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ABSTRACT: Hydroxylation of aliphatic C—H bonds is a chemically and
biologically important reaction, which is catalyzed by the oxidoiron group FeO*
in both mononuclear (heme and nonheme) and dinuclear complexes. We
investigate the similarities and dissimilarities of the action of the FeO*" group in
these two configurations, using the Fenton-type reagent [FeO*" in a water
solution, FeO(H,0)s**] and a model system for the methane monooxygenase
(MMO) enzyme as representatives. The high-valent iron oxo intermediate
MMOH,, (compound Q) is regarded as the active species in methane oxidation.
We show that the electronic structure of compound Q can be understood as a
dimer of two Fe'VO?" units. This implies that the insights from the past years in the
oxidative action of this ubiquitous moiety in oxidation catalysis can be applied
immediately to MMOH,,. Electronically the dinuclear system is not fundamentally
different from the mononuclear system. However, there is an important difference
of MMOH,, from FeO(H,0);*: the largest contribution to the transition state

(TS) barrier in the case of MMOH,, is not the activation strain (which is in this case the energy for the C—H bond lengthening
to the TS value), but it is the steric hindrance of the incoming CH, with the ligands representing glutamate residues. The
importance of the steric factor in the dinuclear system suggests that it may be exploited, through variation in the ligand
framework, to build a synthetic oxidation catalyst with the desired selectivity for the methane substrate.

1. INTRODUCTION

The mononuclear iron(IV) oxo FeO* (ferryl ion) is well
established as the active center in heme iron enzymes such as
cytochrome P450."* It is also considered as the reactive species
in some nonheme enzyrnes,3 biomimetic cornplexes,4 and in the
Fenton reaction.” Although also FeO* has been considered as
the active species in hydroxylation catalysis with the Fe-ZSM-5
zeolite,*” it has recently been argued that FeO*" could very
well be the active species (“a-oxygen”) in the zeolite case.”
The ability of the FeO>* moiety to promote hydrogen
abstraction is directly related to its high -electrophilicity,
which originates from its electronic structure.” The scission of
the very stable C—H bond is stimulated by an electron transfer
from this C—H bond into a low-lying empty acceptor molecular
orbital (MO) of the FeO*" unit. This low-lying empty acceptor
orbital is not necessarily the lowest unoccupied molecular
orbital (LUMO). In the case of FeO*" in a weak ligand field (as
generated by water ligands), the primary acceptor orbital is a
low-lying vacant 6* orbital that accepts electron density from
the aliphatic C—H bond. The reactivities of metal oxo species
with metals other than iron have been related to the energy,
type, and shape (o* vs 7*) of the lowest effective acceptor
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orbital and the “d” count of the metal.® The overall spin state is
also important.”'* It has been shown that the spin state is
controlled by the strength of the equatorial ligand field through
differential destabilization of the two & orbitals, d_,> and d,,.
The high-spin (HS) state is favorable for the action of FeO*" as
an electron acceptor because the stabilizing exchange field of
the excess @ spin electrons lowers the energy of the primary
acceptor orbital of the a spin. However, it is not just a HS state
that is important. There certainly is an exchange stabilization
effect on the energy of the acceptor orbital, but the HS state is
also a signature of a weak equatorial ligand field. The weak
equatorial ligands that induce the HS state by generating a
small splitting between the d2_ and d,, orbitals, so they
become occupied with one up-spin electron each, and also push
less electron charge onto the metal than strong ligands do. The
lower electronic charge density, i.e., higher positive charge,
implies a relative lowering of the orbital energies, including the
acceptor orbital. Stronger ligand fields, such as the nitrogen
lone-pair donors in the porphyrinic ring of P450 and many
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biomimetic complexes, can also shift the emphasis more toward
7* as the preferred acceptor orbital, as is, for instance, well-
known from the extensive work on the P450 systems.' >

The prototype dinuclear iron oxo system for C—H bond
hydroxylation is the so-called iron oxo diamond core in the
active center of the methane monooxygenase (MMO) enzyme
in methanotrophs, bacteria that consume methane. They live at
the boundary of aerobic and anaerobic environments, having
access to both methane and dioxygen and selectively oxidizing
methane to methanol'' using dioxygen as the oxidant.'>!
Methanotrophs thus play an important role in the global carbon
cycle by limiting the amount of methane that reaches the
atmosphere.'* The first step of methane metabolism (oxidation
of methane to methanol) has attracted considerable attention
because it involves the selective oxidation of the very stable C—
H bond in methane under ambient conditions. This is still a
challenge for a synthetic catalyst.">~"”

The enzyme MMO exists in two different forms, namely,
cytoplasmic soluble MMO (sMMO) and membrane-bound
particulate MMO (pMMO)."*"® The former contains a diiron
active site, while it is hypothesized that for the latter copper
clusters serve as the reactive center during hydrolysis of
methane.”® Detailed characterization of pMMO has been
limited because of its instability and difficulty in isolation and
puriﬁcation.u_23 sMMO, on the other hand, has attracted
considerable attention. It is relatively stable and easy to purify,
and although methane oxygenases from different bacteria have
somewhat different properties, some are very nonspecific
oxygenases, acting on a broad range of substrates. SMMO is a
complex enzyme and contains three protein components:
hydroxylase (MMOH), B component (MMOB), and reductase
(MMOR).**™*" Oxidation of methane is catalyzed by the
hydroxylase (MMOH) component, electrons for this reaction
are provided by the reductase (MMOR) protein, and MMOB
plays regulatory roles. The carboxylate-bridged diiron center,
located at the a subunit of the hydroxylase protein (MMOH),
effects the oxidation of methane using dioxygen. A wide variety
of experimental techniques were employed for the structural
characterization of the diiron center on MMOH; details can be
found elsewhere.”*™*

The chemically reduced MMOH (MMOH,,4) reacts with
dioxygen to produce hydroxylated products and MMOH,.** A
peroxo intermediate (MMOHPEIOXO) has been identified during
this step, for which a configuration of two HS iron(III) centers
having similar coordination geometries has been proposed
based on Mdssbauer spectral analysis.””*° In the presence of
the protein matrix surrounding the diiron center, MMOH,,,,
relaxes to a high-valent oxo intermediate, MMOHQ.3’1 Unlike
MMOH, oy, the decay rate of MMOH,, increases in the
presence of hydrocarbon, leading to the obvious conclusion
that the active oxygen intermediate for hydrolysis of methane is
MMOHQ.Zg’31 The structural information of MMOH,, has
been elucidated using extended X-ray absorption fine structure
spectral data: a very short Fe—Fe distance of 2.46 A has been
reported, together with one short (1.77 A) and one long (2.0
A) Fe—O bond.*> The iron atoms in intermediate Q are
bridged by two oxo ligands and one bidentate glutamate ligand.
Each iron atom has an additional glutamate ligand and a
histidine residue attached in the terminal position. Water is also
expected to be present in the first coordination sphere. In order
to explain the short Fe—Fe distance in MMOH,, an additional
carboxylate bridge was also introduced.”® The exact structural
data for the intermediate Q is unknown, and therefore different
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computational models have been suggested in the past to study
the mechanism of methane hydroxylation by MMOH,. Four
different model systems are available in the literature, namely,
the Yoshizawa model,>® the Morokuma—Basch model,>* the
Siegbahn model,'® and the Friesner—Lippard model.**™**
These models differ in their size, spin state, charge, and iron
coordination number. All theoretical studies indicated that
hydrogen abstraction from methane by the bridging u-oxo
ligand is the rate-determining step for hydroxylation of
methane.

In the present contribution, we will compare the electronic
structure of compound Q with that of the mononuclear FeO**
moiety. The geometric structure of the [Fe™(u-O),] diamond
core has led to the suggestion that maybe it can be considered
as a dimer of two FeVO?" units.>* May this actually be the
correct way to view the electronic structure? The electronic
structure and, in particular, the nature of the acceptor orbital
and the mechanism of the hydrogen-abstraction step are the
subject of our analysis. On the basis of the present density
functional theory (DFT) computations, we, in fact, were able to
establish a strong electronic analogy between FeO(H,0)¢*"
and the reactive intermediate, MMOH, However, equally
important, there is a significant difference in the reaction
mechanism and reaction barrier in the mononuclear and
dinuclear iron oxo systems. The first is a prototype catalytic
reaction governed by activation strain: the activation energy
comes from the strain energy of the lengthening of the strong
C—H bond toward the transition state (TS). The latter has a
reaction barrier that is mostly determined by steric hindrance
effects, leading to a significantly higher barrier. We will consider
the possible consequences of this difference between MMO
and the mononuclear Fe™VO> catalysts for selectivity of the
catalytic reaction for methane oxidation.

2. COMPUTATIONAL METHODOLOGIES

Our computations involve DFT using the OPBE functional®®
implemented in the ADF (Amsterdam Density Functional) program
package.*” The MOs are expanded in terms of Slater-type orbitals
(STO), and all electrons are included in the calculation. A quadruple-{
basis set with four sets of polarization functions (QZ4P) is used for
iron, and a triple-{ basis set with two sets of polarization functions
(TZ2P) is used for other atoms, as available in the ADF library of
standard basis sets. Additionally, the calculations were corrected for
relativistic effects using the zero-order regular approximation (ZORA)
approach.®® The OPBE functional has been chosen, as in our previous
work,”®**® because this functional has been shown in the literature to
be most suitable to describe the close-lying spin states in biologically
relevant iron and other transition-metal complexes,*®  whereas the
B3LYP functional has been documented to be problematic.*®™ The
OPBE functional is a combination of the OPTX exchange
functional”® and the Perdew—Burke—Ernzerhof (PBE) correlation
functional.**® OPTX has also been used in combination with the Lee—
Yang—Parr correlation functional*’® to form the OLYP functional.
Favorable reports have also been given that OPTX-based functionals
like OPBE and OLYP perform very well for other properties as well,
like bond energies and geometriesf‘oz“d_f including specifically the
MMOH, system.** Although it has become clear there are problems
with the B3LYP functional for the spin states of iron complexes, " this
functional has mostly been used in previous work on MMOHg. We
have therefore also computed the energy profile for the C—H
dissociation using the B3LYP functional in conjunction with various
Gaussian basis sets ranging from small (SVP) to large (def2-QZVPP/
TZVPP for iron/other atoms). These computations are performed
with the Turbomole¥ program package and are reported in the
respective sections.

dx.doi.org/10.1021/ic200754w | Inorg. Chem. 2012, 51, 6375



Inorganic Chemistry

3. RESULTS AND DISCUSSION

a. Electronic Structure of FeO(H20)52+. It is illustrative
to start from the electronic structure of FeO(H,0).**, which is
in its quintet ground state. The valence orbital structure of this
complex is given in Figure 1. The basic bonding pattern of Fe—
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Figure 1. Valence orbital level diagram for the complex FeO(H,0)**
in the quintet state. In order to simplify the diagram, only Fe—O states
are illustrated. H,O states are represented using gray boxes and
unpaired electrons with red arrows.

O is similar to that of dioxygen:' there are three occupied
bonding orbitals (pde, pdz,, and pdz,; see the black up and
down arrows in the a-and f-spin orbitals in Figure 1), and there
are two unpaired electrons (red arrows) in the antibonding
dpr*, and dpz*, We denote the low-lying bonding
combinations of ligand with metal levels (in this case, O 2p
and Fe 3d orbitals, respectively), which are nominally “ligand
levels” as pde and pdz (leading p contribution); the higher-
lying antibonding levels, which are nominally “d levels”, are
denoted as dpo* and dpz* (leading d contribution). In cases of
very short and strong bonds, such as here between iron and
oxygen, the actual O 2p and Fe 3d character percentages of
these levels may not be predominantly ligand in the lower and
metal in the upper levels, but they will tend to equalize and
could even reverse. The difference of the FeO>* electronic
structure with the basic O,-type bonding scheme is in the
presence of the two nonbonding 3d orbitals on iron of &
symmetry with respect to the Fe—O axis, the d,_ and d,,
orbitals. They contain the remaining two unpaired electrons (all
unpaired electrons are denoted with red arrows), which, added
to the two unpaired electrons in the z* levels, lead to the
quintet state. If, however, the equatorial field is very strong, it
destabilizes d,>_? so much that the HS configuration
(dya)'(d_ypa)' (dpr*,a)'(dpa* )" reverts to the spin-paired
low-spin configuration (dxy)z(dpir*xa)l(dpﬂ*ya)l(dxl_yZ)O. In
that case, the triplet state for the two remaining unpaired
electrons (dpz*,a)'(dpz* )" results. The low-lying vacant
dpo*a orbital, which is antibonding between the Fe d 2 and O
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p. orbitals, is also displayed in the level diagram, as is the
LUMO, p-spin dé,,. The very high reactivity of the FeO-
(H,0)<*" complex is attributed to the presence of the lowest-
lying acceptor orbital, dpo*a.”** This orbital has a relatively
large lobe centered on the oxygen atom of the FeO®' unit,
facilitating the electron transfer from the occupied C—H
bonding orbital of methane. The electronic structure of FeO**
complexes depends not only on the equatorial ligands but also
on the trans axial ligand. Strong ligands such as NH; when
axially substituted will push the dpc* orbital up considerably,
reducing the electrophilicity of the complex, and vice versa for
weak (or absent) axial ligands.” Previous computation on first-
row transition-metal oxide dications demonstrated that the -
controlled reactions with a linear approach (in the direction of
the Fe—O axis, ZH—O—Fe ~ 180°) present lower activation
barriers than the 7*-controlled ones (with a bent approach,
£H—0O—Fe between 180° and 90°) because of the steric
interaction in the latter case with the equatorial ligands.>* Tt is
generally accepted that the oxidative action of FeO(H,0)¢*"
directly correlates to the electrophilicity of the lowest-lying
acceptor orbital, and such an acid—base mechanism can be
applied to many biological systems composed of Fe'YO** units.

b. Electronic Structure of the [Fe"(u-0),] Diamond
Core in a Model Complex for MMOHg. We now turn to
the relation of the electronic structure of FeO(H,0)** and
that of our model complex for MMOH,. Out of the four
different model complexes proposed for compound Q, we have
used the larger Morokuma—Basch model** in our present
analysis (see Figure 2), with two imidazoles representing the

Fe-Fa -~ 258A

Fei- 0‘2 ” 1.77i
Fé-0° ~ 1.80
Fé-0' ~ 1.80A

F&-0° ~ 1774 g

Fé O (formate) ~ 1.85A
Feé - O (formate) ~ 1.85A

Figure 2. Optimized geometry of the model complex of methane
monooxygenase (MMOH,,) at the OPBE level (°A state).

histidines, two bridging formates representing the bridging
glutamate residues, and two formate ligands representing
terminally coordinating glutamate residues (see ref 28 for a
comparison of the various models). This model has been
largely agreed upon, although we note that Friesner et al. have
argued that one of the carboxylate bridges should be replaced
by a terminal carboxylate ligand at one iron and a H,O ligand at
the other iron, with the bridge being formed by a more flexible
hydrogen bond between these ligands. However, such changes
in the model complex will leave the qualitative features of the
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inherent electronic structure of the diiron core largely
unperturbed. Each iron atom in this model complex is in an
octahedral environment, coordinatively saturated with six
ligands. The optimized geometry of this model complex at
the OPBE level is given in Figure 2. Note that the two
imidazole rings representing histidine residues are cis to each
other. In the present contribution, we consider the O-side
reaction by this model complex due to the fact that the N-side
reaction will be sterically more hindered by the bulky histidine
residues in the real enzyme.>*” The net charge of the molecule
is set to zero, and a HS °A electronic state is considered for the
present analysis. This means that we are considering a HS
configuration of ferromagnetically coupled S = 2 iron centers.
We have also performed calculations with the OPBE functional
for the antiferromagnetically coupled S = 2 centers (“broken
symmetry” calculations with spins up on one side and down on
the other side), at both the B3LYP- and OPBE-optimized
geometry. In both cases, we find the broken-symmetry state
with the OPBE functional to be lower than the HS state, but
not by much (a few kilocalories per mole). More importantly,
we find the frontier orbitals to give basically the same level
pattern and have the same shapes as in the HS state (see the
discussion below). The exchange coupling between the two
iron centers is much less important (and energetically a much
smaller effect) than the chemical reactivity (bond breaking and
forming) that we are studying here. We refer to ref 44 for a
discussion of the very limited effect of antiferromagnetic versus
ferromagnetic coupling in a dinuclear iron complex during
chemical transformations, such as, in that study, the bond
breaking of dioxygen to form two FeO>" reactive centers. Given
these findings and given the fact that the HS state is
computationally much more expedient, which is important in
view of the many calculations needed to trace a complete
reaction path (see below), we have chosen to carry out the
analysis for the HS state.

The geometrical parameters for the diiron core of this model
complex are given in Scheme 1. A very short Fe—Fe bond

Scheme 1. Geometrical Parameters of the Fe—O—O—Fe
Diamond Core of MMOH,, at the OPBE level”

Imi-2 Imi-1
\ 1.77 01 1.8
Fe1/-2-‘5-“}Fez
N
For-2 For-1

X

“The bond lengths are given in angstrom units. The local axis frame
chosen for MO analysis is also depicted in the scheme.

length of magnitude 2.58 A is in agreement with the
experimental value of 2.46 A. The available experimental data
suggest two distinct FeO>" units with two long (2 A) and two
short (1.77 A) Fe—O bonds. Our OPBE computations,
however, predict FeO>" bond lengths of rather similar
magnitude, 1.77 and 1.80 A. Tt should be noted that the
predicted FeO*" bond lengths depend also on the choice of the
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functional; geometrical parameters for the diiron core of
MMOH,, computed using different DFT functionals are given
in Table 1. It can be observed that the functionals BP86, OLYDP,

Table 1. Geometrical Parameters of the Diiron Core of the
Model System for MMOH,, at Different Levels®

method Fe'-0! Fe’—0? Fe'—Fe?
BP86 1.78 1.82 2.6
OLYP 1.78 1.82 2.6
BLYP 1.79 1.84 2.63
OPBE 1.77 1.80 2.58
B3LYP 1.70 2.02 2.69
experimental 1.77 2.0 246

“Bond lengths are given in angstrom units.

BLYP, and OPBE all give a very accurate Fe'—0O" bond length,
1.77-1.79 A. The second Fe—O bond length, Fe’—0? is
distinctly longer but is, with 1.80—1.84 A, too short compared
to experiment. Only the B3LYP functional has this second Fe—
O bond (2.02 A) close to experiment, but it has the first Fe—O
bond too short (1.70 A). Despite the geometric distinction
between the FeO>" moieties not being very pronounced with
the pure (nonhybrid) density functionals, we can still
qualitatively analyze the electronic structure of the diiron
center and compare it to that of FeO(H,0):*".

The valence MO level diagram for the model complex of
MMOHg, in its °A state is represented in Figure 3. In an
attempt to simplify the level diagram, only MOs of the two
FeO®" fragments are represented; the manifolds of the ligand
orbitals are indicated using gray boxes. Labels 1 and 2 refer to
the two FeO® fragments, as indicated in Figure 2. The oxo
group at the side of the terminal formate ligands together with
the iron atom to which the imidazole ring that is perpendicular
to the Fe—O—Fe—O plane is trans axially coordinated, is
denoted as fragment 2, [Fe’O*]*". The other FeO*" fragment,
referred to hereafter as Fe'O' (fragment 1), has a trans axial
formate ligand. There is a clear correlation between the
MMOH,, and FeO(H,0);** MOs. The ¢ and 7 bonds for both
fragments 1 and 2 appear as the six lowest occupied orbitals (of
course, in both the a- and #-spin manifolds because the orbitals
are doubly occupied). Sometimes these bonding orbitals on
fragments 1 and 2 mix, forming + and — combinations, such as
(pdo(1)+pdo(2))f, and sometimes they are localized on one
or the other fragment, such as pdo(1)a and pde(2)a (the
numbers given in parentheses are used to distinguish between
the two FeO®" fragments). The S = 2 iron centers are
represented by the eight unpaired a-spin electrons, four in the
antibonding 7* MOs (dpz*, and dpz*,), and four in the &
(dd,, and dé,,_,,) orbitals; see the red arrows in Figure 3. This
is just a doubling of the situation that we observed in
FeO(H,0)*". The most important acceptor orbital will prove
to be, just as in all other FeO*" systems, the lowest-lying a-spin
unoccupied orbital, the 6* orbital dpo*a(2). It is displayed in
Figure 3, as is dpo*(2) (see the left green arrows). The o*
orbitals are pushed up in energy by the strong imidazole
ligands, axially coordinated to the Fe?O? unit and equatorially
coordinated to Fe'O'.” The dpo*a(2) orbital has the largest
lobe on the oxygen atom of the [Fe?0*]** unit (fragment 2)
and is oriented toward the “open” site adjacent to the terminal
formate ligands (see Figure 4). As is visible in the orbital plot of
Figure 4, it also has some amplitude on O', which arises from
the antibonding of an O' p, lone pair with the d:(Fe?). It
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Figure 3. Valence orbital level diagram for the model complex of
MMOH, (compound Q) in the °A state. In order to simplify the
diagram, only Fe—O states are illustrated. Ligand states are
represented using gray boxes and unpaired electrons with red arrows.
Horizontal arrows point at the important acceptor orbitals.

shows that the O' of the Fe'O' oxidoiron group is acting as a
ligand to Fe? (as does, of course, O* to Fe'). dpo*a(1) has the
largest amplitude on O' but also some amplitude on O The
large amplitude on O* makes dps*a(2) an excellent acceptor
orbital for the incoming methane, but we will see that the
relatively small amplitude on O of dps*a(1) is not enough to
make it an effective acceptor orbital for methane. In the S-spin
manifold, the LUMO of MMOH,, is the f-spin dé,,(1)—
dd,,(2) MO. This is not an important acceptor orbital, being
shielded by the ligands. The LUMO of MMOH, that can act as
an acceptor orbital is the f-spin dpz*,(1)+dpz*,(2) orbital
(not shown in Figure 4). There is a strong mixing between the
two dpz*,-type MOs of fragments 1 and 2. This orbital has a
lobe in the Fe—O—O—Fe plane, but as we will see, it is again
not a good acceptor orbital. The counterpart of the +
combination, the — combination (dpz*,(1)—dpz*.(2))p, is
energetically ~0.4 eV above the former and has, because of a
nodal surface through the O,, almost no resulting amplitude in
the ground plane and therefore no acceptor function. We finally
have the dpz* f orbitals (see right green arrow) as possible
acceptor orbitals, depicted in Figure 4. They are oriented
perpendicular to the Fe—O—Fe—O plane. dpz*3(2) and
dpz* (1) do not mix. dpz* (1) has very little amplitude at
0,, but dpz*4(2) has a large amplitude on O, (see Figure 4)
and can act as an acceptor orbital if the methane does not
approach with the C—H bond in the Fe—O—O—Fe plane, but
tilted out of that plane so as to build up overlap with one of the
lobes of dpz*,4(2).
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dpr*yB(1)

dpx*yf(2)

Figure 4. Shapes of important frontier MOs for the model complex of
MMOH,, at the OPBE level. The fragment on which the orbitals are
mostly localized is indicated in parentheses.

c. Fragment Analysis of the Electronic Structure of
the MMOH, Model Complex. The picture of the electronic
structure of MMOH, that emerges from the character and the
energies of the MOs can be analyzed further using the fragment
orbital analysis as it is implemented in the ADF package.”” The
complex after full geometry optimization is divided into eight
fragments: two FeO* fragments, two imidazole fragments, and
four formate fragments. MOs are generated for each of these
fragments, and the total electronic structure is then recomputed
based on the fragment orbitals.*’ It is then possible to
determine the contributions of the fragment orbitals to the
MOs of the complex. The fragment orbital analysis can only be
performed with a set of spin-restricted fragment orbitals.
Therefore, all fragment MOs are generated with spin-restricted
fragment calculations.

The nature of the MMOH, orbitals discussed above is
substantiated by analysis of the gross populations of the
relevant fragment orbitals, as given in Table 2. It is clear from
the table that the lower-lying a-spin pdoa and the (out-of-
plane) pdz,a and dpz*,a orbitals of FeO> remain practically
occupied. Only pdra and dpz*a (in the Fe—O—O—-Fe
plane) lose electronic charge to the other FeO group, in
agreement with the O' character mixed into dpo*a(2) and the
O? character mixed into dpo*a(1) that we observed in Figure
4. The donation of charge from the pdz,o and dpz,*a orbitals
is into dpo™a, which acquires a substantial electron population
(ca. 0.5 electrons). For the f-spin orbitals, there is more charge
rearrangement. There is a series of empty df orbitals on the
iron atoms (see Figure 1), which all pick up charge (the in-
plane d;_2f and dpz*f the most) from the lower-lying
occupied pdz,f, pdz,f, and pdop. All of these charge donations
represent the fact that one FeO (or rather an oxo group) is a
ligand to the other FeO group and vice versa. The occupied
orbitals of one FeO group can donate to the empty orbitals of
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Table 2. Fragment Analysis of the Model Complex of
MMOH,, at Its °A State”

spin spin

type of orbital Fe!O! Fe’0? Fe'O! Fe’0?
pdo 0.99 0.99 0.89 0.90
pdr, 0.93 0.93 0.66 0.64
pdr, 0.99 0.99 0.72 0.72
s>’ 0.93 0.87 0.31 0.31
dﬁxy 0.99 0.98 0.18 0.22
dpz*, 0.87 0.87 0.32 0.31
dplr*y 0.97 0.98 0.24 0.17
dpo* 0.4S 0.53 0.22 0.19

“The gross populations (summation over their populations in all of the
occupied MMOH, MOs) for the relevant FeO fragment MOs are
given above. The entries in columns Fe'O' and Fe’O? respectively
refer to populations of the orbitals of the indicated type (e.g, pdo),
one on Fe'O' (pdo(1)) and one on Fe*O* (pdo(2)).

the neighbor FeO, ie., to the whole set of unoccupied f-spin
orbitals in the level diagram represented in Figure 3. It should
be kept in mind that the orbitals for which the populations are
given in Table 2 are orbitals of the FeO*" fragment; they are
not the orbitals of the complete MMOH,, of the same name,
that we discussed in connection with Figures 3 and 4. The
unoccupied FeO?" orbitals can also receive charge coming from
the ligands imidazole and formate. It can be seen from Table 2
that the originally empty a-spin dpo™ orbital receives
considerably more electrons than are coming from the adjacent
FeO. It clearly receives electrons donated by the imidazole and
formate ligands. This is a result of the “pushing up” of dpc* by
the nitrogen- and oxygen-donor lone pairs of these ligands. In
order to verify this, we have also listed, in Table 3, gross

Table 3. Fragment Analysis of the Model Complex of
MMOH, at A State”

spin o spin
orbital formate 1 formate 2 formate 1 formate 2
HOMO 0.84 0.82 0.87 0.87
HOMO-1 0.99 0.99 0.97 0.94
HOMO-2 0.98 0.98 091 0.90
spin a spin
orbital imidazole 1 imidazole 2 imidazole 1 imidazole 2
HOMO 1.00 1.00 1.00 1.00
HOMO-1 0.89 0.89 091 091
HOMO-2 1.01 1.00 1.00 0.99
spin a spin f#
orbital bridge 1 bridge 2 bridge 1 bridge 2
HOMO 0.97 0.97 0.85 0.85
HOMO-1 0.98 0.98 0.88 0.88
HOMO-2 0.99 0.99 0.95 0.95

“The gross populations (summation over all occupied MOs) of
relevant ligand orbitals are given (formate 1 and formate 2 in the Fe—
O—O-Fe plane and bridge 1 and bridge 2 are the formate bridges).

populations of relevant ligand fragment orbitals. It is evident
that there is a considerable amount of charge transfer from the
HOMO-1 orbitals of the imidazoles and the highest occupied
molecular orbitals (HOMOs) of the formate ligands lying in
the Fe—O—Fe—O plane. These are the lone-pair donor orbitals
having large lobes centered on either the nitrogen or oxygen
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atoms with which they are directly coordinated to an FeO>"
moiety. For the sake of comparison, we have also presented
results from the calculation on MMOH( using atomic
fragments (cf. Table 4). It is clear from the gross electron

Table 4. Fragment Analysis of the Model Complex of
MMOH,, Using Atomic Fragments®

spin a spin
Fe' Fe? Fe' Fe?
3d,? 0.64 0.71 0.37 0.3
32} 0.92 0.85 0.31 0.32
3d,, 0.99 0.99 0.20 0.23
3d,, 0.98 0.98 0.22 0.22
3d 0.99 0.99 0.26 0.24

yz
“The gross populations of relevant atomic orbitals (summation over all
MOs, multiplied by occupation) are given above.

population that the a-spin d,, d,,, d,, and d_, orbitals are
completely occupied, in agreement with a formal HS d*
electron configuration of iron. The a-spin d; orbital has
considerable population, owing to its participation in the
occupied Fe—O pdo bonding orbital (although one typically
classifies this as a “ligand” (O 2p) orbital). The empty acceptor
orbital dpo* is nominally the “d?” orbital but is certainly not a
pure d2, having much O 2p, character. The f-spin Fe 3d
orbitals show the charge accumulating as a consequence of
donation by the ligands.

In summary, this analysis shows that the dinuclear system can
be considered as two FeO groups, each one coordinated by the
imidazole and formate ligands and by (the oxo of) the other
FeO group.

d. Reaction with CH,: Comparison between Mono-
nuclear and Dinuclear Iron Oxo Systems. We next study
the reaction with CH,. Of the two oxo groups, the one that is at
the side of the terminal formate ligands (O? see Figure S) is
responsible for the catalytic activity of MMOHg. The other
FeO®" fragment, referred to hereafter as Fe'O' (fragment 1), is
not expected to take part in methane hydroxylation because of
the large steric hindrance around O' by the bulky histidine
residues in the real enzyme. Initially, a very weakly bound
reactant complex is formed, with a long O?—C distance of 4.86
A and the methane tilted ca. 45° out of the Fe—O—O—Fe
plane; see Figure Sa. In this complex, the hydrogen that will be
abstracted is not yet oriented toward the oxygen. Along the
reaction path, the methane turns and the C—H bond lengthens
and starts to interact with O% The optimized geometry of the
TS structure for hydrogen abstraction by MMOH, is illustrated
in Figure Sb. The structure has been obtained with a TS search
with the large QZ4P/TZ2P STO basis set and the OPBE
functional. The TS has been characterized as having a single
imaginary frequency of magnitude of 596 cm™' which
corresponds to the elongation of the C—H bond oriented
toward the FeO*" fragment. The magnitudes of the C—H and
O—H bond lengths are calculated as 1.44 and 1.10 A,
respectively, and the barrier is 32.4 kcal/mol. It should also
be noted that at the TS geometry the C—H bond in methane is
making an angle of ~33° with respect to the Fe—O—Fe—O
plane. From the shape of the main acceptor orbital, dpc*a, it
can be seen that the approach of CH, in the equatorial plane
would give optimal overlap but the directional preference
would not be strong. Moreover, an out-of-plane configuration
can be facilitated by involvement of the dpz*, orbitals as
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geometry (OPBE functional) of the TS (TS1) for the hydrogen-

abstraction reaction.

acceptor orbitals. In order to find out the nature of the acceptor
orbital(s), we have analyzed the TS structure using the
fragment MO method. Here, the whole MMOHg unit has
been considered as one fragment, and the methane molecule is
treated as the second unit. The gross populations of relevant
fragment MOs are summarized in Table S (dpo™, dpz*,, and

Table 5. Fragment Analysis of TS1 for the Model Complex
of MMOH*

orbital spin & spin f
Geon 0.62 (-0.38) 0.88 (-0.12)
dpo*(2) 0.62 (+0.62) 0.03 (+0.03)
dpr* (2) 0.99 (=0.01) 0.08 (+0.08)
dpr*,(2) 0.94 (—0.06) 0.10 (+0.10)
dpo* (1) 0.05 (—0.05) 0.01 (+0.01)
dpr*,(1) 1.00 (0.00) 0.03 (+0.03)
dpr* (1) 1.00 (0.00) 0.01 (+0.01)

“The gross populations of relevant fragment orbitals (dpo*, dpz*,,
and dpz*, of the complex and the oc_y of the methane) are given
above. The difference between the integer gross population in the
isolated fragment and the gross population in the TS is given in italic
numerals.

dpz*, of MMOHq and o¢_y of methane). The differences
between the integer gross populations in the isolated fragment

and the gross populations in the TS are given as italic numerals.
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It is evident that there is a considerable amount of charge
transfer (of magnitude 0.38 electrons) from the o._y@ bonding
MO of methane to the vacant dps*(2)a orbital (centered on
fragment 2) of the MMOH,, complex, which gains in total even
0.62 electronic charge.

There is some gain in the electron population for the dpz*
orbital (0.10), but this is significantly smaller than that for
dpo*(2)a. This leads us to the conclusion that the important
acceptor orbitals that take part in the hydrogen-abstraction step
are primarily dpo*(2)a and, to a much smaller extent,
dpﬂ'y*ﬂ(Z). This is consistent with the fact that the lowest-
lying dpm,*f orbital set is energetically 0.48 eV above the
dpo*(2)a MO, cf. the level diagram of MMOH,,. The
dpzry*ﬂ(Z) orbital therefore will assist in the bending of the
approaching CH, out of the equatorial plane, but it does not
seem to be the driving force.

e. Origin of the TS Barrier in the Mononuclear and
Dinuclear Systems. The bent geometry of the TS for the
hydrogen-abstraction step is contrary to the expected in-plane
TS for the o*-controlled reactions; compare, e.g., the “linear”
TS in the prototypical FeO(H,0);*".* The barrier is also much
higher than the 2.2 kcal/mol OPBE barrier of FeO(H,0)s*".
We therefore compare the hydrogen abstraction in the model
MMOH,, system with the hydrogen abstraction by FeO-
(H,0)¢*". We note that the 2+ charge on the FeO(H,0)*
and the zero charge on the MMOH, model is a significant
difference. Because however, as we will see, the important
difference between the mononuclear and dinuclear systems
arises from steric hindrance effects, which are not as sensitive to
charge effects, the comparison is still helpful. Figure 6a
illustrates the total energy profile for the C—H dissociation
(red curve). It is interesting to compare this total energy with
the strain energy that builds up in the methane fragment (blue
curve) and with the summed strain energy of the methane and
FeO(H,0)s*" fragments (green curve). It should be noted that
the bond energy of the C—H bond in methane is ca. 105 kcal/
mol, so we show in this figure just the beginning of the bond
stretching process. The red curve for the bond breaking in the
presence of FeO(H,0)s*" shows quite strikingly the catalytic
action of this species: the increasing interaction with FeO-
(H,0)** when the C—H bond is stretched, which is mostly
6(C—H) to o*(FeO*") electron donation, enormously lowers
the energy needed to break the bond. The energy profile along
the reaction path is generated by optimizing at each C—H bond
length all other geometric parameters. This is possible because
the C—H bond length is a reasonable approximation of the
reaction coordinate in this case. This is the typical picture of a
reaction barrier that can be understood in terms of two
important contributions: (1) the strain energy required to effect
the important geometry change for the reaction—in our case,
the C—H bond lengthening; (2) the energy lowering due to
interaction between the reactants—this is usually the orbital
interaction of occupied and virtual orbitals (orbital control) but
can, of course, also have an important or even dominant
electrostatic interaction component (charge control).*® In the
present case, also the FeO(H,0);** fragment distorts to
increase the favorable interaction. For more details on the
description of TS barriers in terms of activation strain as the
main cause for a barrier and orbital interaction as the important
lowering mechanism, we refer to ref 46.

For the MMOH,, case, the C—H stretch coordinate is not a
good reaction coordinate in the initial stages of the reaction, as
will become apparent below. In order to obtain a more
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Figure 6. Reaction profiles for C—H dissociation: (a) in the presence
of FeO(H,0);>* at the OPBE level; (b) in the presence of the model
complex MMOH, at the OPBE/QZ4P/TZ2P level. The C—H bond
dissociation curve for the isolated methane molecule (i.e., the strain
energy in the CH,, fragment) is represented using the blue curve. The
sum of the strain energies of the CH, and FeO(H,0);** fragments is
represented with a green curve in panel a. The zero of the energy scale
is always the isolated, geometry-optimized molecules (just CH, for the
blue curve; the sum of CH, and FeO(H,0);>* or MMOH,, systems
for the red curves). In all cases, the chosen reaction coordinate is just
the C—H bond length.

complete picture of the reaction path, we have calculated a two-
dimensional (2D) contour plot of the energy surface by
calculating the energy at a large number of O—H and C—H
bond lengths, optimizing at each point all of the other
geometrical parameters of the system. This provides a 2D cut
through the total energy hypersurface. The contour plot of the
energy is shown in Figure 7. The system starts at the geometry
of the reactant complex at C—H ~ 1.09 A and O—H bond
length 4.86 A (this point is outside the 2D plot of Figure 7).
The barrier at the OPBE level is 32.4 kcal/mol. This is much
higher than the 2.2 kcal/mol OPBE barrier for FeO(H,0)s*".
This is an important finding that sets the dinuclear system apart
from the mononuclear one, in spite of the electronic similarity
that we have observed. We will in the next section give an
energy decomposition analysis of the origin of this large
difference.

The barrier we find is also considerably higher than the
barriers obtained in earlier work on the MMOH; model
system, which have been estimated from 10—12'° to 13.3 (22—
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23 in a smaller model)** to 17.9%° kcal/mol. Also, typically an
earlier TS was found (at C—H bond length 1.13,'° 1.246,** and
1.258 A%®). These results were all obtained with the B3LYP
functional, usually with geometry optimization (TS search) in a
small basis and recompution the energies at fixed geometry in a
larger basis. We have therefore also performed calculations with
the B3LYP functional, using our very large STO basis (QZ4P/
TZ2P) with ADF, as well as using medium to large Gaussian
basis sets (up to def2-QZVPP/TZVPP for iron/other atoms
with the Turbomole program**). We find with both the large
STO and the large Gaussian basis sets that the B3LYP
functional yields a substantially lower barrier than OPBE
(slightly under 20 kcal/mol). This is still much higher than the
barrier in the mononuclear system. We have verified that the
energy decomposition to be discussed in the next section, when
performed with the B3LYP functional at the B3LYP-optimized
TS, yields the same picture as OPBE for the energy terms
responsible for the difference between mononuclear and
dinuclear systems (see the next section). Concerning the fact
that our current B3LYP calculations give a higher barrier than
most of the older calculations, we note the following. We have
found that the B3LYP calculations are rather sensitive to the
basis set used. With the smaller basis sets, a too early TS is
found, as a local maximum. When continuing along the reaction
coordinate, eventually a second higher maximum is reached.
Small and medium basis set calculations may therefore find a
TS at an earlier point along the intrinsic reaction coordinate
than that obtained with the large basis set calculations. Carrying
out an energy calculation with a large basis at this early point
will then still yield a too low estimate for the barrier. The large
basis set BALYP calculations did not exhibit this phenomenon.
With respect to the difference between the functionals, we note
that there is considerable variance over the many functionals
that can be used, the basis set, and other aspects such as the
choice of pseudopotentials (which have invariably been used in
the earlier calculations). We also note that when dispersion
corrections using the DFT-D parametrization of Grimme are
applied, the barrier lowers by 4—5 kcal/mol, although
dispersion energies per se would not be expected to affect
the barrier significantly. With the present state of the art in
computational technology, it is not possible to establish the
precise height of the barrier from calculations alone. However,
we are not concerned here with the precise height of the
barrier, but we want to analyze why the energy profile of the
reaction, depicted in Figure 6b (see discussion below), is so
different from that in the mononuclear case. The shape of
Figure 6b (much higher energy until the TS, and beyond, than
the strain energy of methane) is obtained with both OPBE and
B3LYP and the various basis sets (large STO, small,
intermediate and large Gaussian basis sets) and programs
(ADF and Turbomole).

We note that the automatic OPBE TS search had given the
TS at C—H = 1.44 A and O—H = 1.10 A. This is somewhat off
the TS point one would deduce from the 2D plot (C—H = 1.55
A; O—H = 1.05 A). However, we observe that the energy
around the TS is very flat, in particular in the C—H coordinate.
The OPBE TS point from the automatic geometry search is in
between the contour lines —274.98 and —274.97 eV, while the
TS point on the 2D plot is at —274.95 eV. The position on the
TS “plateau”, i.e., the precise value of, e.g.,, the C—H distance at
the TS energy, is not so meaningful. The distortion of the
MMOH,, fragment, in particular the bending away of the
formate groups from the incoming methane, which we
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Figure 7. 2D cut through the energy hypersurface for the hydrogen-abstraction reaction by the model complex MMOH,,. The surface is constructed
by calculating the energy at various O—H and C—H distances, optimizing all other geometrical parameters at each point.

observed for the TS geometry of the automatic TS search, is
fully intact at the TS point of the 2D contour plot.

In Figure 6b, we give the energy profile as a function of the
C—H distance. Because we have the full 2D plot available, we
could give the energy profile as a function of the reaction
coordinate, with equidistant intervals along the reaction path
indicated in Figure 7. However, in order to be comparable to
Figure 6a, we use again the C—H distance as the parameter to
trace the reaction coordinate. For each C—H value at the
horizontal axis of Figure 6b, the corresponding point at the
reaction coordinate can be read from Figure 7. Figure 7
substantiates our earlier remark that, in the early stages of the
reaction, the C—H distance is not a good reaction coordinate. It
is actually almost orthogonal to the intrinsic reaction
coordinate: for small C—H change, we travel a long distance
along the intrinsic reaction coordinate, and the energy changes
strongly, as is observed in Figure 6b. The energy profile in the
case of MMOH,, in Figure 6b shows a strikingly different
behavior compared to that of the FeO(H,0)*" case of Figure
6a. At C—H distance 1.10 A, the total energy of the methane +
MMOH,, reactant complex is lower than the sum of the
energies of these isolated fragments; the lowering is due to the
complexation energy in the initial reactant complex. It is
remarkable that, at the TS and for some distance along the
reaction coordinate before the TS is reached, the energy is
much higher than the strain energy of the C—H bond
lengthening. Apparently, in this case the TS barrier is not
caused by activation strain. The energy profile suggests that
methane has to overcome a considerable amount of repulsion
with the MMOH, system before it can profit from the
electronic factors that can ease the hydrogen abstraction in the
same way as they did in the case of FeO(H,0)s**. The barrier
can obviously be attributed to the steric repulsion that methane
experiences from the terminal formate ligands as it approaches
the FeO®" unit. Methane has to overcome the Pauli repulsion
with, for instance, the HOMO—2 of MMOH, which has a
large lobe localized on the noncoordinated oxygen atom of one
of the terminal formate ligands. It is indeed notable that the
formate ligands have considerably reoriented themselves in the
TS (cf. the TS structure in Figure Sb) compared to the free
MMOH, (Figure 2). There is clearly a bending away from the
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methane. The formate attached to Fe' goes down with respect
to the equatorial plane; the other formate moves up much more
than it did in the free complex.

f. Analysis of the TS Barrier. It is of interest to unravel in
more detail what are the contributing factors to the barrier. We
first carry out analysis for the point along the reaction
coordinate where C—H = 1.3 A, at which point the height of
the TS barrier has been practically reached. This analysis will
reveal the electronic origin of the height of the barrier, in
particular why it is so much higher than the strain energy. The
repulsive contributions to the energy are the strain (in both
methane and the model MMOH,, complex) plus the steric
repulsion, and the energy-lowering contribution comes from
orbital interactions between these two reacting (and deformed)
moieties. Figure 6b shows only the strain in methane and the
total energy. It does not reveal how much steric repulsion there
is and neither the orbital interaction energy. If we go from C—
H = 1.3 A further along the reaction coordinate, the CH, strain
energy starts to make up an increasing part of the total energy
(ie, of the rise of the energy above the reactant complex).
Eventually, at the crossing point between the blue strain energy
curve and the red total energy curve, the orbital interaction
energy exactly counteracts the steric repulsion and MMOHq
strain. After the crossing point, the electronic interactions
overpower both the steric repulsion and the MMOH,, strain
energy and lower the energy below the CH, strain value. The
activation strain energy is what is usually, in the energy
decomposition scheme,™ called the “preparation energy”. It is
composed of the energies required to distort the interacting
systems to their current geometries, which are here the
geometries of CH, and MMOH,, at the C—H = 1.3 A point
(the O—H distance is then also ca. 1.3 A). As mentioned above,
for methane the strain comes from the C—H bond lengthening,
which amounts to 11.1 kcal/mol C—H = 1.3 A (see Figure 8 for
a diagram of the energies involved). At this point, with still a
fairly long O—H distance of 1.3 A, the strain in the MMOH
model only amounts to 1.2 kcal/mol. The activation strain for
MMOH,, comes from a distortion of the total framework, in
particular also a bending away of the terminal formate ligands
so as to reduce the steric hindrance with the incoming CH,. We
will consider below a quantification of these geometric
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distortions of MMOH,. Here we note that the MMOHq
system cannot distort in such a way that the steric repulsion
with the incoming CH, is totally avoided. It is actually quite
large. We obtain at C—H = 1.3 A a steric repulsion of 54.6 kcal/
mol, which together with the 1.2 kcal/mol strain of the
MMOH,, fragment amounts to a 55.8 kcal/mol energy rise
above the activation strain of 11.1 kcal/mol of the C—H bond
lengthening (Figure 8). This repulsion is mostly, but not
completely, compensated for by a large stabilizing orbital
interaction (the C—H donation into the acceptor orbitals of the
MMOH,,) of 42.0 kcal/mol. This analysis demonstrates that
large interaction terms are involved apart from the C—H strain
energy. The total energy (of 24.9 kcal/mol) is 13.8 kcal/mol
higher than the CH, strain. This additional 13.8 kcal/mol is
actually composed of a much larger steric repulsion, counter-
acted by a large orbital interaction energy. These large energies
are a direct consequence of the fact that CH, can only get close
to the active oxo oxygen by pushing against the repulsion of the
ligand framework. When we do this analysis at the TS at C—H
= 1.55 A, with a shorter CH;,~MMOH, distance (O—H = 1.10
A), we find that there is even much more steric repulsion, but
the orbital interaction then becomes so strong that it outweighs
the repulsion and even lowers the total energy a bit below the
CH, strain energy; see Figure 6b.

Apparently, the formate ligands are important for the steric
repulsion. It is of interest to consider the energetics involved in
the movement of the formate ligands, both with respect to the
strain energies induced by that movement and with respect to
the amount of steric repulsion with CH, that is relieved or
avoided by the “bending away” of the formate ligands. The
diagrams of Figure 9 show a quantification of these geometric
distortion energies for MMOHj, at the TS geometry found by
the TS search with the OPBE functional, denoted as TS1. The
C—H stretch at that point costs 26.9 kcal/mol; see Figure 9b.

72

The strain in the MMOHg framework is 14.8 kcal/mol; see
also Figure 9a, which is considerably larger than the strain at
C—H = 1.3 A. One wonders how much of this strain is due to
the formates bending away from their orientations in the free
MMOH,, where they are approximately lying in the equatorial
plane, to the positions they have in the TS. Actually, the
formates have considerable conformational freedom. This is
apparent when we bend the formates to the geometries that
they have in the TS, while keeping all other MMOHq
geometrical parameters constant at the optimized ground-
state values. This only gives an energy rise of 4.6 kcal/mol (see
Figure 9a), which is only a part of the total strain energy of 14.8
kcal/mol of MMOH,, to the TS geometry. Alternatively, if we
start with the MMOH, in the TS1 geometry, and move the
formates back to the positions that they had in the free
MMOH,, again keeping all other geometrical parameters
constant, we see to the left in Figure 9a that the energy drops
only 1.4 kcal/mol. These small energetic effects underline the
conformational freedom of the formates in the MMOHq
complex. The implication is that if the formates in the
equatorial plane of MMOH, have considerable steric repulsion
with methane approaching in the plane, they can bend away
without much energy penalty. The (small) energy involved in
the geometrical distortion of the formates, and indeed of the
whole MMOH, frame, should be “paid back” in the form of
more effective interaction (less repulsion, stronger donor—
acceptor interaction) with the incoming CH,. In the TS, an
optimum geometry for minimization of the steric repulsion is
found not only by the bending away of the formates but also by
the methane moving out of the Fe—O—Fe—O plane (the O—
H—C axis makes at TS an angle of 33° with the plane). The
bending away of the formates is such that one formate group
goes up with respect to the plane and the other one down (but
not in a symmetrical way); cf. Figure Sb. In order to obtain a
quantitative measure of the energies involved in the various
geometric distortions, or rather adaptations, we give in Figure
9b some results of pilot calculations. To the right in Figure 9b
are the strain energies of CH, and MMOHg, in TS1 of 26.9 and
14.8 kcal/mol, respectively. Different from the situation at C—
H = 1.3 A, in TS1 the total strain of 41.7 kcal/mol is larger than
the total energy (ie., the TS barrier) of 32.4 kcal/mol. This
lowering of the total energy by 9.5 kcal/mol with respect to the
strain energy is caused by a huge orbital interaction energy of
—121.6 kecal/mol (not shown in the Figure), which outweighs
the steric repulsion of +112.1 kcal/mol. To the left in Figure
9b, we see that when we put in TS1 the formate ligands back in
the positions that they have in the free model MMOHq
complex, keeping all of the other geometrical parameters
fixed at the TS1 values, including those of the stretched CH,,
which is now close to the O® of the Fe—O—O—Fe diamond
core (O—H = 1.10 A), the energy rises by 31.4 kcal/mol. This
is due to increasing steric repulsion of the formates with CH,,
Equivalently, MMOH,, can achieve a decrease in the steric
repulsion of 32.8 kcal/mol by the flexibility of the formate
ligands, for which a “price” of only 1.4 kcal/mol deformation
energy of the formates has to be paid. We have also considered
whether the methane could approach precisely in the Fe—O—
O—Fe plane. As a matter of fact, moving the methane into the
plane instead of at 33° above the plane, keeping all other
geometrical parameters fixed (including the formates), gives
only an energy rise of 1.14 kcal/mol. Obviously, the out-of-
plane approach is not a significant geometric feature. We have
finally also considered the possibility that the two formates
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(a)

MMOH,, at TS1 geometry

with formates as in
MMOH, -optimized

(b)
TS1 geometry, but
formates as in free MMOHQ

MMOH,
at TS1 geometry
I 1.4 keal/mol
MMOHQ
TS1 strain
14.8 keal/mol
MMOH-optimized
only formates as in
TS1
4.6 kcal/mol
—
MMOH, (optimized)

4 31.4 keal/mol
TS1 geometry, but
both formates down T
s | 4.7 kcal/mol  MMOHG-CH Ig - ‘
51 QWWJFLI:}“_]‘.@“EUAOL _m TS1_ kcal/mol | MMOH, strain
methane in FeOFeO i 14.8 keal/mol
plane L
—j -
322 methane strain
keal/mol 26.9 keal/mol
free optimized
d'l\mw:mcI and CH,

Figure 9. Schematic representation of the energy values associated with geometrical changes of the model complex MMOH,,. (a) The formates in
the isolated MMOH, system. To the right: moving the formates to their TS1 positions while keeping the remaining geometrical parameters of the
MMOH, framework fixed at their ground-state (optimized) values. To the left: moving the formates in the MMOH, TS1 geometry back to the
ground-state positions. (b) To the right: strain energies at the TS1 geometry. To the left: energetic effects of variation in the positions of the
formates and CH, in the CH,—MMOH,, complex keeping the rest of the MMOH,, fragment and CH, at the TS1 geometry.

would not bend into different directions, but would both go
down, while CH, stays at the 33° position. That gives an energy
rise of only 4.7 kcal/mol above the lowest-energy geometry
with one formate up and one down. In conclusion, the formate
ligands do have “to get out of the way” (cf. the energy penalty
of +31.4 keal/mol when they do not), but it is not as important
how they bend and to what extent CH, moves out of the plane.

In conclusion, we find that the Fe—O—O—Fe diamond core
is electronically very much analogous to the FeO* group in
mononuclear complexes but has a different reactivity because of
the different steric effect of the ligand environment.

4. CONCLUDING REMARKS

We have analyzed the electronic structure of a well-known
model complex for compound Q of MMO. Using our fragment
MO analysis, we have highlighted the essential electronic
similarity of the MMOH, complex and the prototype
mononuclear FeO*" catalyst FeO(H,0)*". Indeed, compound
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Q can not only geometrically but also electronically be
considered as a system composed of two coupled FeO>'
units, one of which is sufficiently unshielded by ligands to
exhibit the typical catalytic activity of FeO*". The hydrogen
abstraction is regarded as the rate-determining step for the
hydrolysis of methane by MMOH, and is associated with an
electron transfer from the C—H bonding MO to the low-lying
acceptor orbital dpo*. This orbital has a relatively large lobe
oriented toward the incoming methane and readily accepts
electrons from the C—H bonding orbital. We have, however,
found an important difference for the hydrogen-abstraction
step during the hydrolysis of methane in the dinuclear complex
as compared to the FeO(H,0)** complex. Upon approach to
the oxo group in MMOH,, methane has also to overcome
significant steric repulsion with the terminal formate ligands.
This gives the energy profile along the reaction coordinate a
very different shape in the case of MMOH,,. The energy rises
considerably above the activation strain of the C—H bond
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lengthening because of the steric repulsion that the incoming
substrate has to overcome in order to get close enough to the
oxo oxygen of the Fe—O—O—Fe diamond core to benefit from
the favorable electronic structure of the catalyst. This leads to a
significantly higher barrier for the MMOHy-catalyzed reaction
than with FeO(H,0):*".

We stress that the higher barrier of the methane
hydroxylation with our model of MMOH, than with the
prototype FeO(H,0)*" is most likely not “accidental”. An
important problem for the oxidation catalysis of methane is the
selectivity: a catalyst that can be used for hydroxylation of the
very strong C—H bond of methane will usually also oxidize the
methanol product and possibly all further products until the
end products of H,O and CO,. It is clear that, in principle,
methanol is more easil}f oxidized (to formaldehyde) than
methane is to methanol,"” which can be easily understood on
the basis of the considerably higher orbital energy of the C—H
bonding orbital in methanol than in methane because of
antibonding of this orbital with the lone pair on oxygen; cf.
Figure 1 in ref 48. It is therefore closer to the dpo* acceptor
orbital. The electronic factors that make an FeO>' system a
good catalyst for the breaking of the very strong C—H bond of
CH, will make it an even better catalyst for further oxidation of
the methanol reaction product. So, in order to make the catalyst
selective for methane oxidation, an inhibiting factor has to be
introduced, for instance in the form of more steric hindrance
for methanol. The magnitude of the steric hindrance that we
have found in our model MMOH complex in the case of
methane oxidation will surely not be quantitatively reliable for
the actual MMOH,, system in the enzymatic reaction in vivo.
For such a quantitative determination, detailed knowledge of
the pocket where CH, attacks, with its more bulky protein
residues, would be required, and the effects of the dynamics
should also be taken into account. Our study does not aim at
the biological system but is certainly relevant for biomimetic
dinuclear systems. The importance of the steric effects was
recently highlighted by Shaik et al* for the mononuclear
[tmg,trenFe'VO]*" complex with a S = 2 ground state, which
had been prepared by Que and co-workers.>® Steric hindrance
effects, which may be tuned by variation of the ligands, will play
a crucial role in enhancing the selectivity for methane oxidation
in a dinuclear complex analogous to the one studied here. The
FeO** group is a strong oxidant, also when dimerized in the
Fe—O—O—Fe diamond core, and oxidation activity may be
found in biomimetic complexes for a range of substrates, but
the activity for bulkier substrates may be reduced significantly
compared to methane by the proper choice of the ligands,
taking the place of the formates in our model system.
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