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Density functional theory (DFT) is used to study model ferryl species of cytochrome P-450 and horseradish
peroxidase (HRP), as well as of the product complex due to oxidation of H2 by the P-450 species (1–4 and 7).
The ferryl species studied include neutral and cation radical states of the porphyrin, as well as high- and low-spin
situations. A few issues are addressed concerning the mechanism of alkane hydroxylation, and theoretical support is
provided for: (i) the contention that spin inversion occurs along the reaction path, (ii) that the cation radical state of
the porphyrin is an essential feature required to accommodate an excess electron from the ferryl moiety and thereby
stabilize the ground state of the hydroxylation product, and (iii) that the donor property of the proximal ligand has
a significant influence on the energy of the ferryl-to-ring charge-transfer states which are essential to convert the
reactant state to the hydroxylation product state. In this sense, our study sheds some light on the difference between
the oxidized and reduced HRP forms, HRP(I) and HRP(II), and suggests that the combination of a cation radical
porphyrin state and a good π-donor proximal ligand like thiolate, could be the underlying reason for the potent
hydroxylation ability of the P-450 ferryl-complex.

Introduction
Cytochrome P-450 and horseradish peroxidase (HRP) repre-
sent two families of heme enzymes that are used in nature as
a means of biological oxidation of toxic compounds.1–5 The
active species in these enzyme families is considered 1,3–5 to be
the iron-oxo compound, shown in Scheme 1, in which the ferryl
group FeIVO is embedded into the protoporphyrin IX ring.
While in P-450 oxidation there exists evidence 6,7 for an addi-
tional active species (e.g., peroxo-complex), attention here will
be restricted to the ferryl-complex. An interesting feature of the
ferryl moiety is its high-spin O2-type bonding with two triplet
electrons occupying the π*-orbitals of FeO.1–5 The P-450 and
HRP active species differ in the identity of the sixth ligand,
the so called ‘proximal ligand’, which is a nitrogen from the
imidazole of a histidine residue for the HRP species and a
negatively charged sulfur moiety of a cysteine residue in the
P-450 species. Other members of these families are secondary-
amine monooxygenase (SAMO) which is analogous to HRP,
and chloroperoxidase (CPO) which is analogous to P-450, and
so on.

The ferryl species of HRP (Scheme 1) appears in two forms,
HRP(I) and HRP(II), which differ in the oxidation state of the
porphyrin ring. Thus, in HRP(I) the porphyrin moiety is a
cation radical porphyrin, while in the HRP(II) form, the por-
phyrin is closed-shell.4,5 The active form of P-450 has not been
isolated, but model studies 1,3,4,8 suggest that it is analogous
to HRP(I) with a cation radical state for the porphyrin. The
species with the cation radical situation are typified by a high-
spin state in which the odd electron of the cation radical is
ferromagnetically coupled to the triplet electrons of the ferryl
moiety (S = 3/2, i.e., a quartet state).1–5 In a few studies 9 it was
shown that the cation radical state is an essential ingredient, in
the absence of which the oxygen transfer capability of the ferryl
species diminishes. This finding appears intriguing, since bare
ferryl is capable of carrying out oxygen transfer reactions in the
gas phase,10 and one wonders what could be the precise differ-
ence between the nature of free ferryl and of the one embedded

in a porphyrin ring. Thus, the ‘hole’ in the porphyrin ring
appears to be a fundamental oxidative feature that requires
elucidation.

Among the important oxidation reactions is the hydroxyl-
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ation of alkanes to alcohols, in Scheme 2. The net effect of the
reaction is the insertion of the ferryl oxygen into the C–H bond
to form the alcohol complex followed by regeneration of the
resting state of the enzyme which is the iron–water complex. In
this respect, P-450 is a very potent oxidant capable of hydroxyl-
ating even nonactivated C–H bonds of simple alkanes.1,3 On the
other hand, HRP(I) hydroxylates only activated C–H bonds,
while HRP(II) is apparently not a hydroxylating agent; again
implying a key role for the ‘hole state’ of the porphyrin.9

It has been proposed that the difference between HRP(I) and
P-450 may originate in differences of accessibility of the iron
center due to shielding by respective proteins.1–3 Nevertheless, it
is still important to ascertain whether or not any of the reactiv-
ity patterns are also associated with electronic factors due to the
different proximal ligands of the two species. Indeed, it was
proposed in numerous studies 1,3,8b,11 that the cysteinato prox-
imal ligand plays a significant role in the ‘O’ insertion capability
of P-450 into nonactivated C–H bonds. Generally speaking,
electronic effects due to proximal ligands are well documented
in epoxidation reactions by model compounds,12 and hence the
role of the proximal ligand is another intriguing issue which
merits attention.

A third fundamental issue is concerned with the nature of the
states which participate in the hydroxylation mechanism. In a
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series of studies on the reactivity of bare ferryl, it was shown
that the high-spin hydroxylation surface is typified by a high
barrier and generates an addition adduct which is not very
stable.13 Consequently, the high-spin surface is crossed by a low-
spin surface which is initially an excited state of the ferryl, and
which is typified by low barriers and a stable hydroxylation
adduct. The existing evidence in the area of P-450 hydroxyl-
ation suggests a similar mechanism in at least one case where
spin state information is available for the hydroxylation prod-
uct. Thus, whereas the ground state of the active species 1–5 is
high-spin, the product-complex resulting from hydroxylation of
camphor is low-spin.14 Indeed, a hydroxylation mechanism
based on a two-state-reactivity (TSR) paradigm has been
recently proposed for P-450 hydroxylation,15 in which a key role
is played by the transitions between high- and low-spin poten-
tial energy surfaces of the reaction system, as shown in Fig. 1.
All these pieces of evidence, taken together, indicate that even
a minimalistic approach would require the consideration of
two spin states of the ferryl species, for any hydroxylation
mechanism.4,6,16

The above three fundamental issues form a broad topic
which requires an equally extensive program before any satis-
factory resolution of the problems can be achieved. As a first
step we present in this paper density functional theoretical
studies of various spin and state situations for model P-450 and
HRP reactant species with closed-shell and radical-cationic
porphyrin situations, as well as of a hydroxylation-product
species (1–4, and 7 in Scheme 3 later). This paper provides sup-
porting theoretical evidence for a TSR reactivity scenario in
which the cation radical state of the porphyrin is required to
stabilize the ground state of the hydroxylation product, and
in which the proximal ligand affects the energy of the intra-
molecular charge-transfer states which fill the hole and eventu-
ally correlate to the hydroxylation product state.

Theoretical methods and strategy
Methods

Our method of choice is density functional theory (DFT),
which has become a powerful tool for investigating transition
metal compounds.17 The calculations presented later have been
done with the unrestricted Kohn–Sham method and the BP86
density functional 18 as implemented in the CADPAC5 19 suite
of programs. This functional which includes nonlocal exchange
and correlation corrections has already proven successful in the
study of the various state and spin situations of an HRP com-
plex and other ferryl complexes.20 A basis set of double-zeta
quality with polarization functions (DZVP2) especially opti-

Fig. 1 Qualitative energy profiles following reference 15 showing a
possible two-state-reactivity (TSR) situation for hydroxylation of
alkane by P-450 ferryl complex. The TSR refers to the spin-state cross-
ing along the reaction coordinate.
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mized for DFT calculations 21 was used on the metal, while for
the coordination sphere of iron we used the 6-31G* basis,22 and
the STO-3G basis 22 on the C and H porphyrin atoms. Other
studies performed by us on some of the species, with FT97 23 as
well as BP86 with larger basis sets 24 gave virtually the same
results, but were abandoned for reasons of computer time
economy. All the structures were obtained by full geometry
optimization, with the exception of a D4h constraint of the
porphyrin ring.

Below we describe the ground and excited state species which
have been calculated, and provide necessary theoretical details
for the calculation of the excited states using DFT.

Strategy

Model species. Scheme 3 shows, in 1–4, models of the active

species of P-450, HRP(I) and HRP(II), where the protoporph-
yrin substituents and proximal ligands have been simplified by
necessity to save computer time and enable thereby the geom-
etry optimization. Thus, the N-ligation of imidazole is simpli-
fied initially to NH3 in 2, and then to H2C]]NH in 3; the latter
ligand has π-orbitals which can interact with the porphyrin in a
manner at least analogous to imidazole. The cysteinato ligand
of P-450 is simplified to HS2 in 4. In view of the fact that the
cysteinato moiety bears two electron attracting substituents
(NH3

1 and CO2H), it was felt that HS2 which possesses a
higher electron affinity can serve as a better model than CH3S

2.
The choice is not crucial for the present paper, though in gen-
eral a judicious modeling of the ligand is important. Com-
pound 1 serves as a reference in which the ferryl-complex is
devoid of a proximal sixth ligand. All the species in 1–4 are
studied in two oxidation states which will presumably give
rise to closed-shell as well as cation radical porphyrin states.
Furthermore, for all the species we also screened some excited
states which may be relevant for the hydroxylation process.

Also shown in Scheme 3 are O2 (5) and FeO21 (6) which serve
as bonding analogs for the ferryl moiety in the ferryl-
complexes.15 Note that FeO21 in 6 has a formal oxidation state
FeIV as in the porphyrin complexes.1–5 Finally, in 7 we study the
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high- and low-spin states of the hydroxylation product of H2 by
the model P-450 active species.

Excited state calculations. Two types of excited states which
are likely to have a role 15 along the hydroxylation path have
been calculated. These are: the O2-like excited states and the
internal charge-transfer states of the types ferryl-to-ring and
ligand-to-ring. Our interest is primarily in the qualitative trends
along the series of species 1–4, and hence the correct symmetry
assignment for these excited states is important to us.

Fig. 2 depicts the corresponding orbital energy diagrams for
the high-spin states of O2 and FeO21. Both species have states
which are also eigenstates of the angular momentum operator.
Since the unrestricted Kohn–Sham (UKS) method is not cap-
able of producing states with the correct angular momentum,
except for high-spin states, we applied the vector coupling
scheme,25 which enabled us to calculate the energy for the
correct state symmetry from the single Kohn–Sham (KS)
determinant energies. This scheme is approximate because it
does not optimize orbitals for the respective states, and there-
fore its reliability is in a way after the fact. In this sense, it is
pointed out that the scheme has been successfully applied to
excited state calculations for various transition metal complexes
and has demonstrated a good ability to predict the state
energies as well as the corresponding structural parameters.26

Unlike methods of annihilation 27 or projection 28 within the
UKS approach, this scheme enables one to calculate multiplets
with spatial degeneracies.25 From the theoretical point of
view, each KS determinant contributing into the energy of a
multiplet state corresponds to a mixed-symmetry state which
possesses a single determinant noninteracting reference.29

The equations for the vector coupling scheme are collected in
the Appendix to this paper, while here we give a short descrip-
tion of these states. Thus, O2 possesses a 3Σg

2 ground state and
1∆g/

1Σg
1 excited states, all nascent from a (π*)2 electronic con-

figuration [Fig. 2(a)]. Thus for example, as shown in Fig. 2(a)
below the orbital diagram, the low lying 1∆g excited state con-
tains the ‘classical’ doubly bonded O]]O species, whereas the
ground state is a triplet π-diradical, 3Σg

2.
The orbital diagram of FeO21 in Fig. 2(b) shows the valence

configuration 1σ22σ2π4δ2(π*)2 for the high-spin 5Σ1 state. The
corresponding O2-like low-spin states are nascent from the
same valence configuration 1σ22σ2π4δ2(π*)2 by electron
reshuffling in the π*- and δ-orbitals. The 3∆ and the 3Σ2 state
derive from the high-spin 5Σ1 state by realignment of the π*
electrons, while keeping the δ-electrons in a high-spin relation.

Fig. 2 Valence orbital energy diagrams and ground state configur-
ations for O2 (in a) and FeO21 (in b). Below each diagram are shown the
excited states nascent by distributing electrons among the highest lying
π* and/or δ orbitals. The boxes depict the doubly bonded excited state
∆-type species.
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Fig. 3 (a) The a1u and a2u-type orbitals, and the state symmetries for the closed-shell and cation radical situations of porphyrin. (b and c) The
valence orbital diagram of the ferryl moiety in C4v and Cs point groups. In the boxes are shown the combined state symmetries of the ferryl-porphyrin
complex. The cation radical porphyrin generates both high- and low-spin states due to different spin coupling as shown in Scheme 4.
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Thus, the 3∆ state is an analog of the 1∆g state of O2 with an
Fe]]O double bond, while 3Σ2 is an analog of the 1Σg

1 state of O2.
The orbital schemes for the ferryl complexes are shown in

Fig. 3. The porphyrin frontier orbitals which belong to the a2u

and a1u representations in the D4h point group 20 are shown in (a)
along with the local symmetry of the porphyrin state for the
closed-shell and the two potential cation radical situations. The
ferryl orbitals are shown in (b) and (c) for the C4v and Cs ligand
fields pertaining to the model compounds 1–4 in the oxidized
and reduced forms. The δ-orbitals of the ferryl group split in
the ligand field and only the lower lying dx2 2y2 is occupied with
two electrons. The π*-antibonding orbitals remain degenerate
in the C4v ligand field and their splitting in the Cs ligand field
is small. As such, these orbitals are occupied in (b) and (c) in
a high-spin triplet situation, giving rise to 3A2 and 3A0 state
symmetry, which are analogs of the high-spin ground state
of O2.

Below the orbital diagrams in Fig. 3(b) and 3(c) we show the
combined state symmetry for a closed-shell and cation radical
porphyrin situations. Thus, the complexes with the closed-shell
porphyrin remain 3A2 and 3A0 for the C4v and Cs ligand fields,
respectively. In contrast, the states of the complexes with cation
radical porphyrin become 2,4A1,2, 

2,4A9 and 2,4A0 depending on
the ligand field symmetry (C4v and Cs), the identity of the por-
phyrin’s singly occupied orbital (a2u or a1u), and the mode of
spin-coupling between the triplet ferryl module and the cation
radical situation in the porphyrin. There are two modes of spin-
coupling which are depicted in Scheme 4; mode (a) shows the
high-spin quartet state which arises from the ferromagnetic
coupling of the three electrons, while mode (b) shows the
corresponding antiferromagnetic coupling.20a,30–32 The ferro-
magnetic states have been computed for the ferryl complexes
21, 31 and 4 (Scheme 1), while the antiferromagnetic states have
been computed only for the representative cases, 31 and 4.

Two types of excited low-spin states implicated in the TSR
reactivity of P-450 15 were computed for the ferryl complexes:
(i) excited states of the ferryl moiety that involve a reshuffle of

the π*-electrons as the corresponding O2-like states in Fig. 2(a),
and (ii) intramolecular electron transferred states which fill the
‘hole’ in the porphyrin, either from the π*-electrons of the ferryl
group or from ligand orbitals.

Fig. 4 shows the O2-like excitations along with their state
symmetries in the C4v and Cs ligand fields. In the C4v ligand
field, the 1∆-type states split into two states of B1 and B2 sym-
metry, while in the Cs ligand field these states become A9 and
A0. The 1Σ1-type states become either A1 or A9. All these
low-spin states are either singlets, for cases with closed-shell
porphyrin, or doublets whenever the porphyrin has a cation
radical situation.

Next, we turn to Figs. 5 and 6 to consider the intramolecular
charge-transfer states which involve an electron transfer from
either the ferryl moiety or the ligand into the singly occupied
porphyrin orbital. These states are analyzed only for complexes
with the cation radical porphyrin, since the compounds with a
closed-shell ring have no appropriate low-lying orbital for
accepting the transferred electron.

Fig. 5 shows the charge-transfer states arising by electron
transfer from the ferryl π* orbitals to the singly occupied a2u

orbital, henceforth ‘ferryl-to-ring charge-transfer states’. In the
C4v point group in (a) these excited states belong to the doubly
degenerate representation (2E). In the Cs group, in (b), this
doubly degenerate charge-transfer state splits into 2A9 and 2A0
states nascent by electron transfer from the 2a0 and 2a9 π*
orbitals into the a2u type porphyrin orbital. In case (a) the 2E

Scheme 4
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Table 1 Relative energetic, selected structural parameters, and spin densities in 1–4 and 6

Point
Relative
energy/

Spin densities

Entry Species group State kcal mol21 FeNring/Å FeO/Å FeX/Å Fe O

FeO[Por1?] complexes

1

2

3

4

11

21

31

4

C4v

Cs

Cs

Cs

4A1
4A2
4A9
4A0
4A9
4A0 a

4A9
4A0 b

22.8
0.0

12.4
0.0

12.6
0.0

19.7
0.0

2.014
2.028
2.026
2.038
2.026
2.038
2.028
2.032

1.638
1.632
1.651
1.651
1.652
1.653
1.689
1.676

2.174
2.149
2.112
2.083
2.433
2.471

1.26
1.27
1.18
1.17
1.13
1.11
1.21
1.21

0.79
0.80
0.87
0.88
0.89
0.89
0.86
0.86

FeO[Por] complexes

5
6
7
8

1
2
3
42

C4v

Cs

Cs

Cs

3A2
3A0
3A0
3A0

2.024
2.035
2.035
2.037

1.643
1.653
1.652
1.684

2.169
2.095
2.504

1.30
1.22
1.16
1.28

0.75
0.83
0.85
0.82

Bare ferryl

9 6 C∞v
5Σ1 1.616 3.06 0.94

a The antiferromagnetic state for 31 lies 11 cm21 higher. b The antiferromagnetic state for 4 lies 31 cm21 higher. In both cases, the state energies were
calculated as in ref. 20a.

state does not have a symmetry match with the O2-like low-spin
states (in Fig. 4), and the two state types cannot mix. In case
(b), there is a symmetry match between the two state types, but
the coupling matrix elements between the symmetry matched
states are expected to be small since they involve overlap
between the ferryl π*-orbitals and a2u or a1u orbitals of the
cation radical porphyrin. Hence, the charge-transfer states have
been assumed to be noninteracting with the O2-like states in the
parent ferryl-complex geometry. As such, in both symmetry
point groups, C4v and Cs, the charge-transfer states can be
represented by single determinants. Due to what seem to be
serious degeneracies in this energy range, the spin-unrestricted
SCF-KS procedure does not converge to the desirable states.
Hence, the energies of the ‘ferryl-to-ring charge-transfer states’
have been estimated nonself-consistently, computing the

Fig. 4 O2-like low-spin excited states of the ferryl complex and their
symmetry assignment in C4v and Cs point groups.

Σ

A

3 g
– ∆g Σ1 g

+

3 "

B
1

2

1

1
1A

3
2

a-A
1 '

4

B

A

A
1

1

1
B2

b-A
1 '

1 B2
2

A2 1

A4 "

A
1 "

a- A
2 ' A

2 " b-A
2 '

,

,

Fe

L

O
NN

N N

,

,

-like -like

[Por]FeO

[Por ]FeO

z

x

πxz* 2b1 a', πyz* 2b2 a",

,

∆1 g-like

Σ1 g
+
-like

-like

Σ3 g
–-like

+•

energies of single determinants constructed from the ground
state eigenvectors. These charge-transfer excitation energies are
no doubt overestimated, but are expected to yield qualitative
trends on the effect of different proximal ligands.

Fig. 6 shows the charge-transfer states arising by electron
transfer from the ligand out-of-plane type orbitals to the singly
occupied ‘a2u’ orbital, henceforth ‘ligand-to-ring charge-
transfer states’. When the ligand is HS2, in (a), the electron
is transferred from the p-lone pair orbital of sulfur, while
when the ligand is HN]]CH2, in (b) the electron is transferred
from the πN]]C orbital. Ferromagnetic excited states as well
as an antiferromagnetic excited state are expected, depending
on the spin coupling between the odd electron on the ligand
and the triplet electrons of the ferryl group. The ‘ligand-
to-ring charge-transfer states’ are computed in a SCF-KS
procedure.

Results
Ground state properties of oxidized and reduced ferryl complexes

Table 1 summarizes the ground state properties of 1–4 and 6,
while Fig. 7 provides additional structural data for the ground
states of the ferryl-complexes.

Electronic structure of the ground states. The data in Table 1
show that in all the oxidized forms in entries (1)–(4), the ground
state is a high-spin quartet state typified by a cation radical
porphyrin coupled ferromagnetically with a triplet π-diradical
ferryl group. The antiferromagnetic states lie slightly higher (see
comments in the Table), and indicate a very small coupling of
the ferryl to the porphyrin odd electrons.

In the absence of a proximal sixth ligand (entry 1), the
ground state 4A1 involves the porphyrin cation radical in the
2A1u situation, while in the presence of an axial sixth ligand
the ground state 4A0 involves the 2A2u porphyrin cation radical
state. These results are in accord with experimental data,1–5

with DFT calculations 20 as well as with CASCCF 30 and
other calculations ranging from iterative extended Hückel 31

to X-α 32 and UHF;33 all of which indicate that in the sixth
coordinated ferryl-complex the porphyrin has a hole in the a2u

orbital. Comparing the complexes 21 and 31 shows that better
π-donation of the sixth ligand in the latter complex has a neg-
ligible effect on the ground state properties of these complexes.
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In contrast, the thiolate ligand in 4 has a more significant effect
on the state separation.

The ground states of the reduced forms, 1–42, of the ferryl-
complexes in entries (5)–(8), are all triplet states corresponding
to O2-like π-diradicals in accord with CASSCF 30 and experi-
mental data.31,34 Thus, as analyzed in Fig. 3 above, it is apparent
from Table 1 that the oxidized form of the analogs of HRP(I)
and P-450 ferryls (11–4) possesses two closely lying high-
spin states with a ‘hole’ in the porphyrin ring and an O2-like
ferryl moiety, while in the reduced form analogs of HRP(II)
there is one high-spin state associated with an O2-like ferryl
moiety.

Geometric features of the ground states. The optimized geo-
metric parameters in Table 1 show that in the ferryl complexes,
the Fe–O bond distance is in the range of 1.64–1.69 Å, well
within the range of experimentally measured bond lengths for
ferryl in active compounds: 1.604–1.68 Å.1–5,20 For comparison
we show in entry (9) that the calculated bond length for the 5Σ1

ground state of the FeO21 is 1.616 Å; also within the range of
experimentally measured bond lengths for ferryls. The FeIV–S
distance in 4 and 42 is a bit long, but since the calculations
reproduce a reasonable FeIII–S bond length 11b for the water
complex (see later Fig. 8), we may consider that the BP86
result for the FeIV–S bond length in the ferryl complexes is

Fig. 5 Ferryl-to-ring charge-transfer states and their symmetry
assignment in (a) C4v point group, and in (b) Cs point group.
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reliable. In fact, all the optimized structural data for the ferryl
complexes are in agreement with most models constructed
from X-ray data and by restricted optimizations of the Fe–O
bond.4,11b,20,31–33,35 The complementary structural data in Fig. 7
show that without the sixth ligand the iron lies significantly
above the porphyrin ring; by as much as 0.305 Å. The sixth
ligand ‘pulls’ the iron back into the plane, albeit not completely.
This trend is also in line with known experimental data.1–5

There is no special ligand effect on this structural feature.11b The
only structural effect exerted by the ligand is on the Fe–O bond,
which as seen from Table 1 undergoes elongation for thiolate as
a ligand. This latter effect is common to the oxidized and
reduced ferryl-complexes, and provides some support for the
‘push’ effect discussed for thiolate ligands,1,3,11b–d and is gener-
ally expected from ligands which are good π-donors.12b

Finally, Table 1 shows also the computed spin-density distri-
bution on Fe and O within the ferryl complexes. The spin dens-
ity is almost equally distributed over the two atoms, in accord
with the expected triplet π-diradical character of the Fe–O
bond. The values of the spin densities are in accord with the
recent DFT calculations of Kuramochi et al.20a performed with
a larger basis set, with (SCC)X-α results,32 as well as with the
results of CASSCF calculations.30

Fig. 6 Ligand-to-ring excited charge-transfer states for L = SH2 in (a)
and L = NH]]CH2 in (b). The electron in the ligand orbital is drawn with
a doubled-direction spin, such that the low- and high-spin situations
correspond to antiferromagnetic and ferromagnetic spin coupling
modes with that electron.
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Fig. 7 Fe-ring displacement parameters for the ferryl complexes (1–4)
in the ground states of the oxidized and reduced forms.
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Electronic structure of a product-complex state: a TSR scenario

Having ascertained the high-spin nature of the ground state, we
turn to the product-complex state (7), which would correspond
to the H2 hydroxylation reaction nascent from the high-spin
P-450 model compound (4). The results are depicted in Fig. 8
which shows the reactants, and the most stable structures for
the high- as well as low-spin product complexes (7HS, 7LS, 7LS9).

36

The ground state of the complex is the low-spin doublet state of
the product-complex (7LS); a result in accord with recent elec-
tron spin echo envelope modulation (ESEEM) spectroscopy of
the water complex of P-450,37 as well as with other experi-
mental data of low-spin six coordinated FeIII complexes which
possess thiolate groups.38 The plane of the water molecule and
the porphyrin ring in 7LS are parallel, and this provides some
extra stabilization due to internal hydrogen bonding between
the protons of the water molecule and the negatively charged
nitrogen atoms of the porphyrin. Indeed the two hydrogen
bonded nitrogen atoms are found to carry a significantly higher
negative charge than the other two. According to the ESEEM
spectroscopic data 37 the water molecule is in an upright pos-
ition. Our calculations show that this conformation shown in
7LS9 is of higher energy. It was postulated 37 that the upright
position is stabilized by hydrogen bonding with the protein
which is in line with our interpretation that the parallel con-
former 7LS is the most stable one due to the internal hydrogen
bonding interactions. For both low-spin structures, the Fe–O
bond lengths are well within the range of known experimental
values for water molecules bonded to Fe.14,35a Other low-spin
complexes of A9 symmetry were found to be significantly higher
in energy and are not reported here. The corresponding high-
spin quartet state 4A0 (7LS) is 13.6 kcal mol21 less stable than
the low-spin complex 7LS and has a virtually unbound water
molecule. We conclude therefore that the ground state of the
water-complex is 7LS/7LS9 with 2A0 symmetry.

A rationale for the low-spin ground state of the water com-
plex is provided in Scheme 5 using the upright water position
for simplicity. The scheme shows the d5 electronic configuration
in the low- and the high-spin situations in (a) and (b). For a
strong ligand field a low-spin occupation would be expected to
possess lower energy than the corresponding high-spin com-
plex, because the latter requires excitation of an electron from
the dxz orbital to the high lying σ*(dz2) orbital. This elec-
tron occupation pattern results in a considerable Fe–O bond

weakening and hence destabilization of the quartet high-spin
product-complex, as evident from Fig. 8.

The above low-spin ground state of the product complex
models experimental findings that the product complex of
5-hydroxycamphor with P-450cam is low-spin with a short Fe–O
bond.14,38a,39 This in turn shows that the hydroxylation process
would generally be spin-nonconserving and involve crossover
of high- and low-spin states along the reaction pathway, in
accord with the recently proposed TSR paradigm 15 which is
schematized in Fig. 1. Furthermore, as evident from Scheme 5,
in both high- and low-spin product states the a2u orbital is
doubly occupied and the porphyrin ring is closed-shell; in con-
trast to the reactant ground state, where the a2u orbital is singly
occupied. Thus, there must be an internal electron transfer
which fills the porphyrin’s hole along the reaction pathway. The
hole state then plays an essential role in the reaction.

The above results provide an incentive to look for excited
low-spin states which may, on the one hand, fit the TSR concept
and which, on the other hand, take into account the changes in
the electronic structure from the reactant to the product state.
These excited states are described below.

O2-Like excited states of FeO21 and ferryl complexes

Table 2 collects the excitation energies for the species which
serve as bonding models for the ferryl unit; the O2 molecule, as
well as the O2-like excitations of FeO21. The calculations for
FeO21 have been carried out for the equilibrium bond length as
well as for a stretched bond, 1.65 Å which corresponds to an

Table 2 O2-like excitation energies (eV) of gas phase FeO21 and O2

excitation energies a

Entry Transition Excitation energy

O2 excitation energies

1
2

1∆g–
3Σg

2

1Σg
1–3Σg

2
1.025
2.042

FeO21 excitation energies

3
4

3∆–5Σ1

3Σ2–5Σ1

rFeO = 1.616 Å
1.172
2.344

rFeO = 1.650 Å
1.113
2.225

a See Fig. 2 for state definitions, and eqns. (1)–(4) in the Appendix.

Fig. 8 Ground state of the P-450 ferryl complex model and the low- and high-spin product complexes for H2 oxidation.
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Table 3 Energies (eV) of the O2-like excitations for ferryl-complexes a

Entry Complex Group Ground state Excited state/Excitation energy

1

2
3
4

5

6
7
8

11

21

31

4

1

2
3
42

C4v

Cs

Cs

Cs

C4v

Cs

Cs

Cs

4A1

4A0
4A0
4A0

3A2

3A0
3A0
3A0

2B1

0.698
(0.651 b)

2A0
0.689
0.659
0.698

1B2

0.696
2A0
0.689
0.647
0.696

2B2

0.883
(1.000 b)
a-2A9
0.916
0.866
0.873

1B1

0.879
a-2A9
0.904
0.837
0.866

2A1

1.581
(1.586 b)
b-2A9
1.606
1.544
1.598

1A1

1.575
b-2A9
1.593
1.517
1.592

a See Fig. 4 for state definitions and eqns. (5)–(11) in the Appendix. b Datum obtained with the ROKS method.41

average value in the ferryl-complexes (see Table 1). It is seen
that the excitation energies (entries 1 and 2) from the high-spin
ground state of O2 to the corresponding low-spin excited states
are in reasonable accord with experimental data.40 The same
results were obtained recently using the restricted open-shell
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Kohn–Sham (ROKS) method which employs orbital optimiz-
ation,41 thereby indicating that the vector coupling scheme 25 is
quite reliable. The corresponding excitations of FeO21 in entries
3 and 4 in Table 2 are of similar magnitudes, and are not very
sensitive to the variations in the Fe–O bond length. The similar-
ity between the states of the two species is indeed striking, albeit
expected based on their common electronic origins (see Fig. 2).

The oxygen-like excitations in the ferryl-complexes 1–4 in
their oxidized and reduced forms are presented in Table 3.
The parenthetical values in entry 1 obtained with the ROKS
method 41 show that the vector coupling scheme gives results
within a few hundredth of eV from a result obtained by orbital
optimization. The various states can be discussed with reference
to Fig. 4. We recall that in the C4v ligand field, in 1, the ∆-type
excited states split into two states of B1 and B2 symmetry, while
in the Cs point group of 2–4, these states are A0 and A9. The
computed data in Table 3 show that the excitation energies of
this type are quite insensitive to the nature of the axial ligand
and state of the porphyrin, cation radical or closed-shell. The
lowest excitation energy is ca. 30% lower than in the FeO21 or
oxygen molecules. These excitation energies are however in the
same range as those calculated by CASPT2 for the bare FeO1

molecule, which is another possible model for embedded ferryl:
0.5–0.8 eV.13a Hence, by analogy with the FeO1 species, the low
lying doublet state where the ferryl moiety is in a perfect pairing
Fe]]O situation, is energetically accessible and can become
involved in the hydroxylation of alkanes via spin-state crossing.

Charge-transfer excited states of ferryl complexes

To identify low-spin excited states which are responsible for
differences between the ferryl-complexes and account for the
requisite internal electron transfer, we turn to the charge-
transfer states, described in Figs. 5 and 6. The results of these
calculations are given in Table 4; entries 1–4 provide the ferryl-
to-ring excitations, while entries 5 and 6 list the ligand-to-ring
excitations.

Inspecting entries 1–4, it is seen that, in the absence of the
sixth axial ligand (in 11) the ferryl-to-ring charge-transfer exci-
tation is very high, while a nitrogen ligand lowers the 4A0→2A9
excitation, the value still remains large. The most noticeable
effect is produced by the thiolate ligand (4) which lowers the
excitation energies to the two ferryl-to-ring charge-transfer
states, with a larger effect on the 2A9 state. A similar effect of
the proximal ligand is apparent from the ligand-to-ring charge-
transfer excitations in entries 5 and 6 which show that the thio-
late ligand gives rise to low lying states, in comparison with the
π-donor ligand H2C]]NH (in 31). These qualitative trends are
in general agreement with findings that the thiolate ligand pro-
duces low energy excited states 11d in comparison with imidazole
type ligands.
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Table 4 Energies (eV) of the charge-transfer (CT) excitations

Entry Complex Group Ground state Excited state/Excitation energy

Ferryl-to-ring CT state

1 11 C4v
4A1

2E
4.839 a

2
3
4

21

31

4

Cs

Cs

Cs

4A0
4A0
4A0

2A9
4.804 b

3.505 b

2.182 b

2A0
4.804 c

4.873 c

4.447 c

Ligand-to-ring CT state

5
6

31

4
Cs

Cs

4A0
4A0

2A9
6.219 d

0.552 d

4A9
6.927 e

0.897 e

a Calculated as single determinant energy (see the Appendix for specifications of the orbitals) E(2E) = E(exa2uā2u). b Calculated as E(2A9) =
E(a9a2uā2u). c Calculated as E(2A0) = E(a0a2uā2u). d Calculated as E(2A9) = 3

–
2
E(a9a0lp

–
a0) 2 1

–
2
E(a9a0lpa0). 

e Calculated as E(4A9) = E(a9a0lpa0).

Discussion
The computational results make a case for a TSR reactivity 15

mechanism of hydroxylation, where quartet and doublet spin
states intersect along the reaction path, and in which charge-
transfer states play a role in preparing and stabilizing the
product state, by filling the porphyrin ‘hole’. The proximity of
anti-ferromagnetic reactant states (Table 1) and the possibility
that the reactant state exists in a dynamic mixture of high-
spin and low-spin situations, will certainly assist the spin-state
crossover along the reaction path 42 but will not altogether
eliminate the requirement for spin–orbit coupling mediated
transition from the high-spin ground state to the low-spin
product-state. Let us then proceed to analyze some key issues
projected by the results; the roles of the porphyrin ‘hole’ and
of the excited states of the ferryl, as well as the effect of the
proximal ligand through the charge-transfer states.

The role of the porphyrin ‘hole’

The importance of the porphyrin ‘hole’ may be understood by
reference to the electronic structure of the water-complex in
Scheme 5, which shows that the ‘a2u’ orbital is doubly occupied
and the porphyrin is therefore closed-shell while the d-block
of the metal contains five electrons in a dx2 2 y2

2dxz
2dyz

1 formal
configuration. Thus, imagine a hydroxylation process starting
with a ferryl-complex that already possesses a closed-shell por-
phyrin, as e.g., in the HRP(II) species. Since initially there is one
additional electron, this would be required to populate in the
hydroxylation-complex either the empty σ*(dz2) orbital or the
singly occupied dyz orbital. The first option would have led to
the population of a high lying orbital, while the second option
would have required a closed-shell dx2 2 y2

2dxz
2dyz

2 configur-
ation (formal FeII) which is destabilized by virtue of electron–
electron repulsion, and is unfavorable unless the ligand field is
very strong. Thus, the porphyrin’s ‘hole’ serves as an electronic
sink which stabilizes the hydroxylation product state. This con-
clusion provides a theoretical rationale for the findings 9 that the
compound (II)-type ferryl-complexes with the closed-shell
porphyrin either do not exhibit an oxidative activity (see foot-
note 13 of ref. 9a) or are sluggish oxidants (ref. 9b). This is also
in line with the fact that the HRP(II) compound does not par-
ticipate in hydroxylation but rather in electron transfer en route
to regeneration of the active species HRP(I).2,3,5,11b

The situation of the ferryl embedded in the porphyrin com-
plex can be further compared with that of bare Fe–O1 13 which
performs hydroxylation without the presence of the porphyrin.
Thus, bare FeO1 with the dangling d-orbitals of the coordin-
atively unsaturated iron has a built-in electron sink,13,43 whereas
in the ferryl complex of e.g., P-450, in which the iron is co-
ordinatively saturated, the sink has to be provided by the cation
radical state of the porphyrin ligand.

The role of the low-spin excited states of the ferryl-complex

The calculations focused on two excited state types which
have a role along the hydroxylation path; the O2-like excited
states (Table 3) and the internal charge-transfer states
(Table 4).

Consider first the O2-like excited states. Initially in the high-
spin ground state the ferryl unit has a half-filled valence shell
and no low lying empty orbitals which can create bonding
interactions with the substrate undergoing hydroxylation. In
contrast, the low-spin states (especially the 1∆-types) possess a
low lying empty orbital (π*) which can interact with the sub-
strate (RH) and lead to formation of the new O–H and O–R
bonds. Thus, the role of O2-like low-spin excited states is to
activate the ferryl unit towards bond formation with the sub-
strate.13,15 The fact that these states are considerably lower than
the corresponding states in the O2 molecule itself (Table 2 vs.
Table 3) implies also that ferryl-complexes will be more power-
ful oxidants than O2.

The role of the internal charge-transfer states is to promote
the electron reorganization that fills the porphyrin ‘hole’
along the reaction pathway. A more detailed orbital origin of
the charge-transfer state can be defined by a simple electron
count of the valence electrons of the reactant ferryl-complex
and the product water-complex. Since the π and π* orbitals
of the ferryl unit have mixed Fe and O characters, all the
corresponding electrons must be counted. This will require
counting also the p-lone pair electrons of the water moiety in
the product complex since this orbital mixes with the sym-
metry matched d-orbitals of the iron. Thus, initially the ferryl
moiety involves eight electrons in the d/π block (d2π4π*2,
Fig. 3) and one electron in the ‘a2u’ orbital. Finally, in the
product complex, the Fe–O moiety contains seven electrons
(pO

2dx2 2 y2
2dxz

2dyz
1), while ‘a2u’ is doubly filled (Scheme 5).

Thus, while the precise details of the charge-transfer may be
complex, it is apparent that the ferryl moiety loses one electron
to the porphyrin during the reaction. This in turn means that
the ferryl-to-ring charge-transfer states participate in the
internal electron transfer which occurs during the reaction. A
simple rationale for this internal reorganization is that in
order for the ferryl oxygen to form two new bonds during the
hydroxylation, and at the same time retain one Fe–O bond, one
electron must be lost from the bonding block of the ferryl moi-
ety and relayed by internal charge-transfer to the ‘hole’ in the
porphyrin.

It is important to recognize that along the reaction coordin-
ate the charge-transfer states and the O2-like excited states will
mix with each other until correlation is achieved to the product
state. Thus, it is the combination of the excited states which will
promote the bonding reorganization required to transform the
reactant state to the product state.
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The effect of the proximal ligand

The lower the energy of the state combination which correlates
to the product state along the reaction pathway, the lower
would be the crossing point between the quartet and doublet
states (see Fig. 1) and the smaller the barrier for the process is
likely to be. In this sense, it is apparent that while the O2-like
states (Table 3) are unaffected by the ligand, in contrast the
charge-transfer states (Table 4) exhibit a significant dependence
on the identity of the proximal ligand; the sulfur ligand being
considerably more effective than the nitrogen ligands. Let us
therefore discuss the possible pathways along which the prox-
imal ligand effect may be expressed.

Inspection of Fig. 8 shows that the low-spin product state
possesses 2A0 symmetry. Tables 3 and 4 show that there exist
two sets of O2-like and charge-transfer excited states with 2A9
and 2A0 symmetries. It is apparent therefore that it is the 2A0
combination of O2-like and charge-transfer states which will
eventually correlate to the product state. Nevertheless, the prox-
imal ligand effect depends on the question of whether or not
the hydroxylation reaction path conserves a plane of symmetry,
i.e., if all the structures along the path belong to the Cs point
group.

If the reaction path conserves Cs symmetry, only the 2A0
states will affect reactivity. As seen by comparing entries 3 and 4
in Table 4, the SH2 ligand stabilizes the 2A0 charge-transfer
state by ca. 0.4 eV in comparison with the CH2]]NH ligand.
Such a pathway will exhibit a moderate effect of the proximal
ligand making the thiolate-ferryl complex more reactive than its
nitrogen-base alternative. If however, the reaction path does not
conserve any symmetry, this will lead to the mixing of all the
charge-transfer states, and since the 2A9 charge-transfer state
(entries 4 vs. 3, and 6 vs. 5) is very strongly affected by the
identity of the ligand, we may anticipate a much more pro-
nounced ligand effect on reactivity. Thus, a ligand effect is
expected irrespective of the reaction path symmetry, and the
thiolate ligand should exert a more pronounced effect on the
hydroxylation mechanism compared with the nitrogen-based
ligand.

Fig. 9 shows an orbital interaction which accounts for the
proximal ligand effect of the SH2 ligand. Sulfur has two lone-
pair orbitals (a9 and a0 in Cs point group symmetry), and each
one of them can mix with the symmetry matched singly occu-
pied π* orbital of the ferryl unit, and form bonding and anti-
bonding combinations, the latter made primarily of the π*(FeO)
orbital. The mixing depends on the Fe–S distance, which is seen
from Fig. 8 to undergo significant shortening (2.471→2.18 Å)
with concomitant pulling of Fe toward the sulfur from the
position above the porphyrin (10.100 Å) to the position below
it (20.169 Å/20.133 Å for 7LS and 7LS9 respectively). Clearly,
then, as the Fe–S bond gets shorter along the reaction path, the
orbital mixing increases and the antibonding orbital combin-

Fig. 9 The ligand assisted mechanism of internal electron transfer
from the ferryl to the porphyrin ring along the hydroxylation pathway.
The lone-pair orbital (lp) of the sulfur ligand mixes with the π* orbital
of the ferryl. The electron in the antibonding combination orbital even-
tually fills the singly occupied a2u orbital of the porphyrin.

1e–

a2u

lp S

π
FeO
*

ation will rise up to a point where it can depopulate its electron
into the a2u orbital of the porphyrin. The net effect is a signifi-
cant stabilization of the system along the reaction coordinate. It
follows therefore that the thiolate ligand stabilizes the charge-
transfer state which is required to assist the transformation of
reactants to products by providing a donor orbital that can mix
with the ferryl π* orbitals and cause them to shift an electron to
the porphyrin ‘hole’.44 The nitrogen base ligand HN]]CH2 has
in comparison a πN]]C orbital which is significantly lower than
the thiolate lone-pair orbitals, and therefore HN]]CH2 has an
ineffective orbital interaction and high lying charge-transfer
states. Thus, it is here in the charge-transfer excitation that we
see the impact of the proximal ligand which distinguishes the
P-450 species (4) from the HRP(I) species (31). Similar explan-
ations were given before 11b,c to account for this difference and
the associated ‘push’ effect 1,3 of the proximal thiolate ligands.
This electronic effect can be moderate to significant depending
on whether or not the reaction path conserves Cs symmetry.
Moreover, the proximal ligand effect is associated with the
presence of the porphyrin hole, and as such the reduced ferryl
complexes like HRP(II) and type (II)-ferryls would not be
expected to exhibit a pronounced proximal ligand effect.

Summary and conclusions
Three fundamental issues were raised at the outset concerning
the reactivity patterns of model ferryl-complexes of P-450 and
HRP(I)/HRP(II) species (1–4 in Scheme 3). What is the role of
the cation radical state of the porphyrin in P-450 and type (I)-
ferryl complexes? What is the effect of the proximal axial ligand
in these complexes? And whether there occurs indeed a spin-
state crossing during their hydroxylation reactions, as postu-
lated in reference 15? Our DFT study and theoretical analysis
provide insight into these problems and demonstrate their
intimate link.

The calculations for P-450 and HRP(I)/HRP(II) species (1–4
in Scheme 3) reveal that all the ferryl-complex models possess
a high-spin ground state, in which triplet ferryl-electrons are
ferromagnetically coupled to a porphyrin electron in a
singly occupied orbital (a2u) of the porphyrin cation radical.
At the same time, the product state generated by P-450
oxidation of H2 (7 in Scheme 3) is in a low-spin doublet
state. Thus, a case is made for a two-state-reactivity (TSR) 15

for P-450 alkane hydroxylation, where the initial high-spin
surface is crossed by a low-spin surface along the reaction
pathway.

The low-spin surface which eventually correlates to the
product state is influenced by an internal charge-transfer state
in which a ferryl π* electron is relayed into the singly occupied
orbital (a2u) of the porphyrin cation radical. This is mediated by
the interaction of the ferryl moiety with both the proximal
ligand and the substrate, along the hydroxylation pathway.
Thus, the study provides supporting theoretical evidence that
the cation radical state of the porphyrin is an essential ingredient
required to accept the relayed electron and stabilize thereby the
ground state of the hydroxylation product, and that the donor
property of the proximal ligand has a significant influence on the
energy of the ferryl-to-ring charge-transfer states which are essen-
tial to convert the reactant state to the hydroxylation product
state. Thus, the role of the ‘hole’ state, the effect of the proximal
ligand and the TSR aspect are all linked. In this sense, our study
sheds some light on the difference between HRP(I) and
HRP(II) or in general between type (I) and type (II) ferryls,9

as well as on the effect of the proximal ligand.12 One would
expect that type (II)-ferryls which lack the porphyrin ‘hole’
will react generally slower than type (I) complexes, and will
exhibit entirely different axial ligand effects.

The present results must eventually be complemented by
further quantum-chemical calculations which can elucidate
the full mechanistic details of the hydroxylation by ferryl-
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porphyrins especially with regard to the transition states. Such
studies are in progress.

Finally, the study provides a few intriguing features which
merit attention in future studies. One is concerned with the
ligand-to-ring charge-transfer states in the P-450 ferryl-com-
plexes. It is apparent from Table 4 (entries 5 and 6) that these
states are very low lying for the SH2 ligand, and this is no doubt
related to the high lying donor orbital (a0) of sulfur.45 It is
reasonable to expect that in some thiolate derivatives the
ground state of the ferryl-complex will involve a triplet ferryl
coupled to a sulfur radical, like the charge-transfer states in
Table 4 (entries 5 and 6). Trautwein et al.32 have indeed reported
such a high-spin ground state for the CH3S

2 ligand. In such an
event, the ‘hole’ state shifts from the porphyrin to the proximal
ligand and it plays a similar role to the porphyrin ‘hole’. Our
calculations (Table 4, entry 6) however show that the ground
state for this situation is more likely to be a low-spin state
2A0. Should this low-spin ground state be a common situation
then the reactivity of thiolate derivatives will not follow TSR
and will be distinct among the ferryl-complexes. The second
intriguing feature is concerned with the dense manifold of
ground states, which is exhibited in Table 1. Thus, within a
range of a few kcal mol21, each ferryl complex possesses two
different high-spin ferromagnetic states (e.g., 4A9 and 4A0) and
two antiferromagnetic twins. The oxidation process with back-
ground dynamics of all these states is a challenging problem to
decipher. The loss of the Fe–O bond in the high-spin suggests
that the high-spin and low-spin pathways will be differently
affected by the protein environment. Finally, the movement of
the proximal ligand, exemplified by the shortening of the Fe–S
bond during the reaction (2.471→2.18 Å) suggests a significant
role for the protein pocket which provides the proximal ligand
group.
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Appendix
The Appendix provides expressions used in applying the vector
coupling scheme 25 to the excited states of the various species.

Eqns. (1) and (2) were used to calculate the excited state ener-
gies for O2 from the corresponding Kohn–Sham determinants
(Table 2). Here the π* orbitals refer to the real Cartesian
orbitals in the x or y direction perpendicular to the molecular
axis. With these equations, the low-spin excited states acquire
the correct electronic symmetry.

E(1∆g) = ¹̄
²
[E(πx*π̄y*) 1 E(πx*π̄x*)] (1)

E(1Σg
2) = E(πx*π̄y*) 1 E(πx*π̄x*) 2 E(πx*πy*) (2)

The corresponding state energies for FeO21 are calculated
(Table 2) using eqns. (3) and (4), where δx corresponds to the
dx2 2 y2 δ-type orbital and δy to dxy.

E(3∆) = ¹̄
²
[E(δxδyπx*π̄y*) 1 E(δxδyπx*π̄x*)] (3)

E(3Σ2) = 2E(3∆) 2 E(5Σ1) (4)

The ferryl states in C4v and Cs groups (Fig. 3) are very similar
and their energies (Table 3) can be expressed via single deter-
minant energies as given in eqns. (5)–(11).

E(3A2) = E(exey); ex = πx*, ey = πy* (5)

E(1B2) = 2E(exēy) 2 E(3A2) (6)

E(1B1) = E(exēx) 1 E(exēy) 2 E(1B2) (7)

E(1A1) = E(1B2) 1 E(1B1) 2 E(3A2) (8)

E(3A0) = E(a9a0); a9 = πx*, a0 = πy* (9)

E(1A0) = 2E(a9ā0) 2 E(3A0) (10)

E(a 2 1A9) = ¹̄
²
[E(a9ā9) 1 E(a0ā0)] 2 √∆2 1 K2

(11)
E(b 2 1A9) = ¹̄

²
[E(a9ā9) 1 E(a0ā0)] 1 √∆2 1 K2

∆ = ¹̄
²
[E(a9ā9) 2 E(a0ā0)]

K = ¹̄
²
[E(1A0) 2 E(3A0)]
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