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Density functional theory studies on the nature of the cis effect and cis influence of ligands on oxoiron nonheme
complexes have been performed. A detailed analysis of the electronic and oxidizing properties of
[FeIVdO(TPA)L]+ with L ) F-, Cl-, and Br- and TPA ) tris-(2-pyridylmethyl)amine are presented and
compared with [FeIVdO(TPA)NCCH3]2+. The calculations show that the electronic cis effect is determined
by favorable orbital overlap between first-row elements with the metal, which are missing between the metal
and second- and third-row elements. As a consequence, the metal 3d block is split into a one-below-two set
of orbitals with L ) Cl- and Br-, and the HOMO/LUMO energy gap is widened with respect to the system
with L ) F-. However, this larger HOMO/LUMO gap does not lead to large differences in electron affinities
of the complexes. Moreover, a quantum mechanical analysis of the binding of the ligand shows that it is built
up from a large electric field effect of the ligand on the oxoiron species and a much smaller quantum mechanical
effect due to orbital overlap. These contributions are of similar strength for the three tested halogen cis ligands
and result in similar reactivity patterns with substrates. The calculations show that [FeIVdO(TPA)L]+ with L
) F-, Cl-, and Br- have closely lying triplet and quintet spin states, but only the quintet spin state is reactive
with substrates. Therefore, the efficiency of the oxidant will be determined by the triplet-quintet spin state
crossing of the reaction. The reaction of styrene with a doubly charged reactant, that is, [FeVdO(TPA)L]2+

with L ) F-, Cl-, and Br- or [FeVdO(TPA)NCCH3]3+, leads to an initial electron transfer from the substrate
to the metal followed by a highly exothermic epoxidation mechanism. These reactivity differences are mainly
determined by the overall charge of the system rather than the nature of the cis ligand.

Introduction

Heme enzymes appear in nature in many varieties and are
involved in oxygen transport as well as monooxygenase
properties.1 The active-site heme is linked to the protein
backbone through one of the iron ligands called the axial ligand.
This axial ligand is a histidine side chain in peroxidases, a
tyrosinate in catalases, and often a cysteinate in the cytochromes
P450.2 These enzymes all have different functions in biosystems:
peroxidases detoxify hydrogen peroxide to water, whereas the
cytochromes P450 catalyze monooxygenation reactions.1 These
heme enzymes have a central iron atom that is linked to the
protein backbone via its axial ligand. Trans to this axial ligand
(on the distal side of the heme) binds either molecular oxygen
or hydrogen peroxide. In monooxygenases, the iron-dioxygen
complex is converted into an oxoiron active species via a series
of proton- and electron-transfer steps. It is the nature of this
axial ligand that has been implicated in the functional differences
of the heme-containing enzymes.3 In particular, cysteinate elicits
a push effect and makes the iron more electron-rich, whereas
histidine withdraws electrons from iron.3

In order to quantify the effect of the axial ligand of heme
systems, many systematic studies have been performed on

synthetic biomimetic models.4–8 Thus, a series of oxoiron(IV)
tetramesitylporphyrin [FeIVdO(TMP+•)L] oxidants with variable
axial ligand L ) F-, CH3OH, Cl-, acetate, CF3SO3

-, and ClO4
-

were prepared.4 Oxidation of styrene by these systems identified
a strong axial ligand effect with the system with L ) F- that
resulted in the highest reactivity, whereas the one with L )
ClO4

- was the least reactive oxidant under the same experi-
mental conditions. Thus, it appears that the axial ligand elicits
a trans effect on the oxoiron catalytic center that results in
differences in reactivity patterns with substrates. In addition,
also a trans influence was identified that created spectroscopic
changes as a consequence of the axial ligand.5 An example of
the trans influence is the frequency for the FesO stretch
vibration (υFedO) that shifts in value on the basis of the push/
pull effect of the axial ligand. The trans effect results in different
reactivity patterns with substrates and was assigned to the fact
that some systems can stabilize intermediates with the metal in
oxidation state FeIII, whereas others keep the metal in the FeIV

oxidation state.6 For the series L ) NO3
-, CF3SO3

-, ClO4
-,

acetate, Cl-, and OH-, the oxidizing efficiency was found to
decrease.7 Density functional studies on the axial ligand effect
showed that the reaction barriers correlate with the electron
affinity (EA) of the oxidant.8

Many studies on biomimetic complexes have established
regioselective product formation with product distributions
varying for systems with different axial ligands. For instance,
Groves et al., showed that the reaction of FeIVdO(TMP+•)Cl
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with cyclohexene gives either cyclohexene oxide or cyclohexen-
3-ol products in a ratio of 14:1.9 The product ratios, however,
were found to be dependent on the nature of the reaction
conditions as well as of the axial ligand. Further studies with
electron-rich porphyrin ligands gave predominantly cyclohexen-
3-ol products at low temperatures but epoxides at higher
temperatures.10 However, with an electron-deficient porphyrin
ligand, no regioselectivity reversal was obtained, and only
epoxide products were detected. These studies are in agreement
with theoretical studies on the regioselectivity of propene
epoxidation versus hydroxylation by a P450 CpdI model.11 Thus,
the gas-phase calculations give dominant epoxide products, but
the inclusion of hydrogen bonding toward the thiolate group
that mimics the hydrogen-bonding interactions in the enzyme
changes the regioselectivity in favor of hydroxylation. Experi-
mental studies on the temperature dependence on regioselective
hydroxylation versus epoxidation showed that hydroxylation
reactions are entropically controlled, whereas epoxidation mech-
anisms are enthalpically controlled, which was confirmed with
theoretical calculations.12

Recently, it was shown that also the axial ligand (L) of
nonheme oxoiron systems influences the electronic properties
of the oxidant and its reactivity patterns.13 Thus, combined
experimental and density functional theory (DFT) studies on
the oxo-transfer reaction of FeIVdO(TMC)L with TMC )
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane to sub-
strates were investigated. In particular, two different reactions
were studied, namely, the oxygenation of PPh3 and the hy-
droxylation of aromatic substrates. It was shown that the oxo-
transfer reaction is proportional to the electrophilicity of the
oxoiron group, which is influenced by the push effect of
electrons of the axial ligand. By contrast, the hydrogen-atom
abstraction reactions were found to correlate with the reduction
potential of the oxoiron oxidant. The reactivity patterns were
also shown to be dependent on the triplet-quintet energy gap
of the reactant, especially because nonheme and heme-type
oxoiron species react via two-state reactivity patterns (TSR) on
closely lying spin states.14

Despite many efforts to quantify the axial (trans) ligand effect
and the trans influence of ligands on the oxoiron system, only
a few studies have been devoted to the effect of ligands
perpendicular to the oxoiron group, that is, cis ligands. In fact,
only one recent study establishes a cis effect on the oxoiron
group and that it is different from a trans effect.15 It was
anticipated that electronic effects presumably are the conse-
quence of the difference between a cis and a trans effect. To
find out whether ligands perpendicular to the oxoiron group can
influence the electronic properties of the oxidant and its
reactivity patterns, we have studied a nonheme oxoiron system
with variable cis ligands. Our studies used a tripodal tetradendate
ligand: TPA ) tris-(2-pyridylmethyl)amine, see Scheme 1. The
oxoiron(TPA) system, therefore, has an available ligand site
perpendicular to the oxoiron bond that is usually occupied by
a solvent molecule or an anionic ligand. In this work, we report
DFT studies on the electronic properties of [FedO(TPA)L]+

with L ) F-, Cl-, and Br- and [FedO(TPA)NCCH3]2+ and
their reactivity patterns with respect to styrene.

Recently, experimental studies on [FeIVdO(TPA)L]+ with
L ) CF3COO-, Cl-, and Br- reported Mössbauer parameters
and EXAFS structural data.16 These studies suggested this
system to be useful for cis-effect studies on the effect of the
oxoiron system. A recent DFT investigation of [FeIVd
O(TPA)Cl]+ and [FeVdO(TPA)Cl]2+ with cyclohexane focused
on the regioselective chlorination versus hydroxylation reac-

tions.17 The results showed that the FeV complex can regiose-
lectively chlorinate the substrate without hydroxylation products,
whereas the FeIV complex gives a mixture of reaction products.
Thus, as hydroxylation reactions give halogenation byproduct,
we report here studies of the epoxidation of styrene because
that reaction is not expected to give side reactions leading to,
for example, halogenations.

Methods

Our procedures are similar to previous calculations in the
field, which we will briefly summarize here.18,19 We calculated
the lowest lying electronic states of [FeIVO(TPA)L]+ with L )
F-, Cl-, and Br- as well as [FeIVO(TPA)NCCH3]2+ and their
one-electron reduced and oxidized forms. These systems have
closely lying spin states and tend to react with TSR;14 therefore,
we tested each system in the singlet, triplet, and quintet spin
states. The one-electron reduced and oxidized forms were
calculated in the lowest lying doublet, quartet, and sextet spin
states. The overall spin state of the structure is identified with
a superscript next to the label. To test whether cis substitution
of the oxidant influences reactivity patterns, we calculated the
epoxidation of styrene by [FeIVO(TPA)L]+/2+ and [FeVO-
(TPA)L]2+/3+ with L ) F-, Cl-, Br-, and NCCH3.

All structures were fully optimized without constraints in the
Jaguar 7.0 program package, followed by an analytical frequency
calculation in Gaussian-03.20,21 The local minima described here
had real frequencies only, and the transition states are character-
ized by a single imaginary frequency for the correct mode. We
used the unrestricted hybrid density functional method UB3LYP
in combination with a double-� quality LACVP basis set on Fe
and Br and 6-31G on the rest of the atoms (basis set B1).22,23

Subsequent single-point calculations with a triple-� quality
LACV3P+ basis set on Fe and Br and 6-311+G* on the rest
of the atoms was done to correct the energies (basis set B2).
All energies reported in this work are obtained with UB3LYP/
B2 with ZPE corrections at UB3LYP/B1. Free energies (G) were
calculated from the absolute energies (obtained with basis set
B2) corrected for ZPE and with thermal and entropic corrections
with basis set B1. Vibrational frequencies reported were scaled
with a factor of 0.9614 as recommended by Scott and Radom.24

To test the effect of the environment on the spin splitting,
we ran single-point calculations in Jaguar with a dielectric
constant of ε ) 5.7 and a probe radius of 2.7.

The oxidizing properties of the [FeIVO(TPA)L]+/2+ with L
) F-, Cl-, Br-, and NCCH3 toward styrene were calculated
on the lowest lying triplet and quintet spin state surfaces for
the FeIV systems and on the quartet spin state surface for the

SCHEME 1: Schematic Representation of an Isolated
TPA Group and as Part of an Oxoiron Complex
[FedO(TPA)L]+ with L Being the Variable cis Ligand in
Our Studiesa

a The atoms labeled with a star bind to iron.
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FeV species. Initially, detailed geometry scans (with one degree
of freedom fixed) were performed to explore the shape of the
potential energy surface, see Supporting Information. The
maxima of these scans were used as starting points of the
transition-state geometry optimizations.

Results and Discussion

TPA binds to iron as a tetradentate ligand in a tripodal
fashion, see Scheme 1. The fifth ligand usually binds a solvent
molecule or anionic ligand such as a halide anion, whereas the
sixth ligand is the place where the oxo group binds. Varying
the fifth ligand in this system, therefore, should give an estimate
of the cis effect and cis influence of ligands on the metal and
oxoiron groups and the oxidizing power of the system. Thus,
our initial studies on these systems are focused on the geometric
differences, HOMO/LUMO gaps, orbital ordering, and EA
differences of the oxidants. In a second series of calculations,
we studied the oxidizing differences with respect to styrene
epoxidation of a series of [FeIVdO(TPA)L]+/2+ systems with
variable cis ligand, L ) F-, Cl-, Br-, and NCCH3. In the first
part of the paper, however, we will focus on the systems with
the same metal oxidation state and overall charge only which
are substituted with a halide anion.

Geometric Differences of [FeIVdO(TPA)L]+ Oxidants.
Figure 1 shows the optimized geometries of [FeIVdO(TPA)L]+

with L ) F-, Cl-, and Br- in the lowest lying singlet, triplet,
and quintet spin states. For simplicity, we abbreviate these
systems by the cis ligand written in bold; that is, F represents
FedO(TPA)F+, Cl is FedO(TPA)Cl+, and Br stands for
FedO(TPA)Br+. The spin multiplicity is given in superscript
next to this symbol.

Generally, oxoiron systems have a series of high-lying
occupied and low-lying virtual orbitals that are close in energy.25

As a result, these systems can exist in several possible spin
states, and the ordering of those is dependent on the other ligands
bound to iron as well as environmental perturbations.26 In the
triplet spin state, all systems have occupation π*xy

2 π*xz
1 π*yz

1,
whereas the lowest lying quintet spin state has occupation π*xy

1

π*xz
1 π*yz

1 σ*x2-y21 (see below). In the gas phase, the triplet
spin state is the ground state for F, Cl, and Br, but the quintet
spin states are only 0.3-1.1 kcal mol-1 higher in energy.
Therefore, similarly to other heme and nonheme oxoiron
complexes, it is expected that F, Cl, and Br will react via TSR
on competing triplet and quintet spin state surfaces.14 Interest-
ingly, there does not seem to be an effect of the cis ligand on
the spin state ordering and relative energies for the systems
shown in Figure 1. The singlet spin state in all cases is a high-
lying spin state and will not play an important role. Therefore,
the singlet spin states of these systems were not further taken
into consideration in the remainder of this study. Because of
differences in orbital occupation in 1Cl with respect to 1F and
1Br, the chloride system is elevated in energy relative to its
triplet and quintet spin state structures.

The oxoiron bond is in the range of 1.646-1.666 Å, typical
for a double bond. This value is in good agreement with
experimental and theoretical studies of oxoiron bonds obtained
for heme and nonheme systems.27,28 Thus, Krebs et al. deter-
mined an Fe-O distance of 1.62 Å for the active species of
taurine/R-ketoglutarate dioxygenase enzyme, whereas Que et
al. determined a value of 1.646 Å for a nonheme biomimetic
complex.27a,b The Fe-N bonds show little variation except that
they are longer in the quintet spin state. This is as expected

Figure 1. Optimized geometries of FedO(TPA)F+ (F), FedO(TPA)Cl+ (Cl), and FedO(TPA)Br+ (Br) in the triplet, singlet, and quintet spin
states. All bond lengths are in Ångstroms, and relative energies (with respect to the triplet state) are in kcal mol-1.

Figure 2. High-lying occupied and low-lying virtual orbitals of 3[FedO(TPA)F]+ (a) and 3[FedO(TPA)Br]+ (b).
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because the σ*x2-y2 orbital is singly occupied in the quintet spin
state which results in elongation of the Fe-N bonds (vide infra).
Minor variations are observed in the iron-halogen bond
distances between the different spin states. It appears therefore
that the spin state has minor effect on the Fe-L distances.

From the frequency calculations of 3F, 3Cl, and 3Br, we
extracted the characteristic stretch vibrations of the metal with
the oxo, axial, and cis ligands. Thus, the Fe-O stretch vibration
is found at 814.5, 834.7, and 834.9 cm-1 for 3F, 3Cl, and 3Br,
respectively. Therefore, the fluoride cis ligand creates a cis
influence and a lowering of the Fe-O stretch vibration by about
20 cm-1, whereas the chloride- and bromide-substituted systems
appear identical. Interestingly, the cis influence of the fluoride
anion is only found on the Fe-O stretch vibration because the
Fe-Naxial stretch vibration stays virtually constant at 864.4 (
1 cm-1 for the three systems. Obviously, the vibrational
frequency for the Fe-L stretching mode is dependent on the
size and mass of atom L and is largest for fluoride (555.3 cm-1),
somewhat smaller for chloride (374.8 cm-1), and the smallest
for bromide (356.1 cm-1).

The calculated oxoiron stretch vibrations of 3F, 3Cl, and 3Br
are in the range of values obtained for oxoiron porphyrin systems
with variable axial ligands.5,29 It has been shown that the
modified Badger rule can predict the values of FedO frequen-
cies via

re ) 0.74+ 1.54(K)-1⁄3 (1)

In this equation, re represents the equilibrium bond length of
the Fe-O bond, and K is the force constant of the vibrational
mode.30 By using the Fe-O distances of 3F, 3Cl, and 3Br from
Figure 1, force constants of 4.80 mdyn/Å for 3F and 4.85
mdyn/Å for 3Cl and 3Br are obtained. These force constants
imply identical vibrational frequencies for 3Cl and 3Br as indeed
observed from our frequency calculations. The slightly smaller
force constant for 3F results in an increase of the vibrational
frequency, as indeed observed in the calculations.

Electronic Differences Due to Cis Substitution. Although
geometrically, the three oxidants (F, Cl, and Br) give virtually
the same optimized structures (see Figure 1), there are subtle
electronic differences due to ligand binding to the metal. Figure
2 shows the high-lying occupied and low-lying virtual orbitals
of 3[FedO(TPA)F]+ and 3[FedO(TPA)Br]+. The orbitals of
3[FedO(TPA)Cl]+ resemble those obtained with the bromide
ligand closely and have been omitted. The two sets of orbitals
in Figure 2 are dominated by contributions from the 3d atomic
orbitals on iron and have been labeled as such (3d label in
subscript). The metal 3d orbitals split into a typical t2g-eg set
of orbitals with three low-lying π* orbitals and two virtual σ*
orbitals. The z-axis has been taken along the Fe-O bond,
whereas the y-axis is along the Fe-L bond. With fluoride as
cis ligand, the lowest-lying orbital is the π*xy orbital representing
the antibonding interactions of the 3dxy atomic orbital on iron
with the 2px orbital on fluoride. The π*xz and π*yz orbitals are
formed through antibonding interactions of the 3dxz/3dyz atomic
orbitals on iron with the 2px/2py atomic orbitals on oxygen. The
π*xz orbital also has small contributions on the nitrogen atoms
along the x-axis, whereas the π*yz orbital interacts with the
fluoride as well as with the nitrogen atom opposite of it. The
σ*x2-y2 orbital is described by interactions of the metal with
the three nitrogen atoms and the fluoride atom in the xy-plane
of symmetry, whereas the σ*z2 orbital is antibonding between
the metal and the oxo and axial nitrogen atom.

Because a chloride and a bromide atom are larger in size
than a fluoride atom, the Fe-L distance is much larger as well.

As a result, different atomic orbitals interact between iron and
its cis ligand chloride/bromide. Thus, the orbital overlap between
3dxy on iron with 3px/4px on the halide similarly to π*xy(F) in
Figure 2a is energetically unfavorable because of the large
interatomic distance of the two atoms. Instead, the π*xy orbital
in Cl and Br interacts with 2p orbitals on the nitrogen atoms
along the x-axis.

The π*yz orbital for 3[FedO(TPA)Cl]+ and 3[FedO-
(TPA)Br]+ interacts now with the 3py/4py atomic orbital on the
halogen atom, which is more diffuse than the 2py orbital on
fluoride. The π*xz and σ*z2 orbitals are similar in shape and
size for all the halogen containing systems. The σ*x2-y2 has a
strong contribution from the halogen atom for L ) Cl- and
Br-. As a consequence of the differences in orbital levels and
HOMO-LUMO energy gaps for the 3[FedO(TPA)L]+ with L
) F-, Cl-, and Br- series of oxidants, also differences in
electron affinities, spin-state ordering, and maybe even oxidizing
properties of the three systems are expected.

As follows from the molecular orbitals shown in Figure 2,
there are distinct differences between 3F on the one hand and
3Cl/3Br on the other hand. To show the effects of the orbital
shapes on the relative energies of the orbitals, we display the
orbital energy levels of 3F, 3Cl, and 3Br in Figure 3. In 3F, all
π* orbitals are within 0.35 eV of each other, as expected from
the large similarities in the molecular orbitals (see Figure 2).
In 3Cl and 3Br, by contrast, the π*xy orbital is significantly lower
in energy, and the three π* orbitals split into a one-below-two
set of orbitals. The energy difference between π*xz and π*yz

remains more or less the same in all systems. Similarly, the
σ*x2-y2 orbital is stabilized with respect to the σ*z2 orbital much
more strongly in 3Cl and 3Br than in 3F. Therefore, the cis effect
on the electronic properties of the oxidants manifests itself
through favorable orbital interactions. These interactions are
beneficial for first-row elements and weaker for second- and
third-row elements.

The HOMO/LUMO energy gap for F is 4.28 eV, whereas it
is 4.87 eV (Cl) and 4.82 eV (Br) for the systems with heavier
halides. Because a reaction of the oxoiron species results in a
two-electron reduction of the iron(TPA)L system, this HOMO/
LUMO gap should give us a suggestion of which of these
systems is most likely to be a better oxidant. In this particular
case, the HOMO/LUMO gap implicates 3F as likely to be a
much better oxidant than 3Cl and 3Br.

Recent studies of the axial ligand effect showed that the π*xy/
σ*x2-y2 energy difference is proportional to the triplet-quintet
energy gap.13b As follows from Figure 3, the π*xy/σ*x2-y2 energy
gap is 5.64, 5.79, and 5.63 eV, for 3F, 3Cl, and 3Br, respectively.
Indeed, the calculated triplet-quintet energy gaps (Figure 1)
of these species are very close to each other, in agreement with
the calculated π*xy/σ*x2-y2 energy gap. Thus, although the π*xy

orbital has more antibonding character in 3F and therefore is
higher in energy than the corresponding orbital in 3Cl and 3Br,
this does not lead to a larger triplet-quintet energy gap because
the σ*x2-y2 orbital in 3F is raised with almost the same amount
of energy. As can be seen from Figure 3, small effects (of less
than 0.3 eV) are observed for the energy levels of the π*xz,
π*yz, and σ*z2 orbitals in 3F, 3Cl, and 3Br. In conclusion, the
effect of the cis ligand affects some of the high-lying occupied
and low-lying virtual orbitals significantly, but not all orbitals
are affected with the same amount. In particular, the π*xy and
σ*x2-y2 are most affected, whereas only minor energetic
stabilization occurs for the π*xz, π*yz, and σ*z2 orbitals. Because
the HOMO/LUMO energy gap is the difference between the
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�-spin π*xy and π*xz orbital energies, this difference is smaller
for 3F than for 3Cl and 3Br.

Effect of the Cis Ligand. We estimated the effect of the cis
ligand by using procedures applied to predict the axial ligand
effect of the oxoiron species of P450 enzymes.31 First, the ligand
applies an electric field effect (∆EField) on the oxoiron group
because of the interaction of the charge of the ligand with the
rest of the system. Second, the ligand exerts a quantum
mechanical effect (∆EQM) as a result of orbital mixing after
bond formation. The field and QM effects were estimated from
the EA differences of the oxidant, the system where the cis
ligand was replaced by a point charge and one without the cis
ligand. The one-electron reduction of [FedO(TPA)L]+ with L
) F-, Cl-, and Br- gives the EA of the oxoiron species
(EAOxoiron). Subsequently, the cis ligand was removed, and
single-point calculations of the oxoiron and its reduced forms
were done to obtain EANL. Finally, the cis ligand was replaced
by a point charge with magnitude -1, and again, the one-
electron reduction potential was calculated to give EAPC. Figure
4 displays these EAs as determined for the systems with the
three different cis ligands.

The EA of the fluoride oxidant is 128.6 kcal mol-1 (5.57
eV), which is slightly smaller than the ones for chloride and
bromide. The latter two are within 1 kcal mol-1. Thus, 3Cl and
3Br have the same Fe-O stretch vibration and the same EA.
To identify the individual components that contribute to the cis
effect, namely, ∆EField and ∆EQM, the magnitude of EANL and
EAPC were calculated for 3F, 3Cl, and 3Br. The electric-field-
effect component of the cis effect is proportional to the
difference in EA between the system without cis ligand and
the one where a point charge takes up the position of the ligand
(eq 2).

∆EField )EANL -EAPC (2)

The QM contribution to the cis ligand, by contrast, is
calculated from the EA differences of the oxoiron system and
the one with a point charge in the cis position (eq 3).

∆EQM )EAPC -EAOxoiron (3)

In principle, the electron affinities with a point charge in the
cis position should correlate linearly with the distance of the
charge from the oxoiron species. Thus, the fluoride-substituted

system has the shortest Fe-L distance of 1.838 Å, whereas the
distances for the chloride and bromide systems are 2.330 and
2.493 Å, respectively. Despite these large differences in atomic

Figure 3. Orbital energy levels of 3F (left-hand side) and 3Cl/3Br (right-hand side).

Figure 4. Effect of the cis ligand on the one electron reduction of
3[FedO(TPA)L]+ with L ) F-, Cl-, and Br-. All energies are in kcal
mol-1 and calculated with basis set B2. Values for EAOxoiron contain
ZPE corrections to the energy.
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distances, the value EAPC(F) is only 4.4 kcal mol-1 lower in
energy than EAPC(Cl) and 6.8 kcal mol-1 lower than EAPC(Br).
This is due to the fact that the π*xy/σ*x2-y2 energy gap is fairly
constant through the range of axial ligands chosen as discussed
above.

As follows from Figure 4, the field effect of the three ligands
is 74.0, 73.3, and 71.5 kcal mol-1 for F, Cl, and Br, respectively.
These values are very close to the field effect obtained for a
tyrosinate axial ligand in a catalase oxoiron species of 76.7 kcal
mol-1.31b By contrast, the field effect of the axial thiolate ligand
in the oxoiron active species of P450 is only 54.0 kcal mol-1,
but this system has a strong QM effect because of the mixing
of orbitals (∆EQM ) 38.8 kcal mol-1).31a The thiolate axial
ligand of the active species of P450 participates in orbital
mixing, for example, with a σ*z2 orbital (similarly to the ones
shown above in Figure 2) but also with several heme-type
orbitals. Consequently, the oxoiron species of P450 has a singly
occupied orbital with mixed heme/thiolate ligand character.
Because of that, it is obvious that the QM effect of this particular
axial ligand in P450 is strong. By contrast, in the catalase
oxoiron system, the orbital overlap was found to be almost
negligible and consequently an almost zero QM effect is
obtained (∆EQM ) 1.8 kcal mol-1). Because of the fact that
the cis ligand participates in various singly occupied molecular
orbitals (see Figure 3) in [FedO(TPA)L]+, the quantum
mechanical effect of the cis ligand is non-negligible here. It is,
however, not as strong as the one obtained for a thiolate axial

ligand but ranging from 16.8 (F) to 20.1 (Br) kcal mol-1.
Therefore, the effect of changing the cis ligand from F- to Cl-

or Br- is small, in the order of several kcal mol-1 at the most.
Hence, only minor differences in electronic properties, such as
EAs and vibrational frequencies, are found.

Oxidizing Properties of [FeIVdO(TPA)L]n+. As shown
above, the cis influence gives a slightly lower Fe-O frequency
for the system with F- cis ligand in comparison to the ones
with Cl- or Br-. In addition, the HOMO-LUMO gap of the
fluoride-substituted oxidant is much smaller than those for the
chloride- and bromide-substituted systems because of a raised
π*xy orbital. In order to find out whether these electronic
differences also create a cis effect on oxidation, we performed
studies of the epoxidation of styrene by [FeIVdO(TPA)L]+ with
L ) F-, Cl-, and Br-. For comparison, we also checked the
oxidizing qualities of [FeIVdO(TPA)NCCH3]2+, 3,5NCMe.
Optimized geometries are depicted in Figure 5, and the free
energy landscape of the reactions is shown in Figure 6. The
reactions are stepwise via a C-O bond formation transition state
(TS1) leading to a radical intermediate (I) that rearranges to
products (P) via a ring-closure transition state (TS2). The nature
of the cis ligand is added to the label with a subscript. This
mechanism is similar to the one we observed before for the
alkene epoxidation by heme and nonheme oxoiron oxidants.32

The initial C-O bond formation is the rate determining step in
the reaction mechanism on all spin state surfaces.

Figure 5. Optimized geometries of the rate determining transition states (3,5TS1), radical intermediates (3,5I), and epoxide product complexes (3,5P)
for [FeIVdO(TPA)L]+ with L ) F-, Cl-, or Br- and [FeIVdO(TPA)NCCH3]2+. Optimized geometries in the triplet (top) and quintet (bottom) spin
states are shown with bond lengths in angstroms.
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Geometrically, in the quintet spin state, the substrate attacks
the oxoiron group along the z-axis, that is, along the
O-Fe-Naxial axis. This has been shown to occur because of
favorable orbital overlap, because in the quintet spin state, an
electron is transferred into the σ*z2 orbital that is aligned along
that axis.14c,25b In the triplet spin state, by contrast, an electron
is transferred into the singly occupied π*xz orbital so that the
substrate approaches the oxo group from the side. In 3TS1(Cl,Br)
structures, the substrate is far away from the oxo group, and
curiously, it seems to approach in an anti-Markovnikov fashion.

As expected, the barriers in the triplet spin state are
considerably higher in energy than those obtained on the quintet
spin state surface, in line with previous work in the field that
showed that quintet spin state oxidants are more reactive than
triplet spin state ones.18,19 In the case of chloride- and bromide-
cis-substituted oxidants, the energy difference between 3TS1
and 5TS1 is more than 10 kcal mol-1, whereas it is only 3.2
kcal mol-1 for TS1F. This is due to the fact that the intermediate
complex 5IF is less stable than 5ICl and 5IBr by 18.5 and 17.4
kcal mol-1, respectively, which also increases the barrier 5TS1F,
and is the consequence of the smaller 3d-block splitting in the
fluoride-substituted system, see Figure 3 above. Therefore, first-
row elements interact differently with the metal than second-
and third-row elements that stabilize high-spin FeIII states, such
as those that appear in the intermediate complexes, more in
comparison to IF. As a consequence, the reaction barriers are
lower for 5TS1Cl and 5TS1Br. The 3TS1F barrier is significantly
lower than the analogous barriers for L ) Cl- and Br- as a
result of the smaller HOMO/LUMO energy gap, see Figure 3.
As reasoned above, the π*xy orbitals for the systems with
chloride or bromide cis ligands are significantly stabilized
because a second-row element is further away from the iron
atom and cannot form bonding and antibonding orbital overlap
with this orbital. As a consequence, the π*xy orbital is reduced
to a lone-pair (nonbonding) orbital in these systems and
considerably stabilized. This results in a larger HOMO/LUMO
energy gap for these systems and higher 3TS1 barriers for 3Cl
and 3Br with respect to 3F. On the quintet spin state surface,
an electron is transferred into the σ*z2 orbital that is located
along the O-Fe-Naxial axis. This orbital is built up from the
3dz2 orbital on Fe that interacts with 2p orbitals on O and Naxial

along the same axis. The coefficients of atomic orbital contribu-
tions of the cis ligand that contribute to this molecular orbital

are very small, and hence, the barriers on the quintet spin state
surface show little dependence on the cis ligand.

Small differences in bond lengths are obtained between the
optimized structures in Figure 5 with L ) Cl- and Br-, and
the only significant variation is found for the Fe-L bond, as
expected. The systems with fluoride as cis ligand give consider-
able shortening of the Fe-N bond opposite to this Fe-F bond
and in the triplet spin states also in the other Fe-N bonds which
contrast the bond lengths observed for the systems with chloride
and bromide ligands. This appears to be the result of binding
of a first-row element to iron on the cis position because similar
Fe-N bond distances are obtained for 3INCMe and 3PNCMe. Thus,
when iron is bound to six first-row elements, it is located in
almost the exact center of the octahedron. However, when one
of those ligands is replaced by a larger element (chloride or
bromide), the iron moves away from the center. This perturba-
tion of the metal from its central position influences the
molecular orbitals, charge distributions, and eventually its
optimized geometries. As a result, significantly longer Fe-N
distances are obtained in the chloride- and bromide-substituted
systems. The interactions of the ligand with the metal are the
consequence of the cis effect and cis influence and result in
different molecular orbitals as shown above in Figure 2.

The molecular entropy is commonly described with partition
functions for the molecular translation, rotations, and vibrations.
In addition, there is also an electronic contribution that is a
function of the overall spin multiplicity. Hence, high-spin states
are stabilized at the free energy scale with respect to the absolute
energies. In our particular systems, the free energy of activation
reverses the spin-state ordering of the oxidants with L ) F-

and Br-. Thus, in the gas phase, the ∆E + ZPE values (Figure
1) imply a triplet spin ground state for all systems, but the free
energy difference is reversed for the fluoride- and bromide-
substituted systems. If that is the case, these systems should
exist in a quintet spin ground state and react with low barriers
to form epoxide products. Alternatively, the reaction will start
on the triplet ground state with a triplet-quintet spin state
crossing to the quintet spin state surface prior to the actual
epoxidation process. The rate of the reaction is then determined
by the spin state crossing.

In addition to the systems with a halide anion as cis ligand,
we also tested the reaction of [FeIVdO(TPA)NCCH3]2+ with
styrene. However, its reaction mechanism in the gas phase
follows a completely different process from the one shown
above in Figure 6. Thus, [FeIVdO(TPA)NCCH3]2+ reacts with
styrene via an initial electron transfer to give styrene cation
radical and [FeIIIdO(TPA)NCCH3]+ followed by a stepwise
epoxidation mechanism of styrene cation radical via a radical
intermediate. The reduction of 3NCMe2+ by styrene (S) to give
4NCMe+ is calculated to be exothermic by ∆G ) -203.7 kcal
mol-1. That should give the system sufficient energy to
epoxidize styrene cation radical. Indeed, the calculations show
that the complete reaction mechanism is exothermic. Therefore,
3NCMe2+ is expected to efficiently epoxidize and hydroxylate
substrates because of the large energy release as a result of its
reduction. The ionization potential of styrene is sufficiently low
(8.46 eV)33 to enable reduction of the iron center rather than a
direct epoxidation. Moreover, 3,5NCMe2+ has an overall charge
of +2, and the reduction of the metal by styrene will spread
the charge over a much larger area. Calculations in a dielectric
constant of ε ) 5.7 lowers the exothermicity of electron transfer
to -124.9 kcal mol-1, but the epoxidation reaction is still overall
exothermic. Therefore, 3,5NCMe2+ will react with styrene via
an initial electron abstraction, followed by epoxidation of styrene

Figure 6. Free energy landscape of styrene (S) epoxidation by 3,5F,
3,5Cl, and 3,5Br. All energies are in kcal mol-1 relative to isolated
reactants in the triplet spin state. Red and blue represent the triplet and
the quintet spin mechanism, resepctively. R are the reactants.
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cation radical with high exothermicity and high efficiency.
Consequently, the apparent reactivity differences of
[FeIVdO(TPA)Cl]+ and [FeIVdO(TPA)NCCH3]2+ are the result
of a different overall charge of the systems, and the actual
chemical effect of the group in the cis position is small.

3NCMe2+ + Sf 4NCMe+ + S+• - 203.7 kcal mol-1

(4)

Oxidizing Properties of [FeVdO(TPA)L](n+1)+. Recent
experimental studies of Mas-Ballesté and Que34 showed that
apart from an [FeIVdO(TPA)L]+ oxidant, also an [FeVd
O(TPA)L]2+ system may appear. Thus, in order to find out how
[FeVdO(TPA)L]2+ with L ) F-, Cl-, and Br- and [FeVd
O(TPA)NCCH3]3+ react with styrene, we studied this reaction
with DFT methods. The potential energy profile is shown in
Figure 7, and optimized geometries of the radical intermediates
are displayed in Figure 8.

Thus, similarly to the reaction of [FeIVdO(TPA)NCCH3]2+

with styrene from the previous section, also the collision of
[FeVdO(TPA)L]n+, L ) F-, Cl-, Br-, and NCCH3, with styrene
leads to an efficient electron transfer to form [FeIVdO-
(TPA)L](n-1)+ and styrene cation radical with an exothermicity
of almost 60 kcal mol-1 for the halogen-substituted systems
and -141.1 kcal mol-1 for 4NCMe3+. A subsequent C-O
formation leads to intermediates 4IF,Cl,Br,NCMe, followed by ring
closure to form epoxide products. In the case of the halogen-
substituted systems, the intermediate complex (4IF,Cl,Br) is
essentially deprotonated 2-halogeno-2-phenyl-ethanol bound to
an iron center. This complex is characterized by a five-
membered ring of the halogen anion with the Fe, O, and C
atoms, see Figure 8. As a consequence, these intermediates will
form epoxides via a ring-closure barrier, C-C-O ring, with
simultaneous breaking of the halogen-carbon bond of the five-
membered ring. Alternatively, the deprotonated 2-halogeno-2-
phenyl-ethanol can pick up a proton from the solvent to form
halogenated products. However, this reaction will depend on
the ability to accept protons from the solvent.

Nevertheless, the epoxidation barriers are lower in energy
than the reduction of the metal center so that it may be assumed
that epoxides will be the dominant products from the reaction
of [FeVdO(TPA)L]2+ with styrene. However, the actual oxidant

in these reactions is the [FeIVdO(TPA)L]+ complex that reacts
with styrene cation radical.

With a neutral cis ligand such as NCCH3, the interactions
with the approaching substrate are missing, and no stable ring
structure can be formed. As a result, the substrate approaches
the iron center from the top (see the structure at the bottom of
Figure 8) to reduce the electrostatic interactions with the TPA
ligand. Therefore, it is not expected that the reaction of either
[FeIVdO(TPA)NCCH3]2+ or [FeVdO(TPA)NCCH3]3+ will pro-
duce byproduct in which the cis ligand is incorporated, whereas
oxidants with a halogen anion as cis ligand may produce these
byproducts in significant amounts.

Conclusion

In summary, DFT calculations on the cis effect of oxoiron
systems with a TPA tetradentate ligand have been performed.
It is shown that first row elements on the cis position interact
differently with the metal than second- and third-row elements.
This, in turn, influences the molecular orbitals and the t2g-eg

orbital splitting of the metal 3d orbitals. Thus, second- and third-
row elements stabilize high-spin FeIII states and therefore give
lower reaction barriers of epoxidation reactions. Multiply
charged systems, in addition, react via an initial reduction of
the metal center prior to styrene activation. This reduction
creates sufficient energy to epoxidize substrates. In summary,
FeV oxidants are the most efficient oxidants because of the
possibility of an initial reduction of the iron center prior to the
oxidizing event, which essentially acts as a cofactor.
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