; on the doublet sur-
face a zero barrier is computed for the recombination with
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the hydroxo ligand. The transition state for hydrogen-atom
abstraction from propane leads directly to the product, that
is, 2-propanol. Thus, the nascent propyl radical has a very
short lifetime, and this accounts for the stereospecific alkane
hydroxylation observed experimentally. Although recombi-
nation with the hydroxide originating from the oxo ligand is
preferred, recombination with the other hydroxo ligand
(i.e., that originating from the solvent water) can also occur.
This explains the incorporation of oxygen from water in the
alcohol, as observed experimentally. It was found that incor-
poration of solvent oxygen may also involve another com-
peting pathway, that is, oxo-hydroxo tautomerization of
HO—(tpa)Fe™=0 occurring prior to alkane hydroxylation.

Finally, the calculations indicate that hydroxylation of the
solvent acetonitrile is kinetically inhibited because of the
rather high activation barrier associated with hydrogen-
atom abstraction, which is computed to be about
10 kcalmol ™' higher than that for propane hydroxylation.
This agrees with the experimental observation that solvent
hydroxylation does not interfere with the hydroxylation of
secondary C—H bonds of alkanes.
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