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The key electronic structural feature of the FeO2+ moiety,
which determines its activity as an alkane hydroxylation cat-
alyst, is the presence of low-lying acceptor orbitals, namely
the 3σ* 3dz2–2pz antibonding orbital. Both the energetic posi-
tion of this orbital and the spin state of the system (which in
turn also affects the 3σ* energy) depend on the surrounding
ligands. We present results of density functional theory (DFT)
calculations performed on a series of gas-phase complexes of
composition [FeO(H2O)n(L)5–n]2+ (n = 4, 1, 0) derived from the
recently characterised aqueous [FeO(H2O)5]2+ by substitu-
tion of ligand water molecules with L = NH3, CH3CN, H2S
and BF3. The calculations reveal that the high-spin (quintet)
state is favoured by the weaker σ-donating equatorial li-
gands, which is consistent with the literature. The high-spin
configuration is more reactive because of significant ex-
change stabilisation of the crucial 3σ*� orbital. Once the

I. Introduction

The identification of high-valent transition-metal-ion in-
termediates in several enzymatic oxidation processes of bio-
synthetic and metabolic relevance[1–7] has been one of the
key achievements in understanding mechanisms responsible
for the in vivo activation and reduction of molecular oxy-
gen. Among the most common cofactors of enzymes in-
volved in oxidative processes, copper, manganese and iron,
the latter is by far the most widespread.[8–14] Reactions me-
diated by iron-containing oxygenases have been studied for
over 30 years,[15,16] and high-valent (oxido)FeIV (ferryl) in-
termediates were recognised early in compounds I and II of
catalases and peroxidases.[17–22] The highly reactive nature
of these intermediates hampers their isolation as stable spe-
cies, and spectroscopic methods, often along with theoreti-
cal studies, are thus important sources of information on
their structure and mechanistic properties.

High-valent metal states have also been postulated in in-
termediates of various non-heme-iron–protein catalysed
processes. Only recently, however, has the involvement of a
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quintet state is formed by a judicious choice of equatorial
ligands, the reactivity can be fine-tuned by modulating the
energy of the 3σ* orbital by varying the nature of the axial
ligand. A linear relation between the σ-donor properties of
the axial ligand (estimated from the magnitude of the orbital
interaction between the σ lone pair and the 3σ* orbital) and
the activation barrier for the abstraction reaction is observed,
and is related to a “push effect” of the σ donors that destabi-
lises the 3σ* orbital. We propose that species with enhanced
activation properties for hydrogen abstraction relative to
[FeO(H2O)5]2+ might be obtainable by either replacing the
axial ligand with a σ donor weaker than H2O or by pre-
venting ligands from coordinating to iron in an axial position.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

ferryl species been conclusively proved, specifically in the
catalytic cycle of the taurine/α-ketoglutarate dioxygenase
(TauD) enzyme.[23–25] This compound has an S = 2 (quin-
tet) ground state,[26] at variance with the S = 1 (triplet) state
invariably observed in model porphyrin and non-porphyrin
systems, a fact that has been related to the local geometry
of the metal coordination environment.[27] A number of
biomimetic polydentate non-heme ligands, such as 1,4,8,11-
tetramethyl-1,4,8,11-tetraaza-cyclotetradecane (TMC)[28,29]

and N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine
(N4Py),[30] capable of stabilising high-valent iron states have
been synthesised and extensively studied since 2000.[31,32]

Various ferryl complexes with room-temperature lifetimes
that range from seconds to days have been generated and
identified spectroscopically and, to date, three of them have
been characterised crystallographically.[29,31,33,34]

An important issue is the presence and role of different
spin states of oxidoiron complexes. The presence of dif-
ferent spin states is a key element in the work on two-state
reactivity (mostly of FeO+) by Schröder, Shaik, Schwarz
and co-workers.[35–37] Various computational studies of S =
2 (oxido)FeIV systems have appeared (e.g. refs.[38–42]).
Schöneboom et al.[43] have applied DFT and various corre-
lated ab initio methods to five-coordinate C4v [FeO]2+ com-
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plexes. In subsequent work,[44] Neese examined in detail the
interplay between triplet and quintet states on the structure,
energy and spectroscopic properties of [FeO(NH3)5]2+ by
using (hybrid) DFT and multireference configuration inter-
action methods. The main factor governing the relative sta-
bility of the triplet vs. quintet ground state in this simple
system was found to be the strength of the equatorial ligand
field. The triplet state was found to be lower in energy in
the equilibrium geometry having a distance of R(FeNeq) =
2.062 Å between the metal centre and the equatorial N
atoms, whereas a lower-energy quintet state was found at
larger distances [R(FeNeq) = 2.203 Å]. Very little influence
from the axial ligand on the triplet–quintet separation was
observed. Furthermore, the length and strength of the
FeIV–O bond was found to be similar for the two spin states.
On the basis of DFT calculations, it has also been observed
that an S = 1 � S = 2 spin transition would radically
change the spectroscopic properties of a [FeO(TMC)(X)]2+

species, yet leave the nature of the FeIVO bond essentially
unmodified.[42,45]

Although the S = 1 � S = 2 spin transition has but little
effect on the stability of the FeIV–O bond, this phenomenon
has important implications for the catalytic activity of
FeIVO-containing species. In general, non-heme enzymes
(typically S = 2) are more reactive than heme ones (typically
S = 1). The fact that in non-heme iron enzymes the metal
ion is in a high-spin state while heme enzymes as well as all
known synthetic FeIVO complexes (with the exception of
[FeO(H2O)5]2+) are low-spin[16] is explained by the weaker
ligand field in the non-heme systems. Although it is well
recognised that high-spin complexes are more reactive than
the low-spin ones, a straightforward explanation seems to
be lacking still; we will address this issue in the present
work (cf. also ref.[46]).

Not only the equatorial ligands, but also the axial ligand
trans to the oxido ligand affects the reactivity. A classical
example of the influence of the axial ligand on the activity
of metal centres in enzymes is the push effect in the di-
oxygen cleavage reaction catalysed by cytochrome
P450,[47–50] to yield the elusive Compound I.[3,13,43,51–53] A
strong electron donation from the thiolate ligand in the
proximal site of heme was first proposed in 1976[47] to be
solely responsible for the highly efficient O–O breaking abil-
ity of P450. Although experimental findings have provided
some support for this hypothesis,[48,50] a complete model for
the catalytic activity of P450 is currently still lacking,[54] and
various additional factors (e.g. the presence of potassium
ions or specific amino acid residues in the vicinity of the
heme site, hydrogen bonds with a proximal cysteine ligand,
involvement of a reductase enzyme promoting the electron
transfer) may contribute to the regulation of its activity.
Isolating and characterising the role of axial ligand effects
in the catalytic activity may therefore provide insight into
the relative importance of the different factors promoting
reactions catalysed by FeO-containing enzymes.

In studying activation effects on hydrogen atom abstrac-
tion from weak C–H bonds induced by substitution of the
axial NCMe with CF3COO– in the synthetic S = 1 complex
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[FeO(TMC)(NCMe)]2+, Rohde and Que[28] advanced the
hypothesis that this ligand substitution may be able to in-
duce a weakening of the ligand field and provide access to
the more reactive S = 2 surface. This study of
[FeO(TMC)(CF3COO)]+, a subsequent one devoted to sim-
ilar non-heme complexes with anionic ligands,
[FeO(TMC)(NCS)]+ and [FeO(TMC)(N3)]+,[55] and the re-
cent theoretical work of Kamachi et al.,[56] devoted to acti-
vation effects in the first step of the cyclohexane hydroxyla-
tion reaction induced by anionic ligands coordinated to an
FeIVO porphyrin π-cation radical, confirm the remarkable
importance of axial ligands in modulating the activity of
oxidoiron complexes in organic oxidations.

[FeO(H2O)5]2+ has attracted considerable attention from
a theoretical perspective, because of its controversial role in
the chemistry of the Fenton reaction (oxidation by a mix-
ture of ferrous salts and hydrogen peroxide). The important
intermediate in this reaction is either a free hydroxyl radi-
cal, as proposed in the 1930s by Haber and Weiss,[57] or the
ferryl ion, as proposed by Bray and Gorin.[58]. Ever since,
the issue has been the subject of much debate: see the origi-
nal work of Groves et al.[59,60] and for reviews refs.[15,61–63]

and references cited therein. DFT calculations[38,64] and
first-principles molecular dynamics[64–66] have shown that
the formation of the ferryl ion is thermodynamically
favourable in the gas phase and viable in aqueous solution
at room temperature. Experimentally, [FeO(H2O)5]2+ has
been obtained by reaction of [Fe(H2O)5]2+ with O3 in acidic
aqueous solution, and it has been found to be stable over a
period of about 10 seconds.[67–69] To date, this is the only
known synthetic S = 2 ferryl complex. Buda et al.[38,41] and
Louwerse and Baerends[46] presented detailed analyses of
the electronic structure of this complex and of the factors
governing its reactivity in hydrogen abstraction from meth-
ane and methanol. The effect of solvation on reaction barri-
ers was also studied.[46,70,71] The essential results of these
studies is that the reactivity of [FeO(H2O)5]2+ in hydrogen
abstraction from a simple alkane or alcohol is a one-elec-
tron phenomenon involving the empty 3σ*� orbital of
[FeO(H2O)5]2+, and that solvation affects the reactivity
strongly by changing the energy of the latter orbital. The
importance of the 3σ*� orbital has also been recognised
in the work of Decker et al.[72]

In the present work we analyse the effects of ligand sub-
stitution in simple gas-phase systems of composition
[FeO(H2O)n(L)5–n]2+, with L = NH3, CH3CN, H2S and
BF3. As for the precursor species [FeO(H2O)5]2+, in these
systems the metal ion is surrounded by a distorted octahe-
dral coordination environment of C2v symmetry, with four
equatorial ligands in roughly planar geometry and one axial
ligand in the trans position to the oxide ion (Figure 1). The
aim of this study is to gauge the relative importance of axial
vs. equatorial ligands in: (a) favouring either a low (S = 1)
or high (S = 2) spin state; (b) influencing the ability of the
system to abstract a hydrogen atom from a methane mole-
cule. We also address the issue of the origin of the higher
reactivity in S = 2 vs. S = 1 complexes in alkane hydroxyla-
tion.
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Figure 1. The structure of [FeO(H2O)5]2+. Equatorial and axial li-
gands are indicated. O is the O(oxido) atom.

The paper is organised as follows. In Section II, details
of the calculations are given. In Section IIIA, we study the
role of equatorial and axial ligands in influencing the rela-
tive stabilities of high- and low-spin states of the com-
pounds [FeO(H2O)n(NH3)5–n]2+. In Section IIIB, we analyse
the hydrogen atom transfer reaction from a methane mole-
cule to each of the latter compounds (corresponding to the
first step in FeIVO-catalysed aliphatic hydroxylation[15]). We
verify the more reactive nature of high-spin complexes,
which has experimentally often been observed. Here it is
explained as being caused by the strong exchange stabilisa-
tion of the crucial 3σ*� acceptor orbital in high-spin com-
plexes with weak equatorial ligand fields. In Section IIIC,
we study the manner in which the energy of the latter or-
bital can be modified by varying the nature of the axial
ligand in (high-spin) compounds of composition
[FeO(H2O)4(Lax)]2+. The 3σ*� orbital is pushed up by
stronger σ donors at the axial coordination site, which leads
to reduced reactivity. This effect in the high-spin complexes
is opposite to the push effect that has been identified in the
low-spin FeIVO porphyrin π-cation radical. Our findings are
summarised in Section IV. The general rules emerging from
our study are, first, that weak-field equatorial ligands are
needed to obtain the high-spin state, in order to enhance the
good acceptor properties (electrophilic nature) of [L5FeO]2+

through stabilisation of the acceptor orbital, and second,
that even higher efficiency of hydrogen atom transfer from
methane than in reactions involving [FeO(H2O)5]2+ might
be achievable by occupying the axial coordination site with
a weaker donor ligand (or even an electron acceptor), or by
leaving it unoccupied and enforcing a square-planar equa-
torial coordination for iron.

II. Computational Details

Calculations were performed by using ADF[73–75] with a
QZ4P basis set for iron and a TZ2P basis set for all other
atoms. All electrons were treated explicitly. Relativistic ef-
fects were included by using the Zero-Order Regular
Approximation (ZORA).[76] In the majority of the calcula-
tions exchange-correlation effects were described at the
BLYP[77,78] level of theory. Standard generalised gradient
corrections (GGAs), as well as the local density approxi-
mation, are known to disfavour high-spin states in FeII and
FeIII complexes, as opposed to hybrid and some meta-GGA
functionals.[79–81] For this reason, in determining the most
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stable spin state for the ground state of each of the com-
plexes examined, we performed additional full geometry
optimisation by using the OPBE functional, a combination
of the OPTX[82] and the PBE[83] functionals. OPBE has
been shown to yield spin state relative stabilities comparable
to hybrid and meta-GGA prescriptions.[81,84] Convergence
criteria for geometry optimisations were 5�10–4 hartree in
the total energy, 5�10–3 hartreeÅ–1 in the gradients,
5�10–3 Å in bond lengths and 0.25° in bond and dihedral
angles.

III. Results and Discussion

A. Ligand-Induced Spin Transition in [FeO(H2O)n(NH3)5–n]2+

Detailed discussions of the electronic structure of
[FeO]2+ and of its “microsolvated” counterpart [FeO-
(H2O)5]2+ (1) are given in refs.[38,41,46,72] The characteristic
one-electron spectrum of [FeO(H2O)5]2+ in its quintet
ground state (Figure 2) shows significant stabilisation of the
majority of � spin orbitals, caused by the exchange field
generated by four unpaired � electrons. For the dxy�/
dxy� pair, there are additional sources for the especially
large gap (see below). Overlap of 3d and O(oxido) 2p orbit-
als leads to bonding/antibonding pairs of σ symmetry (2σ:
dz2+pz, doubly occupied; 3σ*: dz2–pz, virtual) and π sym-
metry (1π: dxz,yz+px,y, doubly occupied; 2π*: dxz,yz–px,y, sin-
gly occupied). The d orbitals of δ symmetry, dx2–y2 and dxy,
cannot mix by symmetry with O 2pz orbitals, they are one
hundred percent d (in FeO2+) and Fe–O nonbonding. The
dxy/dx2–y2 pair with � spin (both singly occupied) are de-
generate in bare [FeO]2+, but the degeneracy is lifted in the
[FeO(H2O)5]2+ complex by antibonding interactions of the
dx2–y2 orbital with the σ lone pairs of the equatorial water
molecules and by bonding interactions of the dxy with their
π lone pairs.[41] These contributions bring about a difference
in energy of 2.69 eV between the occupied orbitals dxy�
and dx2–y2�. The gap between the corresponding unoccu-
pied orbitals dxy� and dx2–y2� is much smaller (1.13 eV),

Figure 2. BLYP Kohn–Sham one-particle energies (in parentheses)
of [FeO(H2O)5]2+. The z axis is parallel to the Fe–O bond. Shaded
areas represent the energy regions spanned by π (1b2) and σ (2a1)
lone pairs of the water molecules. The dashed line separates occu-
pied from virtual states (Cf. ref.[46]).
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since they are both above the water lone pairs and are both
pushed up (only the dxy� less so by the weaker π interac-
tions than the dx2–y2� by the stronger σ interactions). Nev-
ertheless, the fact that dxy� is pushed down, on top of be-
ing stabilised by the exchange field of the excess � spin
electrons, and that the dxy� is pushed up, on top of being
less stabilised by the exchange field, leads to the particularly
large gap of 4.25 eV between this �/� pair. These orbital
interactions with the water lone pairs also explain the dif-
ferent nodal structure of the two spin components of the
dxy orbital (Figure 3): the dxy� component, which clearly
exhibits the in-phase mixing with water π lone pairs and the
dxy� component, which has out-of-phase mixing with
those lone pairs.

Figure 3. Selected Kohn–Sham orbitals of [FeO(H2O)5]2+. Non-
bonding 1δx2–y2� and 1δxy� orbitals are involved in the composi-
tion-induced transition from the quintet to the triplet ground state,
in which they act as the donor and acceptor of one electron, respec-
tively. Antibonding 2πx,y*� and 3σ*� orbitals, which are empty
in both spin states, regulate the attitude of the FeIVO towards ac-
cepting electrons from a substrate and determine the reaction path-
way in H-atom abstraction from a hydrocarbon. In the three plots
on the left, the z axis [parallel to the Fe–O(oxido) bond] is perpen-
dicular to the plane of the page, and the axial water molecule is
not visible. In the plots on the right, the z axis is along the vertical
and the axial ligand is in the lower part of each plot.

We consider now the substitution of the ligand water
molecules with ammonia molecules to yield axially mono-
substituted [FeO(H2O)4(NH3)]2+ (1a), equatorially substi-
tuted [FeO(NH3)4(H2O)]2+ (1b) and the fully ammoniated
complex [FeO(NH3)5]2+ (1c). The Kohn–Sham levels for
these complexes are shown in Figure 4. The monosubsti-
tuted complex 1a was found to possess a quintet ground
state, albeit the difference in energy between quintet and
triplet was found to decrease in comparison to the all-water
complex 1 (Table 1). In accordance with ref.,[81] we found
the BLYP functional to underestimate the absolute value of
the quintet–triplet energy difference as compared to OPBE.
The two did, however, yield a ground state with the same
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multiplicity in all complexes. For 1b and 1c, the triplet state
appears to be preferred, although the difference in energy
between the two spin states, particularly in the fully ammo-
niated system, is small. So, we find here that, in agreement
with the results of ref.[44], the spin state of the complex is
almost completely determined by the nature of the equato-
rial ligands: electron donating ligands in the equatorial po-
sition favour the low-spin triplet state.

Figure 4. Kohn–Sham energy levels of axially (top), equatorially
(centre) and fully NH3-substituted [FeO(H2O)n(NH3)5–n]2+ (n = 4,
1, 0) complexes. The first system is in a quintet ground state, the
second and third in a triplet. Oblique dashed lines indicate the en-
ergy difference between 1δx2–y2� and 1δxy� orbitals. See main text
for details.

The reason is simple. Equatorial substitution selectively
affects the energy of orbitals extending in the xy plane.
Since the σ lone pair of NH3 is more electron-donating than
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Table 1. Second and third columns: differences between quintet (S = 2) and triplet (S = 1) ground state energies of [FeO(H2O)n-
(NH3)5–n]2+. The data refer to fully optimised geometries for each spin state. Fourth through eighth column: BLYP energies of selected
Kohn–Sham spin orbitals in the ground state with the most stable spin multiplicity (S = 2 for 1 and 1a, S = 1 for 1b and 1c). o and e
indicate occupied and empty orbitals, respectively. Note the change in occupations in going from 1a to 1b. All values are in eV.

BLYP OPBE 1δx2–y2� 2πx*� 2πy*� 1δxy� 3σ*�

1 [FeO(H2O)5]2+ –0.280171 –1.131758 –15.95 o –15.64 o –15.60 o –14.39 e –13.62 e
1a [FeO(H2O)4(NH3)]2+ –0.206509 –0.697896 –15.83 o –15.52 o –15.38 o –14.19 e –13.30 e
1b [FeO(H2O)(NH3)4]2+ 0.523687 0.139269 –11.86 e –13.63 o –13.66 o –13.74 o –11.22 e
1c [FeO(NH3)5]2+ 0.443386 0.049770 –11.76 e –13.49 o –13.50 o –13.58 o –10.79 e

the σ lone pair of H2O, an orbital like dx2–y2 with antibond-
ing σ interactions with the ligands is strongly destabilised,
and the dx2–y2� moves in the orbital spectrum close to the
3σ*� orbital (Figure 5). It actually becomes so high-lying
that it loses its electron to the empty, now lower-lying �
spin orbital dxy�. It should be noted that the effect of
equatorial NH3 substitution is different for the dxy orbitals
of � and � spin. The dxy� loses the pushing down effect
of the higher-lying π lone pairs of the equatorial waters and
moves up, like dx2–y2� did; the dxy� loses the pushing up
effect of the lower-lying water π lone pairs and moves down,
so that it even more readily accepts the electron of the de-
stabilised dx2–y2� orbital. Electron transfer from dx2–y2� to
dxy� entails a spin flip, with the effect that the stabilising
exchange field for the � spin orbitals becomes smaller,
which provides an additional relative destabilisation of
dx2–y2� with respect to dxy�. This spin flip leaves only two
unpaired � spin electrons in the 2π* orbitals, hence a trip-
let state. We note that finally the dxy� and dxy�, which
are both occupied, have now a much reduced gap (ca.
0.7 eV) relative to the initial gap of 4.2 eV. The remaining
gap reflects the remaining exchange stabilisation of the two
excess � spins in the 2π* orbitals. Since electron transfer
from the dx2–y2�to the dxy� orbital occurs between orbit-
als with nonbonding Fe–O character, the stability of the
FeIVO bond is barely affected.[42,44,45] This is confirmed by
the change in the FeIVO bond length of no more than
≈0.02 Å as a function of composition and/or spin state
(Table 2). The spin flip has, nevertheless, a crucial effect on
the reactivity, because of the loss of (part of) the exchange
stabilisation of the 3σ*� orbital. The role of the 3σ*�
orbital in the reactivity is discussed in the following sec-
tions.

Table 2. Selected bond lengths [Å] in [FeO(H2O)n(NH3)5–n]2+ (n = 5, 4, 1, 0) complexes. All geometries have been optimised in both high-
and low-spin states. Subscripts ax and eq refer to ligands in axial and equatorial positions, respectively. For equatorial distances, averages
over four values are reported.

�Oeq–Fe� Oax–Fe �Neq–Fe� Nax–Fe Fe–O
S = 1 S = 2 S = 1 S = 2 S = 1 S = 2 S = 1 S = 2 S = 1 S = 2

1 [FeO(H2O)5]2+ 2.000 2.106 2.117 2.091 – – – – 1.627 1.621
1a [FeO(H2O)4(NH3)]2+ 2.018 2.121 – – – – 2.173 2.147 1.641 1.636
1b [FeO(H2O)(NH3)4]2+ – – 2.215 2.153 2.079 2.232 – – 1.633 1.627
1c [FeO(NH3)5]2+ – – – – 2.087 2.244 2.221 2.173 1.647 1.641
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Figure 5. Energy of selected spin orbitals of [FeO(H2O)n-
(NH3)5–n]2+ as a function of the number of ammonia molecules, 5–
n, in the complex. Lines are guides for the eye.

Substitution of only the axial water molecule in 1 with
ammonia has a very moderate destabilising effect (upshift
of 0.1–0.3 eV) for all orbitals of π and δ symmetry (Fig-
ure 5), consistent with the fact that their wavefunctions have
zero overlap with the σ lone pair of the axial NH3. Replace-
ment of the axial water molecule with ammonia does, how-
ever, more visibly affect orbitals with lobes along the z axis
(the Fe–O bond axis) like 2σ, which is pushed down by the
higher-lying NH3 lone pair by ca. 1 eV, and the 3σ* orbital,
which is pushed up by ca. 0.3 eV. In fact, the overall orbital
energy pattern is little affected by substitution of only the
axial water molecule, and this substitution is not in itself
able to induce a transition from high- to low-spin multi-
plicity, although a destabilisation of the S = 2 state vs. S =
1 is observed, possibly caused by small changes in the ge-
ometry of the equatorial ligand environment (Table 2). In
either spin state, the effects of axial ligands on the energy



L. Bernasconi, M. J. Louwerse, E. J. BaerendsFULL PAPER
of the 3σ* orbital (pushing up by stronger donors) will have
a similar effect on the reactivity. This will be discussed in
Section III C. Overall, the S = 2 � S = 1 spin conversion
upon equatorial NH3 substitution has the effect of raising
the axial 3σ*� orbital away from the vicinity of the Fermi
energy. This fact will be shown to bear remarkable conse-
quences on the electron-acceptor properties of the coordi-
nated [FeO]2+ group.

B. Ligand Effects on Hydrogen Abstraction from Methane

Alkane hydroxylation by the [FeIVO]2+ species follows a
rebound mechanism.[15,59,60,70] First, one hydrogen atom is
abstracted from the substrate to yield [FeIIIOH]2+ and a
carbon radical. The latter then collapses onto the hydroxy
oxygen. It has been emphasised that the ability of
[FeIVO]2+ to promote hydrogen abstraction is directly con-
nected to its electrophilic character: the FeO···HR bond is
established by electron donation out of the RH bonding
orbitals into a low-lying acceptor orbital on [FeIVO]2+.[46,72]

The empty 3σ*� orbital lies 2 eV above the HOMO 2πx*�
and 0.3 eV below the next occupied 2πx*� orbital, and it
has a lobe extending on the oxygen side of the FeIVO group
(Figure 3). Its energy and shape thus make it an ideal ac-
ceptor for the electron of the incoming hydrogen atom. Its
unusual stability, in spite of being an antibonding Fe 3dz2–
O 2pz combination, originates (apart from the 2+ charge on
FeO2+ and the stabilising exchange field in particular in the
high-spin state) from an in-phase overlap of O 2pz with the
equatorial torus of the Fe 3dz2. This contribution attenuates
the antibonding character of the orbital (cf. Figure 5 in
ref.[46]). Analysis of the interaction between [FeO(H2O)5]2+

and various substrate molecules (CH4, CH3OH, H2O) has
indeed shown that the 3σ*� orbital plays a cardinal role in
driving hydrogen abstractions in the gas phase, in aqueous
solution and possibly in other media.[46] In all these cases,
the abstraction reaction was found to follow an identical
pattern, involving as first step the formation of a
[FeO(H2O)5]2+–substrate encounter complex. The bonding
energy of the complex, ranging from 9 (CH4) to 70
(CH3OH) kJmol–1, reflects the amount of interaction be-
tween the donor orbital (HOMO) of the substrate and the
3σ*� orbital of [FeO(H2O)5]2+. In the case of methane, the
in-phase combination of one of the T2 molecular orbitals
and the latter has 89% T2 and 11% 3σ*� character. This
situation corresponds to a partial, if small, transfer of an
electron from the donor to the acceptor. In the more tightly
bound methanol complex, the mixing of donor and 3σ*�
in their bonding combination is 55–45%, indicating that the
electron is almost equally shared between the donor orbital
and the 3σ*� orbital. In both the methane and methanol
complexes, the donor orbital is essentially a C–H σ bond.
Partial promotion of an electron to the 3σ*� orbital thus
results in a weakening of this bond. Since the overall reac-
tion brings about the net transfer of one electron from the
substrate to [FeO(H2O)5]2+ via a concerted bond breaking
(substrate–H) and bond formation (H–OFeIV),[15] partial
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electron transfer in the reactants corresponds to a starting
electronic structure more similar to the transition state,
hence to a lower activation barrier. The stronger the elec-
tron-sharing interaction between the substrate molecule and
[FeO(H2O)5]2+ in the encounter complex, the more facile is
then the abstraction of the hydrogen atom from the sub-
strate.

We show in Figure 6 the abstraction barriers for the reac-
tion of CH4 with the axially, equatorially and fully ammoni-
ated complexes 1a, 1b, 1c. The energy of the 3σ*� orbital
is 0.32 (in 1a), 2.4 (in 1b) and 2.8 eV (in 1c) higher than
that in the nonammoniated complex 1 (Table 1). These
complexes are representative of (a) an S = 2 system (the
complex 1a) with moderate 3σ*� destabilisation (as com-
pared to the all-water complex 1), and (b) two S = 1 systems
(the complexes 1b and 1c) with large and comparable 3σ*�
destabilisation. Reaction profiles were obtained by (uncon-
strained) preliminary optimisation of the encounter com-
plex followed by constrained reduction of the O(oxido)–H
distance. For each value of the constraint, a full geometry
optimisation was carried out. The reaction barrier for hy-
drogen abstraction is defined here as the difference in total
energy between the transition state (at the maximum of
each curve) and the energy of the reactant complex. We
computed barriers of 54, 111 and 103 kJmol–1 for
1a+CH4, 1b+CH4 and 1c+CH4, respectively. These
should be compared to the value for the 1+CH4 abstrac-
tion reaction, 23 kJmol–1.[46] Overall, a decrease in the reac-
tion rate is therefore observed in the sequence 1 � 1a � 1b
≈ 1c.

Figure 6. Energy barriers for C–H bond cleavage in axially (1a),
equatorially (1b) and fully (1c) NH3-substituted [FeO(H2O)5]2+.
The total energy of the [FeO(H2O)n(NH3)5–n]2+ +CH4 complex is
represented here as a function of the constrained O(oxido)–H dis-
tance. The energy of the reactant complex is taken as the zero point
of the energy scale. The dashed line indicates the barrier height for
[FeO(H2O)5]2+ (1, see ref.[46]).

The transition to the triplet ground state as a result of
equatorial substitution (i.e. going from 1 to 1b) raises the
height of the barrier roughly by a factor of four. Substitu-
tion of the axial water molecule, both in 1 and 1b has, by
contrast, only a moderate effect. This trend mirrors the
moderate destabilisation of the 3σ*� orbital, 0.3 eV (1 �
1a) and 0.4 eV (1b � 1c), to be compared to the much
larger effect of equatorial substitution and spin flip, e.g.
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2.5 eV for 1a � 1c. We do, however, observe that, although
the destabilisation of the 3σ*� orbital is moderate in both
1 � 1a and 1b � 1c, the latter substitution (axial ligand)
results in a much larger increase in the reaction barrier. This
is the only case in which no correlation is observed between
3σ*� energy and reaction barrier, and this indicates that
in triplet compounds the reactivity is no longer exclusively
determined by the 3σ*� orbital alone. The ability of the
3σ*� orbital to act as an electron accepting orbital (AO)
depends in the first place on its energy relative to the donat-
ing orbital (DO) of the substrate. The energy of AO and the
DO should be compared in the same conditions (geometry,
overall charge, etc.) as in the starting reactant complex. A
second factor contributing to the AO–DO interaction is the
spatial distribution of the 3σ*� orbital. Since the electron
transfer occurs at the oxygen side of the Fe–O group and
the 3σ*� orbital arises from a combination of the Fe 3dz2

and the 2pz orbital of O(oxido), the large contribution from
the latter (ca. 50%) results in enhanced in-phase overlap of
3σ*� with the DO.

For a given substrate, the variation of the energy of the
3σ*� orbital in the [L5FeO]2+ complex caused by ligand
replacement or other environmental changes provides a
qualitative index of reactivity. An upward shift of the 3σ*�
orbital results in larger activation barriers. The changes that
induce a rise in the orbital energy of 3σ*� lead to a con-
comitant reduction of the amplitude of the 3σ*� orbital
at the oxido side. Axial substitution pushes the 3dz2 up di-
rectly, and equatorial substitution does so indirectly by
causing a spin flip and a weaker exchange field. The relative
contributions of the Fe 3dz2 to the AO 3σ*� therefore in-
crease along the sequence 1 � 1a � 1b � 1c, varying as
37%, 42%, 52%, 51%, and those of the O(oxido) 2pz di-
minish in the sequence 48%, 30%, 25%, 23%, respectively.
So there is a progressive localisation of the orbital on the
metal centre and a consequent decrease in the ability to
overlap with the DO on the O(oxido) side. Both factors, the
higher orbital energy of the 3σ*� orbital and the decreas-
ing amplitude at the oxido side, work in the same direction
in increasing the activation barrier.

We observe that this model, using only the 3σ*� AO
and the C–H bonding orbital as the DO, applies strictly
only to those FeO2+ complexes in which 3σ*� is the only
important acceptor orbital. This only holds for a quintet
ground state. The S = 2 � S = 1 transition not only destabi-
lises 3σ*�, decreasing its electron accepting ability, but it

Table 3. BLYP Kohn–Sham orbital energies (in eV) for optimised complexes of composition [FeO(H2O)4(Lax)]2+, where Lax indicates the
axial ligand. Values for [FeO(H2O)5]2+ are from ref.[46]

1δx2–y2� 2πx*� 2πy*� 3σ*� 1δxy� 1δx2–y2� 2πx*� 2πy*�

[FeO(H2O)5]2+ –15.95 –15.64 –15.60 –13.62 –14.39 –13.26 –13.35 –13.28
[FeO(H2O)4(NH3)]2+ –15.83 –15.52 –15.38 –13.30 –14.19 –13.11 –13.22 –13.06
[FeO(H2O)4(H2S)]2+ –15.70 –15.54 –14.85 –13.68 –14.27 –13.12 –13.32 –13.25
[FeO(H2O)4(CH3CN)]2+ –15.23 –15.07 –15.07 –12.90 –13.66 –12.57 –12.84 –12.83
[FeO(H2O)4(BF3)]2+ –16.15 –16.03 –15.98 –14.13 –14.58 –13.44 –13.71 –13.65
[FeO(H2O)4(o)]2+ –16.64 –16.64 –16.48 –14.78 –15.19 –13.91 –14.32 –14.13
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also opens an alternative electron-transfer channel through
the now lower lying 2πx*� and 2πy*� orbitals (Figure 5,
1b and 1c). An incoming DO might then interact with the
3σ*� and 2πx,y*� orbitals simultaneously, leading to an
Fe–O–H angle that is considerably smaller than the 180° we
have observed in the quintet state.[46] The proximity of the
empty 2πx,y*� orbitals even in the quintet state, will make
the energy surface of the reactant complex, and probably
also that of the transition state, rather flat with respect to
the Fe–O–H angle.

C. Axial Ligand Influence on Reactivity

We showed in the previous sections that: (1) the spin state
of a complex [FeO(Leq)4(Lax)]2+ is determined by the nature
of the equatorial ligands (Leq) alone; (2) the quintet ground
state is more reactive than the triplet in hydrogen abstrac-
tions; (3) the reactivity of the quintet ground state is driven
by the transfer of an electron to a low-lying 3σ*� orbital;
(4) the axial ligand (Lax) regulates the reactivity of the com-
plex by inducing relatively minor (few tenths of an eV)
shifts in the energy of the 3σ*� orbital. Here we address
the issue of how the last effect can be directed to tuning the
reactivity of an FeIV–O complex in C–H bond cleavage.

We examined a series of simple systems [FeO(H2O)5]2+,
by substitution of either the axial or the equatorial ligand
water molecules with CH3CN and H2S, but carrying the
same charge. Similar to the [FeO(H2O)n(NH3)5–n]2+ com-
plexes described above, a transition to a triplet ground state
was observed for Leq = CH3CN, irrespective of the nature
of Lax. The situation is far less clear in the H2S-substituted
complexes, where differences in energy between the quintet
and triplet states after equatorial substitution are within
0.02 eV. In both CH3CN and H2S complexes, however, re-
placement of only the axial ligand was not sufficient to fav-
our the triplet over the quintet state, similar to NH3 substi-
tution, OPBE quintet–triplet energy differences being ≈0.4
and ≈0.2 eV in the CH3CN and H2S complexes respectively.
In particular, we observed an overall change of no more
than ≈0.2 eV in the energy difference between 1δxy� and
1δx2–y2� as a result of the replacement of the axial ligand
(Table 3).

Replacement of the axial ligand in [FeO(H2O)4(Lax)]2+

was found to decrease slightly the energy of the 3σ*� or-
bital in the case of H2S (–0.06 eV) and to increase it by
0.72 eV in the case of CH3CN. The relative 3σ*� contri-
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bution to the in-phase 3σ*�–ez orbital combination is very
similar in the H2O and H2S complexes (11 and 10% respec-
tively) as well as in the CH3CN and NH3 complexes (both
7%). C–H cleavage reaction barriers vary according to the
sequence [FeO(H2O)4(H2S)]2+ ≈ [FeO(H2O)5]2+ �
[FeO(H2O)4(CH3CN)]2+ � [FeO(H2O)4(NH3)]2+. This mir-
rors the total amount of 3σ*�–ez orbital interaction in the
reactant complex and, to a lesser extent, the absolute energy
of the 3σ*� orbital. The initial 3σ*�–ez orbital interac-
tion is a good index of reactivity, since in all complexes the
transition state is characterised by an equal distribution of
the electron between the DO and the AO (Table 4), which
will be obtained more readily if the starting point is more
strongly mixed. The overall height of the activation barrier
is therefore correlated with the contribution of the 3σ*�
orbital to the CH4–[FeO(H2O)4(Lax)]2+ charge-transfer
state; the larger this quantity the lower the activation en-
ergy.

Table 4. Percentage 3σ*� character in the in-phase 3σ*�–ez over-
lap for methane complexes (3σ*�%) in the reactant complex (RC)
and transition state (TS) geometries. Percentage contribution of σ
lone pair (or e1 in [FeO(H2O)4(BF3)]2+ to 3σ*� (Ax σ-lp). C–H
bond-cleavage barrier (∆ETS, in kJmol–1) for hydrogen abstraction
from CH4. Values for [FeO(H2O)5]2+ are from ref.[46]

3σ*�% Ax σ-lp% ∆ETS

RC TS

[FeO(H2O)5]2+ 11 46 1.71 23
[FeO(H2O)4(NH3)]2+ 7 52 4.95 54
[FeO(H2O)4(H2S)]2+ 10 49 1.94 25
[FeO(H2O)4(CH3CN)]2+ 7 49 3.06 41
[FeO(H2O)4(BF3)]2+ 25 54 �1 7
[FeO(H2O)4(o)]2+ 34 48 0 1

We have verified that a stronger σ-donating axial ligand
decreases the ability of a [FeO(H2O)4(Lax)]2+ complex to
promote C–H bond breaking, and that a ligand with a σ-
donating character comparable to that of water (H2S) leaves
it virtually unchanged.[85] It is therefore reasonable to ex-
pect that a ligand with no σ-donor character might be able
to revert the trend in reactivity observed above and yield
an even higher reactivity than that obtained with all-water
ligands. For this reason we studied the compound
[FeO(H2O)4(BF3)]2+, where as before the electron-deficient
BF3 ligand occupies the axial position. Although this spe-
cies was found to be stable in the gas phase, we do not
address here the issue of its stability either with respect to
[FeO(H2O)5]2+ or as a solvated species. The BF3 molecule
coordinates to the metal centre through one of the fluorine
atoms with a Fe–F–B angle of 141.1°. The 3σ*� orbital
(Figure 7) exhibits a nodal structure analogous to the one
observed in [FeO(H2O)5]2+; one of the B–F bonding orbit-
als of BF3 replaces the σ lone pair of H2O, and its energy
is 0.51 eV lower than that in the latter species. For this sys-
tem, we computed a C–H dissociation barrier of only
7 kJmol–1, which is consistent with the large 3σ*� stabili-
sation.
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Figure 7. The 3σ*� orbital in [FeO(H2O)4(BF3)]2+. The BF3 mole-
cule axially coordinated to FeIV is in the lower portion of the figure.
The orientation is as in Figure 3, right column. Note that the C3

axis of the BF3 ligand is not perpendicular to the z axis, and one
of the B–F bonds is roughly oriented toward the metal centre.

Finally, we consider a hypothetical [FeO(H2O)4(o)]2+

complex in which the axial ligand is removed, and the O–
Fe–O angles (where O stands for the oxygen atoms of the
remaining ligands) are constrained to their values as in
[FeO(H2O)5]2+. Owing to the absence of an antibonding
combination with orbitals of the axial ligand, the energy of
the 3σ*� orbital is further lowered relative to the BF3 com-
plex to 1.16 eV below its value in [FeO(H2O)5]2+. The C–H
bond cleavage occurs with virtually no barrier, the acti-
vation energy being lower than 1 kJmol–1. In the reactant
complex, the DO of CH4 carries a substantial 3σ*� char-
acter (34%, vs. 53% ez character), which is roughly three
times as much as that in the [FeO(H2O)5]2+ +CH4 complex.

In Figure 8 we show activation barriers as a function of
the percentage σ lone pair character of the axial ligand (or
the e1 orbital in the case of BF3) in the 3σ*� orbital. The
latter quantity can be taken as measure of the overall
“push” (or destabilisation) experienced by the 3σ*� orbital
because of the presence of a σ-donating ligand. For the S
= 2 complexes considered in this work, this quantity varies
from 0 (for [FeO(H2O)4(o)]2+) to 4.95% (for [FeO(H2O)4-
(NH3)]2+), and the C–H activation barriers are shown here
to depend on it linearly (with a correlation coefficient
≈0.98).

It is interesting to observe that Rohde and Que[28] have
found that the axial NCMe ligand in [FeO(TMC)(Lax)]2+

leads to lower reactivity than the axial carboxylate ligand
CF3COO–. These are low-spin complexes because of equa-
torial nitrogen donor coordination by the TMC ligand, and
the carboxylate substitution may, as suggested by the au-
thors, lead to relative stabilisation of the high-spin S = 2
state, so that the latter becomes more easily accessible
(possibly along the reaction path, in a two-state reactivity
process). We do indeed find the difference between the S =
1 ground state and the S = 2 state in 1c to be very small
(BLYP) or vanishing (OPBE). However, we should note
that the experimental observation corresponds to the ex-
pected effect of a weaker ligand field from the carboxylate
than from the NCMe ligand, leading to reduced destabilisa-



Non-Heme Oxidoiron(IV) Catalysts in Alkane Hydroxylation FULL PAPER

Figure 8. C–H bond-cleavage energy as a function of percentage σ
lone pair contribution to the 3σ*� orbital in isolated [FeO(H2O)4-
(Lax)]2+ complexes. The nature of Lax is indicated, and [o] repre-
sents the complex with removed axial ligand. The dashed line (with
slope 11.47 kJmol–1 and intercept 0.89 kJmol–1) has been obtained
by linear regression from the calculated values.

tion of the 3σ*� orbital. Overall, the activation effect ob-
served in ref.[28] is therefore fully consistent with the molec-
ular orbital model of reactivity described here.

IV. Conclusions

We have highlighted the electronic structural features ex-
plaining the extraordinary reactivity of the [FeIVO]2+ group
in the oxidation of aliphatic C–H bonds: (a) a very low-
lying acceptor orbital interacts with the C–H bonding or-
bital which acts as a donor; (b) in high-spin complexes, the
energy of the 3σ*� acceptor orbital is lowered by the ex-
change field of the excess � spin electrons, leading to en-
hanced reactivity.

The empty 3σ*� orbital (3dz2–2pz) is the most important
acceptor orbital, being low-lying and having a large ampli-
tude at the oxido ligand. We have detailed that the non-
bonding electrons in the dδ orbitals 3dx2–y2 and 3dxy (per-
pendicular to the Fe–O axis) are not just spectator elec-
trons. When a ligand-induced switching occurs from the un-
paired spin electron configuration (3dx2–y2�)1(3dxy�)1 to
the spin-paired configuration (3dxy)2, the lowering of the
spin multiplicity from S = 2 to S = 1 makes the exchange
field of the unpaired spin up electrons considerably less sta-
bilising, and the empty 3σ*� shifts up. It then less readily
accepts electrons from the C–H bonding orbital, hence the
low-spin state S = 1 will require a higher activation energy
in the hydrogen abstraction step. The spin state is deter-
mined by the ligand environment, in particular by the equa-
torial ligand field acting on the dx2–y2 orbital. We analysed
a series of compounds of composition [FeO(Leq)4(Lax)]2+

derived from [FeO(H2O)5]2+ (S = 2) by substitution of water
with ligands with enhanced or decreased σ-donor capa-
bility. For all complexes, there are two possible ground
states of different spin multiplicity (quintet or triplet) lying
close in energy. The quintet ground state was found to be
more stable for [FeO(H2O)5]2+ and all the systems in which
only the axial water molecule is replaced. The triplet ground
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state is favoured by the stronger σ-donating ligands (e.g.
Leq = NH3). These ligands push the 3dx2–y2� up, so that it
becomes favourable for it to shed its electron into the origi-
nally empty 3dxy�, where it can pair up with the electron
in the 3dxy�.

Whereas the equatorial ligands have the most important
effect, determining the spin state, the axial ligand (trans to
the oxido ligand) directly interacts with the crucial acceptor
orbital 3σ*� and affects its energy and shape. Therefore,
the catalytic properties can be fine-tuned by varying the σ-
donor properties of the axial ligand alone. Changes in the
orbital energy of ≈1 eV or less may result in variations of
up to 100 kJmol–1 in the C–H bond cleavage activation bar-
rier. We also proved that axial ligands with decreased σ-
donor ability enhance the catalytic properties of [FeO-
(H2O)5]2+-derived systems by decreasing the energy of the
3σ*� orbital and favouring its overlap with a suitable do-
nor orbital of the substrate. We also proved the existence of
a linear relation between the magnitude of the mixing be-
tween 3σ*� and the axial-ligand orbital responsible for its
destabilisation. The effect of the axial ligand can be op-
timally tuned by modifying its σ-donor properties. In
the absence of σ donation (as in the hypothetical
[FeO(H2O)4(o)]2+ +CH4 system), C–H bond cleavage
occurs almost spontaneously.

In summary, the optimal electronic properties for C–H
bond activation and hydroxylation require a high-spin state,
which is favoured by equatorial ligands with a weak ligand
field, such as H2O. A weak axial ligand field is similarly
favourable, once the high-spin state is stabilised by a suit-
able equatorial field. These findings are consistent with the
high catalytic activity of non-heme enzymes with flexible
ligand environments and oxygen donor ligands rather than
nitrogen lone pairs, such as TauD. The 2-His 1-carboxylate
facial triad in the active site of the latter system consists of
an equatorial ligand set with one nitrogen donor; the other
equatorial ligands are oxygen based (e.g. H2O). The remain-
ing histidine ligand coordinates the metal centre through a
nitrogen donor in the axial site, a situation that is, accord-
ing to our analysis, not optimal. A carboxylate ligand in-
stead of a nitrogen donor in the axial position would in
principle be more favourable, which is also in accordance
with the results of ref.[28] The insights gained in this work
may be helpful in devising catalytic species for homogen-
eous alkane hydroxylation with superior activation proper-
ties, as well as in understanding the mechanistic role of oxi-
dation intermediates containing high-valent metal centres
with [FeO(H2O)5]2+-like coordination and supported by a
protective framework, such as zeolites[86] and oxygenated
EDTA–Fe complexes in aqueous solution.[87–89]
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