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A systematic study of the electronic structure of models for the active sites of heme enzymes such as peroxidases
and cytochromes P450 has been carried out for high-valent transition states of their catalytic cycles, namely,
compound I and compound II for peroxidases, as a function of the second axial ligand. The investigation is
based on molecular orbital calculations in local density approximation and comprises five-coordinated oxoiron-
(IV) porphyrin as well as the corresponding six-coordinated species with chlorine, imidazole, and H3CS- as
axial ligands. In all cases, the ground state of compound II is obtained as the ferryl (t2g)4 configuration
(3dxy)2(3dxz,3dxy)2 with total spinS) 1 distributed between the iron and oxygen atom in a ratio of approximately
60/40. Different electronic states of compound I with the radical located in the a1u or a2u orbitals of the
porphyrin or in the lone-pair orbital of the axial ligand are discussed in detail. The corresponding Heisenberg
exchange coupling constantsJ between the oxoiron and the radical spin are calculated, and the influence of
the position and orientation of the axial ligand onJ is investigated. The results are correlated with the available
experimental data.

I. Introduction

High-valent oxoiron(IV) porphyrins are involved as the active
sites in reactions catalyzed by heme enzymes such as peroxi-
dases1 and cytochromes P450.2 Two reaction intermediates,
denoted for peroxidases as compound II and compound I, have
been identified that are one and two oxidation equivalents,
respectively, above the ferric resting state. Differences in
chemical specificity in peroxidase- and P450-based reactions
are commonly ascribed to different second axial ligands. In
order to explore such differences, synthetic oxoiron(IV) por-
phyrins and their corresponding cation radical systems have been
investigated by various spectroscopic techniques including X-ray
crystallography and EXAFS,3,4 EPR and Mo¨ssbauer spectros-
copy,5-13 NMR and magnetic susceptometry,14-19 electronic
absorption,20-22 resonance Raman,23-26 and ENDOR.27-29 How-
ever, conclusive evidence for correlations between reactivity
and electronic properties of the heme group, e.g., the FedO
bond strength or the spin density at the oxogroup, has not yet
been obtained.18

The majority of theoretical investigations on the quantum
chemical level has been restricted to semiempirical methods such
as iterative extended Hu¨ckel30,31 and INDO calculations.32,33

Hartree-Fock (HF) based approaches for open-shell transition
metal complexes like the compound I and compound II
analogues would require inclusion of at least some correlation
in order to obtain qualitatively correct results. This has been
demonstrated by comparative calculations on the open-shell HF
and complete active space self-consistent field (CASSCF) levels,
respectively.34,35 In the HF calculation of the compound II
analogue the two unpaired spins are almost completely located
at the iron (1.91) with negligible delocalization toward the
oxogroup (0.06), while the CASSCF calculation yields a
distribution of 1.17 and 0.82, respectively, in accordance with
results of ENDOR measurements.28

Attractive alternatives to calculations of this type are methods

based on density functional theory (DFT),36-38which have been
proven particularly useful during the last decade, since they can
reliably handle even large transition metal complexes without
a prohibitive amount of computing time and memory space so
that such an approach offers the opportunity of systematic
theoretical studies on high-valent oxoiron porphyrins. The first
attempt in this direction has been a spin-restricted scattered wave
XR calculation on a six-coordinated model of the active site of
compound I and compound II of horseradish peroxidase (HRP)
with pyridine as second axial ligand.39 Very recently, a DFT
calculation in local density approximation (LDA) has appeared
dealing with a model of compound I and compound II, however,
without any second axial ligand.40 A systematic study of the
influence of axial ligation and terminal substituents in compound
I and compound II model analogues based on the local density
approximation has not yet been published to our knowledge.
This work presents a theoretical study of the electronic

structure of high-valent compound I and compound II analogues
by molecular orbital (MO) calculations within the local density
approximation to determine (i) the molecular orbitals of
compound II and compound I, (ii) the site of oxidation in
compound II that yields compound I, (iii) the mode and strength
of exchange coupling between the radical (S′ ) 1/2) and the
oxoiron (S) 1) spin, and (iv) the influence of the second axial
ligand on (i)-(iii).
In a subsequent paper,41 the effect of terminal substituents at

the porphyrin ring will be examined.

II. Geometrical and Computational Assumptions

The reference model system for the subsequent investigations
on high-valent oxoiron porphyrins consists of a planar porphyrin
macrocycle with symmetryD4h, hydrogen atoms as peripheral
substitutents, and Cl- as the second axial ligand. The porphyrin
plane coincides with thexy-plane, and the nitrogen atoms are
located on the coordinate axes. The atomic positions are derived
from crystal structure data of free base porphine42 by taking
the average values of equivalent bond distances and bond angles
(Table 1) in order to preserve the 4-fold symmetry of the
porphyrin core. Carbon-hydrogen bond lengths are set to 1.09
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Å. The iron is placed at the center of the porphyrin ring,
resulting in an iron-nitrogen distance of 2.04 Å. The oxoiron
distance is assumed to be 1.65 Å, consistent with structural data
derived from EXAFS4,43 and X-ray3 measurements for high-
valent oxoiron(IV) porphyrin systems. The distance between
the chlorine anion and the iron is taken as 2.2 Å (Figure 1).
The symmetry of this reference system isC4V.
Replacing the axial ligand by imidazole or H3CS- aims at

modeling the histidine and cysteinate residues coordinating the
active center in peroxidases and cytochromes P450. The
geometrical data of imidazole are taken from the free molecule44

(Figure 2a). The plane through imidazole is perpendicular to
the porphyrin plane and contains two opposite methine carbon
atoms of the porphyrin ring. This orientation is obtained as
the minimum of the total energy when rotating imidazole around
thez axis. The pyridine-like nitrogen atom Nε and the center-
of-mass of the imidazole are placed on thezaxis with a distance

d(Fe-Nε) of 2.1 Å. The geometry and orientation of the H3CS-

anion (Figure 2b) are taken from the crystal structure of the
hemoprotein domain of P450BM-345 with the iron-sulfur
distance set to 2.31 Å. The angle between the iron, sulfur, and
carbon is 104.5°, and the axis through the iron and sulfur is
tilted by an angle ofR ) 6° out of the porphyrin normal
direction (zaxis). The plane through the iron, sulfur, and carbon
intersects the porphyrin plane at an angle ofâ ) 107.3° with
respect to thex axis (see also Figure 3).
Starting with these reference geometries, the position of the

axial ligands may be varied in order to investigate the influence
of their orientation on the electronic structure of the heme group.
Assuming the axial ligands as rigid, their position relative to
the porphyrin core is determined by six geometrical degrees of
freedom. Assuming further that the angle between the iron,
the coordinating axial ligand atom (Nε or S), and any other atom
of the ligand remains constant, the number of degrees of freedom
is reduced to four, viz., the bond distanced of the axial ligand,
rotation of the axial ligand around thezaxis (rotation angleâ),
tilting of the ligand within the ligand plane (tilting angleR|),
and tilting the ligand plane (tilting angleR⊥). The total tilting
angleR is given by the relation cosR ) cosR| cosR⊥. Figure
3 displays these geometrical degrees of freedom of the axial
ligands. Possible deformations of the porphyrin core due to
interactions with the axial ligands are neglected throughout.
The molecular orbital calculations presented here have been

performed within the local density approximation36-38 by the
self-consistent charge (SCC)-XR method.46 This approach is
based on a model potential for the valence electron density that
enables the analytical evaluation of all angular parts of the matrix
elements and leaves only one-dimensional numerical integrations
for the exchange-correlation potential. The population analysis
is performed by numerical integration of the electron density
within appropriately chosen atomic spheres. As a whole, the
SCC-XR code is an order of magnitude faster than the XR option
of GAUSSIAN94 and requires substantially less memory space.
For these reasons this method is particularly suited for describing
the electronic properties of large molecules containing transition
metal atoms as shown by several applications to systems of
biological relevance47-49 and other transition metal com-
pounds.50-52

III. Results

A. Electronic Structure of Compound II. A spin-restricted
MO calculation on the reference model system with Cl- as an
axial ligand reveals the characteristic pattern of the Fe(3d)
orbitals for an approximately octahedral coordination, viz., the
splitting into the t2g-type (Figure 4) andeg-type manifolds. The
3dx2-y2 and 3dz2 orbitals of the iron are separated from the 3dxz,
3dyz orbitals by 0.80 and 2.04 eV because of the strongσ

Figure 1. Geometry of the reference model system with planarD4h

porphyrin macrocycle. The molecule is oriented paralled to thexy-
plane with the nitrogen atoms on the coordinate axes. A single oxygen
in the positive and chlorine in the negativez direction act as first and
second axial ligands, respectively.

Figure 2. Variation of the axial ligand: (a) model for the histidine
residue; (b) model for the cysteinate residue.

TABLE 1: Bond Distances and Bond Angles for a Planar
D4h Porphyrin Macrocycle Derived from the Crystal
Structure Data of Free Base Porphine42 by Taking the
Average Values of Equivalent Bond Distances and Bond
Angles

d Å θ deg

N-CR 1.38 CR-N-CR′ 107.3
CR-Câ 1.44 N-CR-Câ 108.9
Câ-Câ′ 1.36 CR-Câ-Câ′ 107.5
CR-Cm 1.38 N-CR-Cm 125.1

Figure 3. Geometrical variation of the axial ligand. The axial ligand
is rigid, and the angle between the iron atom in the porphyrin center
(Fe), the coordinating atom (L), and any other atom of the ligand
remains constant.
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interaction with the in-plane nitrogen lone-pair orbitals of the
porphyrin core and the pz atomic orbitals (AO’s) of the axial
ligands, respectively. The Fe(3d) character of these MO’s
amounts to 62% and 52%. The t2g-type orbitals are split into
3dxy and into the degenerate 3dxz, 3dyz orbitals denoted as 3dπ.
These orbitals together with the three highest occupied ligand
MO’s are shown in the left part of Figure 4. The 3dxy orbital
is a pure iron 3d orbital with 99% iron character. The Fe(3dπ)
orbitals undergo strongπ interactions with the 2px and 2py
orbitals of the oxygen atom. The resulting 2-fold degenerate
antibonding MO, denoted as (pdπ)*, reveals appreciable O(2p)
admixture of 42% and constitutes the highest occupied MO
(HOMO) containing two electrons so that each orbital is singly
occupied and is denoted as SOMO in Figure 4. The two
porphyrin MO’s, a1u and a2u in the notation ofD4h symmetry
are linear combinations of the out-of-plane pz orbitals of the
carbon and nitrogen atoms. The a1u orbital, with main
amplitudes at the pyrroline carbon atoms, is 0.38 eV below the
a2u, with main amplitudes at the nitrogens and the methine
carbons. Approximately 1 eV below the a2u is a MO with 70%
participation of chlorine 3px and 3py AO’s, which will be
denoted as the axial ligand lone-pair (l.p.) orbital. Filling the
MO’s according to the Pauli principle and Hund’s rule results
in a triplet ground state (S ) 1) with the (t2g)4 configuration
(3dxy)2 (3dxz)1 (3dxy)1 of iron. Thus, the MO calculation yields
the ferryl state Fe(IV) as the ground state, in accordance with
Mössbauer spectroscopic results obtained on high-valent inter-
mediates of peroxidase5-7 and biomimetic model complexes.8-12

Because the resulting ground state corresponds to an open-
shell configuration, a spin-polarized calculation is necessary in
order to obtain a more detailed picture. The correlation between
the spin-restricted and the spin-polarized MO calculation is
displayed in Figure 4. The iron 3d orbitals split into majority
(spin up,R) and minority spin (spin down,â) orbitals as a
consequence of the exchange interaction. Usually, the size of
this exchange splitting becomes larger with increasing 3d
character of the molecular orbital, and amounts to 0.69 eV for

the 3dz2, 0.62 eV for the 3dx2-y2 (both not shown in Figure 4),
0.94 eV for the 3dπ, and 0.92 eV for the 3dxy orbital (Table 2).
The reason for the slightly larger exchange splitting in 3dπ is a
different covalent interaction between Fe and O for theR and
â spin orbitals. This is reflected in the participation of O(2p)
by 44% in theâ spin orbital vs 33% O(2p) in theR spin orbital,
the latter being slightly delocalized toward the chlorine anion
with 14% contribution of the Cl(3px, py). Correspondingly, the
Cl(3p) lone-pairR andâ MO’s exhibit considerably different
Cl(3p) participation, 59% and 75%, respectively. Owing to the
exchange splitting of the Fe(3d) orbitals, the HOMO is now
the a2u orbital of the porphyrin core, while the lowest unoccupied
MO (LUMO) is the (pdπ)*â spin orbital (cf. Figure 4) with a
HOMO/LUMO gap of 0.67 eV. The two unpaired electrons
occupying the (pdπ)*R spin orbitals give rise to the system spin
S ) 1 being almost completely localized within the FedO
moiety. The corresponding singlet state is calculated with 0.35
eV above the triplet state, in accordance with Hund’s rule.
Next, the changes of the orbital energies of interest with

respect to different axial ligands are considered (Figure 5). In
order to facilitate the comparison, the orbital energies are
referenced to the energy of the a1uMO. Removing the chlorine
anion does not change the symmetry of the complex fromC4V,
while replacing the chlorine anion by imidazole or H3CS-

reduces the symmetry toCs or C1, respectively. The fictitious
case of a five-coordinated iron with iron left in the porphyrin
plane is shown for comparison on the left side of Figure 5. The
main changes caused by removing the chlorine anion concern
the stabilization of the porphyrin a2u orbital and of the MO’s
with mainly Fe(3d) character relative to a1u, which is especially
pronounced for the 3dz2 orbital because of the lack ofσ
interaction with the Cl(3pz) orbital, leading to an increase of
the Fe(3d) character. The missingπ interaction of the Cl(3px,
3py) orbitals with the (pdπ)* orbital enhances mainly the O(2p)
contribution of the (pdπ)*R orbital, while the character of the
(pdπ)*â orbital is virtually unaffected.
In the case of imidazole-ligated porphyrin, the main features

of theσ-type MO’s with mainly Fe(3d) character are similar to
the chlorine-ligated porphyrin. In spite of the reduced sym-

Figure 4. Orbital energies between-4.4 and-6.2 eV in the ground
state of six-coordinated oxoiron (IV) porphyrin with a chlorine anion
as the axial ligand obtained by a spin-restricted and a spin-polarized
MO calculation. Behind the MO’s the character of the wave functions
is displayed (l.p., lone-pair orbital of the axial ligand;R, spin up;â,
spin down; (pdπ)* denotes theπ antibonding combination of Fe(3dxz,
3dyz) and O(2px, 2py) orbitals).

TABLE 2: Orbital energies E in eV for the HOMO’s and
LUMO’s in the Ground States of Compound II and
Compound I of Five- (OdFeP) and Six-Coordinated
Oxoiron(IV) Porphyrins with a Chlorine Anion (Cl -),
Imidazole (Imi), and SCH3

- as Second Axial Ligands (cf.
Figures 4 and 5)

OdFeP Cl- Imi H3CS-

MOa cpd II cpd I cpd II cpd I cpd II cpd I cpd II cpd I

dz2,R -6.64 -9.17 -3.16 -5.31 -5.19 -7.28 -2.65 -5.43
dz2,â -5.84 -8.36 -2.47 -4.61 -4.44 -6.54 -1.96 -4.64
dz2-y2,R -6.95 -9.39 -4.36 -6.66 -6.10 -8.33 -4.08 -6.46
dz2-y2,â -6.34 -8.77 -3.74 -6.00 -5.51 -7.69 -3.41 -5.85
(pdπ)*|,R -8.28 -10.85 -5.37 -7.70 -7.52 -9.77 -4.94 -7.76
(pdπ)*|,â -7.24 -9.83 -4.42 -6.75 -6.52 -8.78 -3.95 -6.75
(pdπ)*⊥,R -8.28 -10.85 -5.37 -7.70 -7.52 -9.77 -5.02 -7.73
(pdπ)*⊥,â -7.24 -9.83 -4.42 -6.75 -6.52 -8.78 -3.86 -6.73
dxy,R -9.37 -12.06 -6.41 -8.87 -8.62 -10.99 -6.05 -8.85
dxy,â -8.37 -11.11 -5.49 -7.97 -7.67 -10.07 -5.07 -7.92
a2u,R -7.71 -10.61 -5.09 -7.98 -6.99 -9.88 -4.80 -7.27
a2u,â -7.68 -10.39 -5.11 -7.78 -7.01 -9.68 -4.80 -7.25
a1u,R -7.78 -10.37 -5.47 -8.03 -7.31 -9.85 -5.35 -7.63
a1u,â -7.77 -10.40 -5.47 -8.07 -7.31 -9.89 -5.35 -7.63
l.p.⊥,R -6.08 -8.64 -11.37 -13.45 -4.38 -9.25
l.p.⊥,â -6.04 -8.55 -11.35 -13.23 -4.53 -8.37
l.p.|,R -6.08 -8.64 -11.66 -14.03 -5.96 -10.44
l.p.|,â -6.04 -8.55 -11.55 -13.83 -5.79 -9.83

a l.p., lone-pair orbital of the axial ligand;R, spin up;â, spin down;
(pdπ)* denotes theπ antibonding combination of Fe(3dxz,dxy) and O(2px,
py) orbitals.
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metry, the (pdπ)* MOs remain almost degenerate, with a
splitting of less than 0.01 eV and negligible contribution from
the pyridine-like nitrogen atom, indicating that there is virtually
no π interaction between iron and Nε. Consequently, the
character of this orbital compares well with the five-coordinated
oxoiron(IV) porphyrin (Table 3). The reason is the large energy
separation between the Fe(3d) and the Nε(2p) AO’s, so that the
corresponding MO’s with Nε(2p) character are more than 4 eV
below the a1u and a2u orbitals. The a2u is the HOMO for the
five-coordinated oxoiron(IV) porphyrin and for six-coordinated
oxoiron(IV) porphyrin with imidazole and chlorine as axial
ligands. The a1u orbital is 0.09, 0.31, and 0.38 eV lower in
energy, respectively. The LUMO is the (pdπ)*â orbital with 0.43,
0.47, and 0.67 eV above the HOMO. Because of this similarity
in the one-electron energy structure near the occupation border,
the ground state is the same spin triplet state in all three cases.
With H3CS- as the axial ligand, the pattern of the molecular

orbital energies of the oxoiron(IV) porphyrin exhibits consider-
able differences. First, the HOMO becomes a predominantly
sulfur 3p orbital with orientation perpendicular to the plane
defined by the iron, sulfur, and carbon of the H3CS- group.
The sulfur 3p contribution to this orbital amounts to 71% (R)
and 73% (â) and will thus be denoted as the S(3p) lone-pair
(l.p.⊥) orbital. It is separated by 0.42 eV for theR and 0.27 eV
for theâ spin orbital from the a2u orbital. The MO’s with S(3p)
in-plane character are-1.57 eV (R) and-1.41 eV (â) below
the HOMO. The a1u/a2u splitting increases to 0.55 eV because
of S(3p) admixture of about 15% to the a2u. The (pdπ)*R MO is
split by about 0.1 eV into the out-of-plane (pdπ)*⊥,R and the in-
plane (pdπ)*|,R orbitals because of differentπ interactions with
the sulfur 3p AO’s perpendicular and parallel to the Fe-S-C
plane. Correspondingly, the (pdπ)*⊥,R orbital contains contribu-
tions from S(3p) at 9% and O(2p) at 40%, similar as in case of

the chlorine-ligated porphyrin. In contrast, the (pdπ)*|,R orbital
has negligible amplitude at the sulfur atom and does not change
its composition compared with the five-coordinated and the
imidazole-coordinated oxoiron(IV) porphyrin. Similar conclu-
sions apply to the corresponding unoccupied (pdπ)*â orbital, not
shown in Figure 5. Finally, the crystal field splitting is smaller
than the exchange splitting of the individual Fe(3d) orbitals
because the t2g-type molecular orbitals are destabilized by the
axial ligands, whereas the 3dx2-y2 orbitals remain comparatively
unaffected (Figure 5), and the 3dx2-y2,R orbital becomes the
LUMO with 0.3 eV above the HOMO.

Table 4 displays the charge (in units of e) and spin (in units
of p/2) distributions of the four systems under study. The charge
density within the porphyrin macrocycle is essentially insensitive
to axial coordination. The pyrroline nitrogen atoms are always
negatively charged with an average effective charge between
-0.21 and-0.24. All carbon atoms are nearly neutral. The
effective charge of the iron in five-coordinated oxoiron(IV)
porphyrin is 0.93, while the oxygen has a negative charge of
-0.47. Addition of the axial ligand slightly increases the
polarity of the FedO bond, with the effective charge of iron
ranging from 0.96 to 0.98 and that of oxygen from-0.51 to
-0.59. The overlap population, indicating the covalent bond
strength, is 0.203 for the FesN and 0.524 for the FedO bond
in five-coordinated oxoiron(IV) porphyrin (Table 4). These
values are lowered by merely 5% for FedO and by 10% for
Fe-N when the anionic ligands Cl- and H3CS- are coordinated,
whereas addition of imidazole does not show any appreciable
effect.

Figure 5. Correlation diagram for the orbital energies of the HOMO’s
and LUMO’s of five- (OdFeP) and six-coordinated oxoiron (IV)
porphyrins with a chlorine anion (Cl-), an imidazole molecule (Imi),
and an H3CS- anion as axial ligands. The energies are given relative
to the orbital energy of the a1u MO εj(a1u) ) (ε(a1u,R) + ε(a1u,â))/2; ε-
(a1u) ) -7.77 eV for OdFeP,-5.47 eV for Cl-, -7.31 eV for Imi,
and-5.35 eV for H3CS-.

TABLE 3: Percentage Contribution of the 2p AO’s at the
Nitrogen (%N), Carbon (%C), and Oxygen (%O) Atoms,
the 3p AO’s at the Chlorine (%Cl) and Sulfur (%S) Atoms,
and the 3d AO’s at the Iron Atom (%Fe) to the Relevant
MO’s of Compound II and Compound I b

OdFeP Cl- Imi H3CS-

MO % cpd II cpd I cpd II cpd I cpd II cpd I cpd II cpd I

(pdπ)*|,R L 13.6 9.9 0.0 0.0 0.0 0.1
O 40.5 40.1 33.3 34.8 40.0 39.8 42.3 40.0
Fe 54.7 55.2 51.4 53.8 55.6 56.3 53.5 55.8

(pdπ)*|,â L 2.9 2.8 0.0 0.0 0.1 0.0
O 43.9 44.3 43.7 43.3 43.6 43.7 44.8 43.9
Fe 53.0 52.5 51.6 52.1 53.4 53.2 52.8 53.1

(pdπ)*⊥,R L 13.6 9.9 0.0 0.0 9.0 2.3
O 40.5 40.1 33.3 34.8 39.9 39.6 40.1 38.3
Fe 54.7 55.2 51.4 53.8 55.6 56.3 43.6 56.5

(pdπ)*⊥,â L 2.9 2.8 0.0 0.0 10.7 1.7
O 43.9 44.3 43.7 43.3 43.4 43.5 36.1 42.1
Fe 53.0 52.5 51.6 52.1 53.3 53.2 51.2 54.1

a2u,R N 29.5 28.7 42.5 41.3 39.0 37.6 38.3 39.8
Cm 49.3 54.8 51.6 51.8 54.0 55.3 42.4 52.7
L 3.2 3.9 1.5 1.7 12.7 2.9

a2u,â N 33.9 31.8 42.1 41.5 38.9 38.1 36.7 39.8
Cm 54.9 55.9 51.2 51.0 54.3 54.6 39.9 51.8
L 3.7 4.1 1.3 1.5 18.3 4.0

a1u,R CR 78.6 79.8 76.7 78.5 77.9 79.2 76.5 77.6
Câ 21.4 20.2 23.3 21.5 22.1 20.7 23.3 22.2

a1u,â CR 78.5 80.2 76.6 79.0 77.8 79.7 76.4 77.7
Câ 21.5 19.8 23.4 21.0 22.1 20.3 23.4 22.1

l.p.⊥,R L 59.5 65.9 27.8 30.3 71.1 41.6a

O 7.5 6.2 4.0 12.8 3.2 10.0
Fe 4.5 2.4 0.0 11.2 13.3 3.8

l.p.⊥,â L 74.9 74.2 33.6 28.5 72.8 66.9
O 8.4 9.7 0.6 6.0 9.7 1.7
Fe 1.0 1.6 0.1 3.3 2.5 0.2

a The reduction of S(3p) character after ionization is caused by
mixing with occupied porphyrinπ-orbitals, which contain the missing
30% S amplitude, leading to 17.5% N, 2.4% CR, 16.5% Câ, and 1.4%
Cm contribution to l.p.⊥,R in compound I.b L denotes the coordinating
atom of the axial ligand; L) Cl, Nε, or S.

Axial Ligand Effects J. Phys. Chem. A, Vol. 101, No. 14, 19972695



The spin density in five-coordinated oxoiron(IV) porphyrin
is almost completely localized within the oxoiron(IV) subunit
(Table 4) and amounts to 1.253 for iron and 0.934 for oxygen
so that the total spin of the oxoiron(IV) subunit slightly exceeds
2. The excess spin is compensated by a small negative spin
density (-0.036) at each nitrogen of the macrocycle because
of differentσ interactions of the 3dx2-y2,R and 3dx2-y2,â orbitals
with the nitrogens and a small negative spin density (-0.018)
at the methine carbon atoms. Addition of the axial ligand leads
to a reduction of the excess spin density at the oxoiron(IV)
subunit and of the negative spin density at the porphyrin
macrocycle so that the methine carbon atoms are almost
diamagnetic in the six-coordinated oxoiron(IV) porphyrins.
Owing to the Cl(3p) and S(3p) contribution to the (pdπ)*R orbital,
the spin density of the oxoiron(IV) porphyrins with the anionic
axial ligands is slightly delocalized toward the chlorine and
sulfur, while the spin density at the Nε atom of imidazole is
negative due to polarization effects.
B. Electronic Ground State of Compound I. The com-

pound I intermediate is derived from compound II by one-
electron oxidation. It has been shown in the previous section
that the HOMO’s of compound II comprise three kinds of
orbitals: MO’s with mainly iron 3d character, the porphyrin
a1u- and a2u-type MO’s, and MO’s with predominant contribu-
tion from the axial ligand. Since these MO’s are in the same
energy range, several possibilities for oxidation of compound
II are conceivable. If the electron is removed from one of the
orbitals with mainly iron 3d character, the resulting complex is
formally an oxoiron(V) porphyrin. Up to now, conclusive
experimental evidence does not exist on oxoiron(V) porphyrin,
and a calculation shows that the cationic state obtained by
ionization of the 3dxy,â orbital lies 1.34 eV above the ground
state for the Cl--coordinated species. Oxidation of the por-
phyrin core results in an oxoiron(IV) porphyrin radical complex
with either A1u or A2u character.53 Most of the experimental
results support this assignment, and both types of porphyrin
radicals have been detected.5-13,15,16,18-22,24-29 In the third case
the radical resides on the axial ligand, a possibility that has been
considered only recently.54 Furthermore, ionization of either
anR spin or aâ spin orbital is possible. Finally, it should be
mentioned that in some native systems the radical has been

detected on a distal amino acid.55,56 This case apparently can
not be dealt with in this work.

Table 5 displays the energies of the low-lying states of
compound I with different axial ligands. The ground state for
the chlorine- and imidazole-ligated systems is obtained by
ionization of the a2u,â orbital, while for the five-coordinated
species ionization of the a2u,R orbital yields the state with the
lowest energy. In all three cases formation of the A1u

• state
requires about 0.4 eV more energy. The magnitude of the
splitting between states derived from ionization of corresponding
R andâ orbitals is about 1% of the A1u

• /A2u
• spacing. In case of

chlorine-ligated porphyrin the axial ligand lone-pair radical lies
about 1 eV above the ground state. This is in accordance with
the result that the l.p. MO in the ground state of compound II
lies approximately 1 eV below the a2u. However, with H3CS-

as axial ligand, the l.p.⊥ MO is the HOMO of compound II,
and the corresponding cationic state, L.P.⊥

• ,57 constitutes the
ground state of compound I. The A2u

• state lies about 1 eV
higher and is, in addition, stabilized with respect to the A1u

•

state by 0.7 eV. This is also reflected in the MO energy diagram
of compound II (Figure 5). States that are created by oxidation
of an electron out of the 3dxy orbital are more than 1 eV above
the ground state, but ionization of the (pdπ)* orbital leads to a
low-lying state between the A1u

• and A2u
• states for the chlorine-

coordinated system.

TABLE 4: Effective Atomic Charges Q (in units of e), Spin Densitiesσ (in units of p/2), and Overlap Population (in e) for the
Ground States of Compound II and Compound I

OdFeP Cl- Imia H3CS- a

atom cpd II cpd I cpd II cpd I cpd II cpd I cpd II cpd I

N Q -0.21 -0.17 -0.22 -0.17 -0.22 -0.17 -0.23 -0.20
σ -0.036 -0.104 -0.029 0.097 -0.022 0.090 -0.030 0.012b

CR Q 0.02 0.05 0.02 0.05 0.02 0.05 0.02 0.03
σ 0.004 0.017 0.003 -0.022 0.002 -0.018 0.003 0.013

Câ Q 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.01
σ -0.001 -0.016 -0.001 0.000 -0.001 0.003 -0.001 0.015

Cm Q 0.04 0.08 0.04 0.08 0.03 0.08 0.04 0.04
σ -0.018 -0.183 -0.001 0.175 -0.001 0.179 -0.001 -0.001

L Q -0.57 -0.53 -0.21 -0.19 -0.41 -0.14
σ 0.020 0.059 -0.018 -0.002 0.022 0.697

O Q -0.47 -0.42 -0.54 -0.51 -0.51 -0.48 -0.59 -0.51
σ 0.934 0.933 0.934 0.932 0.914 0.920 0.866 0.922

Fe Q 0.93 0.90 0.96 0.89 0.98 0.89 0.98 0.94
σ 1.253 1.124 1.154 1.128 1.187 1.152 1.213 1.176

OdFeP Cl- Imia H3CS- a

bond cpd II cpd I cpd II cpd I cpd II cpd I cpd II cpd I

Fe-N 0.203 0.218 0.178 0.192 0.198 0.212 0.170 0.195
Fe-L 0.206 0.217 0.131 0.159 0.156 0.135
FedO 0.524 0.548 0.500 0.526 0.527 0.548 0.518 0.535

a Average values are given for the atoms of the porphyrin macrocycle and for Fe-N. b The spin density at the pyrroline nitrogen atoms exhibits
a distinct anisotropy:σ (N,+x) ) 0.067,σ (N,+y) ) -0.020,σ (N,-x) ) 0.015,σ (N,-y) ) -0.012.

TABLE 5: Average Binding Energy Eh ) (E(3/2) + E(1/2))/2
Relative to the A2u

• State for Compound I Analogues with
the Radical Located in Different MO’s and Exchange
Coupling Constant J of the Heisenberg HamiltonianH )
-JSB‚SB′ a

state OdFeP Cl- Imi H3CS-

A2u
• Eh [eV] 0.0 0.0 0.0 0.0

J [cm-1] -210 +69 +51 +186
A1u

• Eh [eV] 0.409 0.438 0.421 0.744
J [cm-1] -27 -18 -30 +77

L.P.⊥
• Eh [eV] 0.933 3.094 -0.922

a Values for the L.P.⊥
• state are not given, since mixing between the

magnetic orbitals yields unreasonable results.
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The charge distributions of all compound I species closely
resemble the charge distributions of the corresponding com-
pound II species (Table 4). For the systems with the radical
on the porphyrin macrocycle, i.e., the five- and six-coordinated
compound I species with chlorine and with imidazole as axial
ligands, the effective atomic charges of the pyrroline nitrogen
and methine carbon atoms increase by 0.05 in going from
compound II to compound I, while an increase of 0.03 for the
CR and 0.01 for the Câ atoms is obtained. The larger increase
in charge of the pyrroline nitrogen and the methine carbon atoms
compared with the pyrroline carbon atoms (CR, Câ) is in
accordance with the a2u character of the radical orbital.
However, it is less than the expected value of about 1/8 because
the radical orbital is shielded by the remaining electrons because
of orbital relaxation of the occupied valence orbitals so that
some charge is removed from the oxygen and the coordinating
atom of the axial ligand.
For compound I with H3CS- as axial ligand, the radical orbital

is located at the sulfur atom. Hence, the change in the effective
charges of the porphyrin atoms is smaller upon oxidation of
H3CS- ligated compound II, while that of the axial ligand (by
0.27) and of oxygen (by 0.08) is larger (cf. Table 4) than in the
other cases. In all cases the effective charge of the iron
decreases slightly. This is caused by an increase in the
occupation of the Fe(4s) and Fe(4p) AO’s that overcompensates
the decrease of the Fe(3d) population. The overlap population
of the FedO bond is 5% and of the Fe-N bond 10% larger in
compound I than in compound II (Table 4).
The spin density distribution of compound I (Table 4)

expresses the radical character better than does the charge
distribution. Compared with the corresponding compound II
systems, the spin density in compound I with a porphyrin-

centered radical becomes positive on the nitrogens and the
methine carbon atoms for the six-coordinated and negative for
the five-coordinated species because aâ spin orbital is ionized
in the former and anR spin orbital in the latter case. The change
in spin density on the nitrogen is-0.068 for the five-coordinated
system, 0.126 and 0.112 for the chlorine- and imidazole-ligated
six-coordinated systems, and-0.165, 0.176, and 0.180 on the
methine carbon atom, respectively, in good agreement with the
expected average value of 1/8. The change in spin density of
the pyrroline carbon atoms is smaller. The spin density at the
coordinating atom of the axial ligand is slightly increased to
0.039 for Cl and to 0.016 for Nε of imidazole, while the spin

Figure 6. Spin density in the ground state of compound I with
imidazole as axial ligand: (a) plot of plane parallel to the porphyrin
plane; (b) plot of plane perpendicular to the porphyrin and the axial
ligand plane. The dash-dotted line in (a) indicates the plot plane of (b)
and vice versa. The dashed line in (b) is the porphyrin plane. Contour
lines are at-0.0015, 0.0015, 0.0025, 0.0042, 0.0070, 0.0116, 0.0194,
0.0323, 0.0539, 0.0898, and 0.1499 multipliedp/2a03.

Figure 7. Spin density in the ground state of compound I with H3CS-

as axial ligand.

TABLE 6: Effective Atomic Charges Q (in e), Spin Density
σ (in p/2) and Overlap Population (in e) for Low-Lying
States of the Compound I Analogue with H3CS- as Axial
Ligandb

atom L.P.⊥
• (3/2) L.P.⊥

• (1/2) A1u
• (3/2) A2u

• (1/2) A1u
• (3/2) A1u

• (1/2)

N Q -0.20 -0.20 -0.18 -0.18 -0.19 -0.19
σ 0.012a -0.022 0.081 -0.129 -0.046 -0.005

CR Q 0.03 0.04 0.04 0.04 0.06 0.06
σ 0.013 -0.026 -0.018 0.021 0.120 -0.117

Câ Q 0.01 0.01 0.01 0.01 0.02 0.02
σ 0.015 -0.010 -0.001 -0.001 0.025 -0.027

Cm Q 0.04 0.04 0.07 0.07 0.05 0.05
σ -0.001 0.003 0.139 0.138-0.020 0.021

S Q -0.14 -0.22 -0.34 -0.35 -0.40 -0.40
σ 0.697 -0.508 0.219 -0.091 0.036 0.032

O Q -0.51 -0.49 -0.55 -0.54 -0.57 -0.57
σ 0.922 0.818 0.887 0.811 0.852 0.854

Fe Q 0.94 0.98 0.91 0.92 0.88 0.88
σ 1.176 1.057 1.183 1.165 1.213 1.195

bond L.P.⊥
• (3/2) L.P.⊥

• (1/2) A1u
• (3/2) A2u

• (1/2) A1u
• (3/2) A1u

• (1/2)

FesN 0.195 0.193 0.188 0.187 0.187 0.187
FesS 0.135 0.179 0.161 0.165 0.179 0.179
FedO 0.535 0.538 0.538 0.540 0.546 0.546

a See footnote b of Table 4.b Average values are given for the atoms
of the porphyrin macrocycle and for Fe-N.
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density at the oxygen atom remains almost constant upon
oxidation. Figure 6 displays the spin density distribution of
the imidazole-coordinated compound I analogue.
With H3CS- as the axial ligand, the total change of the spin

density on the porphyrin is small, except for an increase by
0.106 at the nitrogen atom in+x direction. The dominant part
of the spin density in compound I is found at the sulfur atom
with 0.697 (Figure 7), accompanied by a slight increase of the
oxygen spin density of 0.056 (Table 4). The spin density of
iron is slightly lowered in all cases, namely by-0.025 for
chlorine,-0.035 for imidazole,-0.037 for H3CS-, and-0.129
for the five-coordinated case. Altogether, the charge and spin
density distribution within the FedO subunit is rather similar
for all four systems, regardless of the nature of the axial ligand,
the site of oxidation, and the different excited hole states of
compound I as shown, representatively, for the H3CS- ligated
system in Table 6. This result confirms that the charge and
spin density within the FedO subunit is not an essential
indicator for the reactivity of compound I systems.49

C. Exchange Coupling. The coupling of the spinSb of the
oxoiron(IV) subunit with the radical spinSb′ generated by
oxidation of compound II is described within the frame of the
spin Hamiltonian formalism58 by the Heisenberg Hamiltonian
H ) -JSb‚Sb′. The isotropic coupling constantJ can be derived
within the broken spin symmetry formalism59 from the expres-
sion

with E(S) being the binding energy of the system in the spin
stateS. Taking into account that in the present case the total
spin can take maximum and minimum values ofSmax ) 3/2
andSmin ) 1/2, the coupling constantJ is equal to the energy
difference between the states with parallel and antiparallel
coupling of the two spins. The corresponding energy difference
is on the order of 0.01% of the binding energies calculated for
the two states separetely. The coupling constants for the A2u

•

state are calculated asJ ) +69 cm-1 andJ ) +51 cm-1 for
the chlorine- and imidazole-ligated compound I analogues,
respectively (Table 5). In case of the five-coordinated com-
pound I analogue the coupling is stronger and antiparallel,J
-210 cm-1. For the A1u

• stateJ varies between-18 and-30
cm-1, i.e., the porphyrin radical spin exhibits weak antiferro-
magnetic coupling to the spin of the FedO subunit for all three
cases. For the H3CS- ligated system both the A2u

• and the
A1u

• spin state isS) 3/2 with values for the coupling constants
of J ) +186 andJ ) +77 cm-1, respectively.
Because the coupling constants represent small energies on

the scale of the binding energies, the results may be sensitive
to the geometrical assumptions underlying the calculation.
However, even the reference model system with chlorine as the
axial ligand contains 39 atoms, resulting in 111 degrees of
freedom for changing the geometry so that the investigation of
the dependence ofJ on all these conceivable variations is
impossible. To restrict the number of geometrical parameters,
the porphyrin core and the axial ligand are considered as rigid,
and only the influence of the relative orientation of the axial
ligand onJ will be investigated.
For the compound I analogue with a chlorine anion as the

axial ligand, the dependence ofJ on the FesCl, FedO, and
FesN60 bond distances are examined (Table 7). Increasing the
iron-chlorine distance from 2.2 to 2.3 Å influences the coupling
strength only slightly with a change ofJ from +69 cm-1 to
+82 cm-1, while elongating the iron-oxygen distance to 1.75

Å results inJ) +141 cm-1. For the porphyrin with the smaller
iron-nitrogen distance of 1.97 Å, the coupling constantsJ )
+76 and+95 cm-1 closely resemble the values for d(Fe-N)
) 2.04 Å. The decrease in total energy by-0.03 eV indicates
that the iron-nitrogen distance in highly oxidized oxoiron(IV)
porphyrins may actually be smaller than the value of 2.04 Å
chosen in this work. Enlarging the Fe-Nε distance by 0.1 Å
in the imidazole-ligated compound I analogue yields a similar
increase of the coupling strength fromJ ) +51 to+60 cm-1

(Table 8) as obtained for the analogous geometrical variation
in the chlorine-ligated system. The values forJ are virtually
independent of the rotation angleâ around thezaxis, but tilting
the axial ligand byR| (Figure 3) within the imidazole plane in
such a way that the Hε atom (cf. Figure 2) moves toward the
porphyrin plane leads to significant changes of the coupling
strength in the A2u

• state. Passing fromR| ) 0° to 5° reduces
the value of the coupling constant from+51 to-4 cm-1. An
increase of the tilting angleR| to 10° and 20° results in values
of J ) -118 and-475 cm-1, i.e., the coupling becomes
strongly antiferromagnetic. At the same time, however, the total
energies relative to the case forR| ) 0° increase by 0.11 eV
for 5°, by 0.67 eV for 10°, and by 2.0 eV for 20°. These results
indicate that the porphyrin core will not stay planar under such
a change in geometry. A similar influence of the axial ligand
on the distortion of the porphyrin core has recently been
demonstrated for a series of iron(II) porphyrinates.61 The
coupling constant of the A1u

• state and the A1u
• /A2u

• splitting are
practically unaffected by these geometrical variations within the
compound I analogue with chlorine and imidazole as axial
ligands.
When the iron of the five-coordinated compound I analogue

is moved out of the porphyrin plane by 0.5 Å into the direction
of the oxygen atom while keeping the oxoiron distance constant,
the A2u

• coupling constant changes monotonically fromJ )

J) -2
E(Smax) - E(Smin)

Smax
2 - Smin

2
(1)

TABLE 7: Exchange Coupling Constant J (in cm-1) of the
Heisenberg HamiltonianH ) -JSB‚SB′ for
Chlorine-Coordinated Compound I Analogues with the
Radical Located in Porphyrin π MO’s

Fe-N
Fe-Cl
Fe-O

2.04 Å
2.2 Å
1.65 Å

2.04 Å
2.3 Å
1.65 Å

2.04 Å
2.2 Å
1.75 Å

1.97 Å
2.3 Å
1.65 Å

1.97 Å
2.2 Å
1.65 Å

state A2u
• +69 +82 +141 +95 +76

A1u
• -18 -20 -23 -23 -21

TABLE 8: Exchange Coupling Constant J (in cm-1) of the
Heisenberg HamiltonianH ) -JSB‚SB′ for
Imidazole-Coordinated Compound I Analogues with the
Radical Located in Porphyrin π MO’s

Fe-Nε

R
â

2.1 Å
0°
0°

2.1 Å
0°
15°

2.1 Å
0°
30°

2.1 Å
0°
45°

2.2 Å
0°
45°

state A2u
• +54 +54 +52 +51 +60

A1u
• -28 -31 -29 -30 -27

Fe-Nε

R|

R⊥
â

2.1 Å
5°
0°
0°

2.1 Å
5°
0°

21.2°

2.1 Å
5°
0°
45°

2.1 Å
10°
0°
0°

2.2 Å
10°
0°

21.2°

2.1 Å
10°
0°
45°

state A2u
• +1 -1 -4 -94 -105 -118

A1u
• -28 -27 -28 -34 -28 -28

Fe-Nε

R|

R⊥
â

2.1 Å
20°
0°
0°

2.1 Å
20°
0°

21.2°

2.1 Å
20°
0°
45°

state A2u
• -385 -420 -475

A1u
• -168 -37 -28

2698 J. Phys. Chem. A, Vol. 101, No. 14, 1997 Antony et al.



-210 to+117 cm-1 (Table 9) and the total energy increases
by 1.1 eV. The binding energy takes a minimum for a 0.1 Å
out-of-plane displacement of the iron with-0.1 eV below the
in-plane position andJ ) -176 cm-1. The same geometrical
change causes a change of the A1u

• coupling constant from-27
cm-1 to approximately zero.
In the H3CS- ligated compound I analogue, the coupling

constants are much more sensitive to geometrical variation than
in the other three cases (Table 10). Especially remarkable is
the sensitivity to changing the angleR from 6° to 0°. The values
of J calculated for the A2u

• state vary between-2037 and
+186 cm-1 for changes of the iron-sulfur distance between
2.15 and 2.31 Å and of the rotation angleâ between 0° and
21.2°.62 For the A1u

• state the coupling is always ferromag-
netic andJ ranges from+43 to+376 cm-1. For all considered
geometries the ground state corresponds to the lone-pair sulfur
radical state L.P.•, while the A2u

• state is always located about
1 eV above. However, the magnetic ligand orbital has more
than 10% contribution from the FedO centered magnetic orbital
(Table 3) so that the applicability of the Heisenberg model may
be questioned for a quantitative determination ofJ for the L.P.•

state. Accordingly, calculatedJ values vary between+1478
and -360 cm-1 for the examined geometries, and further
geometrical modifications may even enlarge this range. The
spin state of this ground state is obtained as the doublet (S)
1/2) for Fe-S distances below about 2.2 Å, while for larger
distances the quartet (S) 3/2) is lower in energy.

IV. Discussion

The results of our calculations will now be compared with
theoretical results obtained by other methods of similar sophis-
tication, viz. CASSCF34,35and the fully numerical LDA,40 and
with experimental data. The spin density distribution within
the FedO unit obtained with all three theoretical methods
compares well with each other. CASSCF yields a spin density
of 1.12 at the iron and of 0.86 at the oxygen for a pyridine-
coordinated compound II analogue,34which is very close to our
values of 1.187 and 0.914 for the imidazole-ligated system
(Table 4). The numerical LDA calculation for a five-
coordinated compound II model yields a spin density on the Fe
and O atoms of 1.196 and 0.821, respectively,40 in good
agreement with our values of 1.253 and 0.934 given in Table 4
for the five-coordinated system. The effective atomic charge
of 2.37 for iron obtained in CASSCF34 is considerably larger
than our result of 0.98 for the imidazole-ligated system, whereas
the charge of 0.50 for iron in the LDA calculation40 is smaller

than our value of 0.93 for the five-coordinated compound II
analogue (Table 4). The charges of the oxygen obtained by
CASSCF (-0.49) and by LDA (-0.40) are both in good
agreement with the corresponding SCC-XR values of-0.51
and-0.47, respectively (Table 4).
In all calculations the charge and spin density distributions

within the FedO unit remain essentially the same in going from
compound II to compound I. For the A2u

• state the CASSCF
calculation gives spin densities of 1.10 for Fe and 0.89 for O,35

and the corresponding LDA values are 1.184 (Fe) and 0.849
(O).40 The respective values of our calculation are 1.152 and
0.920 for the imidazole-coordinated and 1.124 and 0.933 for
the five-coordinated compound I analogue in Table 4. Common
to all calculations is thus a slight transfer of spin density from
the iron to the oxygen upon oxidation. The variation of the
effective charges is even smaller: the values of 2.25 and-0.43
on iron and oxygen, respectively, calculated by CASSCF35 and
the values of 0.52 and-0.36 of the LDA calculation40 are
almost identical with the compound II results, as in the SCC-
XR calculation of this work (Table 4). Altogether, these results
show that the electronic structure of the FedO bond is
essentially insensitive to the removal of an electron from a
porphyrineπ orbital, as mentioned earlier.35 On the basis of
our calculations, we can further conclude that the charge and
spin density distributions within the FedO subunit are virtually
independent of the nature of the axial ligand. Analogous results
have been obtained by semiemperical INDO calculations.33 In
addition, the properties of the FedO moiety are largely
unaffected even when removing an electron from the l.p. orbital
of the axial ligand (Table 6).
Exchange coupling constants of porphyrin cation radical

complexes have not yet been computed to our knowledge by
other electronic structure methods so that they can be compared
only with experimentally derived values. Such a comparison,
however, is restricted in several respects from both the theoreti-
cal and the experimental side. As to the theoretical side, all
calculations are based on the geometrical model assumption of
a planar symmetric porphyrin core without any terminal
substituents. The effects of terminal substituents and distortions
of the porphyrin core on the electronic structure of compound
I and compound II analogues have been studied in a separate
investigation.41 This analysis yields, among other results, the
conclusion that slight distortions of the porphyrin core with
deviations up to 0.05 Å from the root mean square plane lead
to variations inJ below 50% and do not change the sign.
Therefore, agreement with experimental values can be expected
at best within these limits.
Regarding the experimental side, the Mo¨ssbauer and EPR

spectra of compound I species are often superimposed by signals
from the reduced species (compound II) and/or ferric precursors
because it is practically impossible to synthesize compound I
analogues with 100% yield. This precludes the determination
of J from temperature-dependent magnetic susceptibility mea-
surements so thatJ has to be derived from spin Hamiltonian
simulations of Mo¨ssbauer and EPR spectra only. Since in this
case J is strongly covariant with the zero-field splitting
parameterD and the localg values of iron(IV), the simulation
usually leads to a manifold of solutions withJ given at best
with an accuracy of(20%.63,64 This has to be kept in mind
when comparing calculated and measured exchange coupling
constants.
Experimentally derivedJ values for synthetic models of

compound I of oxoiron(IV) tetramesitylporphyrin63 cover the
range+42.6 to +57.0 cm-1, in close agreement with the
computed value of+69 cm-1 for the A2u

• cationic state (Table

TABLE 9: Exchange Coupling Constant J (in cm-1) of the
Heisenberg HamiltonianH ) -JSB‚SB′ for Five-Coordinated
Compound I Analogues with the Radical Located in
Porphyrin π MO’s

Fe-N
Fe-Ct

2.04 Å
0.0 Å

2.05 Å
0.1 Å

2.05 Å
0.2 Å

2.06 Å
0.3 Å

2.08 Å
0.4 Å

2.10 Å
0.5 Å

state A2u
• -210 -176 -123 -58 +26 +117

A1u
• -27 -19 -12 -7 -3 +1

TABLE 10: Exchange Coupling ConstantJ (in cm-1) of the
Heisenberg HamiltonianH ) -JSB‚SB′ for H 3CS--Coordinated
Compound I Analogues with the Radical Located in
Porphyrin π MO’s

Fe-S
R|

R⊥
â

2.16 Å
6.0°
2.3°

107.3°

2.21 Å
5.9°
2.2°

107.3°

2.26 Å
5.8°
2.2°

107.3°

2.31 Å
5.6°
2.1°

107.3°

2.26 Å
0.0°
0.0°
0.0°

2.2 Å
0.0°
0.0°
21.2°

state A2u
• -708 -205 +242 +186 -2037 -1307

A1u
• +43 +43 +51 +77 +376 +231
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5). An EPR investigation of three compound I analogues with
methanol as the second axial ligand yieldsJ ) +43 cm-1 for
tetramesitylporphyrin,J ) +38 cm-1 for tetrakis(2,6-dichlo-
rophenyl)porphyrin, andJ ) +22 cm-1 for tetrakis(2,4,6-
trimethoxyphenyl)porphyrin.11 The corresponding SCC-XR
value for the A2u

• state of a compound I analogue with
methanol65 as the axial ligand and without peripheral ring
substituents amounts to+34 cm-1. Finally, recent experimental
studies13,66 on model systems with the A1u

• ground state yield
ferromagnetic coupling constants of about+10 cm-1, being
significantly smaller compared to values from A2u

• type sys-
tems. The calculated coupling constants for A1u

• states show a
similar decrease in strength.
In Table 11 experimental values of the exchange coupling

constant J obtained for biomimetic model complexes are
compared with those of native peroxidases. TheJ values of
all model complexes cover the range from moderate to strong
ferromagnetic coupling. However, none of them reproduces
very weak coupling as observed in horseradish peroxidase or
antiferromagnetic coupling as in chloroperoxidase.54 It is
therefore interesting to note under which conditions our calcula-
tions yield small or negativeJ values. For the imidazole-
coordinated compound I reference system the calculated value
amounts toJ ) +51 cm-1 (Table 5). Tilting of the axial
imidazole ligand changes this result to negative values (Table
8), and a tilting angleR| of 5° can reproduce the observed weak
coupling-2.6 ...+2.6 cm-1 in horseradish peroxidase.6 The
energy needed for such minor geometrical variations can easily
be supplied by the protein environment. In the H3CS-

coordinated compound I model system, the quantitative deter-
mination ofJ is precluded by the limited applicability of the
Heisenberg model because of mixing between the magnetic
orbitals as mentioned above.
In summary, the coupling between the oxoiron(IV) and the

radical spin in compound I depends in a complicated way on
the coordination environment of the heme iron. Therefore,
conclusions drawn from a singleJ value with respect to
structural properties of the heme group cannot be expected to
be unequivocal because different types of coordinations and
geometries may lead to the same spin coupling. Implications
of the coupling mode and strength on catalytic properties seem
unlikely because theJ values represent small energies on the
scale of reaction enthalpies and potential barriers. Furthermore,
the electronic structure of the heme group alone does not serve
as an indicator of its reactivity, but instead, the orbital
interactions between the heme group and the substrate along
the whole reaction pathway have to be considered.49

V. Summary

The results presented in this investigation demonstrate that
molecular orbital calculations within the local density ap-
proximation yield qualitatively reliable results for electronic
properties of compound I and compound II as a function of the
axial ligand. The ground state configuration found for com-
pound II is the ferryl (t2g)4 configuration (3dxy)2(3dxz,3dyz)2 with
total spinS) 1 in all cases. Two unpaired electrons occupy
the antibonding (pdπ)* MO’s consisting of iron 3dxz, 3dyz and
oxygen 2px, 2py atomic orbitals (AO’s) and give rise to a spin
density that is almost completely localized within the oxoiron-
(IV) unit with a distribution of approximately 60/40 between
the iron and oxygen atom. The main influence of the axial
ligand on the electronic properties is 2-fold: (i) the a2u MO
and the t2g MO’s 3dxy and (pdπ)* are destabilized relative to
the a1uMO; (ii) an additional orbital with ligand lone-pair (l.p.)
character lies 1 and 4 eV below the HOMO a2u in the chlorine-

and imidazole-ligated complexes, respectively, but above a2u

for H3CS- and becomes itself the HOMO. Correspondingly,
the ground state of compound I is the A2u

• state in the former
two cases, as well as in the five-coordinated oxoiron(IV)
porphyrin radical, whereas it changes to the L.P.• state in the
H3CS- coordinated case. The additional spin density of
compound I induced by the oxidation of compound II is
distributed mainly over the pyrroline nitrogen and methine
carbon atoms for the porphyrin-centered magnetic orbital a2u

(Figure 6) and is mainly localized on the sulfur atom for the
ligand-centered one (Figure 7). The electronic structure of the
FedO bond is remarkably unaffected by the nature of the axial
ligand, as well as by the type of the radical orbital.
Calculation of the isotropic part of the exchange coupling

constantJ for the spin coupling between the oxoiron and the
radical spin in six-coordinated compound I yields parallel
alignment between both spins in the A2u

• state, while for the
five-coordinated oxoiron(IV) porphyrin radical with in-plane
iron antiparallel spin-orientation is favored energetically. In the
A1u

• state the spin coupling is estimated to be distinctly weaker
and antiferromagnetic in all cases except for the H3CS- ligated
system (Table 5). Mode and strength of spin coupling are
sensitive against geometrical variations. Although changing the
iron-ligand bond distance and rotating the ligand around the
direction perpendicular to the porphyrin plane in imidazole-
ligated compound I do not alter the mode of spin coupling in
the A2u

• state, tilting the axial ligand toward the porphyrin
plane produces strong antiferromagnetic coupling. The spin
coupling in the A1u

• state is almost independent of the orienta-
tion of imidazole (Table 8). Geometrical variation of the axial
ligand H3CS- does not change the separation between the L.P.•

ground state and the A2u
• excited state of ca. 1 eV but strongly

influences the sequence of the quartet and doublet L.P.• states.
For iron-sulfur distances larger than about 2.2 Å, the ground
state is the quartet state, while for smaller distances the doublet
state is lower in energy.
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