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The origin of the displacement of the Fe atom in deoxymyoglobin with respect to the porphyrin
plane in the high-spin state is examined by a qualitative molecular orbital (MO) analysis on the
extended Hiickel level. We find that attachment of a fifth ligand (imidazole in our model complex)
to Fe(Il)porphyrin favors the out-of-plane shift due to a strengthening of the bonding interaction
between Fe and the nitrogen of the imidazole ligand. This results in a high-spin (S = 2) ground state
with Fe shifted out-of-plane for the five-coordinate complex instead of an intermediate spin ground
state (S = 1) with Fe lying in the plane for four-coordinate Fe(II)porphyrin. The relative energies of
the different spin states as a function of the distance between Fe and the porphyrin plane are evaluated
using an ROHF (restricted open shell Hartree-Fock) version of an INDO (intermediate neglect of
differential overlap) method. We observe a level crossing between high-spin and intermediate spin
states whereas the low-spin (S = 0) state remains always higher in energy.
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1. Introduction

Tetrapyrrole macrocycles represent an important
class of ligands in biological systems due to their abil-
ity to bind metal ions thus forming metalloporphyrins.
Well-known examples are hemoglobin, myoglobin,
chlorophyll, cytochromes and peroxidase which play
an important role in the transport, storage and redox
reactions of molecular oxygen in organisms. There
have been extensive efforts to design model systems
which mimic the biological functions of metallopor-
phyrins [1,2]. Theoretical studies on the electronic
structure of metalloporphyrins and models for the cor-
responding functional units in biological systems are
also abundant [3 - 32]. The electronic structure inves-
tigations published in the past three decades cover
a range from one-electron models of the extended
Hiickel (EH) type over semiempirical single- and
many-determinantal approaches to ab initio methods.
The improved computational efficiency achieved in
recent years rendered possible complete active space
self-consistent-field (CASSCF) calculations [24, 25]
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as well as density functional studies coupled to a
Car-Parrinello molecular dynamics [30]. Both the
CASSCEF [24,25] and earlier semiempirical studies
of the many-determinantal type have shown the im-
portance of electron correlation in dioxygen heme
complexes. In those systems, a single determinantal
wavefunction does not allow a quantitative descrip-
tion of all aspects of the corresponding electronic
structure. Inspection of the literature shows that even
highly advanced electronic structure calculations still
leave open questions in our understanding of elec-
tronic structure effects of metalloporphyrins. These
have been the main motivation of the present model
study which has the intention to demonstrate the util-
ity of simple molecular orbital (MO) concepts in the
qualitative understanding of certain bonding proper-
ties in metalloporphyrins. Such an approach is of par-
ticular interest if it leads to an explanation of experi-
mental observations.

Experimental information on the electronic struc-
ture of iron porphyrin complexes and related biolog-
ical units is obtained from Mdssbauer spectroscopy
[33-36]. The experimentally observed gradients of
the electric field at the nuclear site of the iron ion
can be fitted using a phenomenological crystal-field
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Hamiltonian including spin-orbit coupling [33 - 36].
However, it is sometimes difficult to fit the experi-
mental results by a unique set of model parameters.
Moreover, the sensitivity of the Mdssbauer spectra to
the variation of structural parameters is not always
guaranteed. It has been assumed for quite a long time
that small displacements of the iron with respect to
the porphyrin plane would not significantly affect the
electric field gradient at the iron nucleus [12]. Al-
though Mossbauer spectra are a valuable source of
information on the electronic structure of iron com-
plexes it remains a difficult task to establish a clear
relationship between the experiments and the results
of theoretical calculations.

The distance between the iron atom and the plane
of the porphyrin unit in myoglobin and hemoglobin is
an important structural parameter which determines
the ability to bind ligands like CO or O,. It is generally
assumed that the quarternary structure of hemoglobin
leads to a cooperative effect induced by the attach-
ment of an O, ligand to one of the four heme units.
This process triggers a structural transition from the
so-called T- to the R-form of the heme, thus facili-
tating the attachment of additional O, ligands to the
remaining hemes of the quarternary unit [37]. This
increased affinity to oxygen binding is due to a re-
duction of the distance between the Fe atom and the
porphyrin plane accompanying the structural transi-
tion from the T- to the R-form.

It is well-known that deoxymyoglobin has a high-
spin (S = 2) ground state with four unpaired electrons
mainly localized on the iron. Even if it is clear that
an out-of-plane shift of the Fe atom and the corre-
sponding reduction of the ligand field splitting will
favor the high-spin as compared to low-spin and inter-
mediate-spin states, one may raise the question in
the first place why the Fe atom moves away from
the porphyrin plane in deoxymyoglobin with a five-
coordinate Fe atom but not in the four-coordinate
Fe(Il)porphyrin complex. This displacement has pre-
viously been ascribed to a non-bonded interaction
between the nitrogen lone pair of the imidazole lig-
and and the lone pairs of the pyrrole nitrogens of
the porphyrin [13]. A quantification of this sugges-
tion, however, has not been given. In the present con-
tribution we would like to reinvestigate this ques-
tion on the basis of semiempirical MO calculations.
Due to the violation of the aufbau principle in these
compounds, the application of many standard ab ini-
tio Hartree Fock black box programs turned out to
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be unsuitable. Other highly sophisticated techniques
[24, 25, 30] may have the disadvantage that transpar-
ent interpretations of computational results are diffi-
cult. We therefore decided to focus on qualitative ar-
guments of the same type as those used by Hoffmann
and coworkers [38,39] in their transparent analyses
of transition metal compounds. Such arguments do
not depend on the details of the corresponding com-
putational tool. Thus, the following analysis relies ex-
clusively on MO calculations of the extended Hiickel
type [38] and a restricted open shell Hartree-Fock
(ROHF) version [40] of an intermediate neglect of
differential overlap (INDO) Hamiltonian developed
for transition metal compounds [41]. Although the
present strategy does not lead to results of quantita-
tive accuracy we would like to demonstrate the utility
of qualitative concepts for our understanding of the
electronic structure of metalloporphyrins. Instead of
presenting “exact” numbers we evaluate a general in-
teraction mechanism which is controlled by the sym-
metry of the atomic orbitals and electronic occupation
numbers.

The organization of the present contribution is as
follows. In Sect. 2 we describe the results of extended
Hiickel calculations on a model for deoxymyoglobin.
In Sect. 3 the relative energies of the different spin
states are analyzed as a function of the distance be-
tween Fe and the porphyrin plane using the afore-
mentioned ROHF version [40] of the INDO method
of [41]. The article ends with a short resume. The com-
putational conditions of the EH calculations as well
as an energy fragmentation within the EH formalism
are given in an appendix.

2. Extended Hiickel Calculations on a Model for
Deoxymyoglobin

Our deoxymyoglobin model is shown 1n Figure 1.
The terminal groups of the heme have been replaced
by hydrogens and the proximal histidine by imida-
zole for which we assume the geometry of the free
molecule [42]. The distances between the center of
the porphyrin ring and each of the four pyrrole nitro-
gens and between Fe and the nitrogen of imidazole
are taken as 1.97 and 2.1 A, respectively. Note that
the Fe atom is not necessarily located in the porphyrin
plane. This topic is the central subject of the following
analysis. The coordinate system with its origin in the
center of the porphyrin ring has been chosen such that
the z axis is perpendicular to the porphyrin plane and
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Fig. 1. Schematic representation of the deoxymyoglobin
model complex. The xy-plane corresponds to the porphyrin
plane with the four nitrogens being located on the x and y
axes. The imidazole ligand lies in the xz plane. The hydrogen

atoms have been omitted in the simplified diagram. In the
schematic display Fe is located in the porphyrin plane.

(

N

that the four pyrrole nitrogens lie on the x and y axes.
The imidazole ring is assumed to lie in the xz-plane
thus eclipsing two Fe-N bonds as suggested by X-ray
structure data for deoxymyoglobin [43].

We already mentioned the out-of-plane displace-
ment of Fe in the five-coordinate complex denoted
as ImFe(II)P in the following and shown schemat-
ically in Figure 1. This displacement, which is not
shown in Fig. 1, leads to a high-spin ground state
(8 =2). The four-coordinate complex Fe(IT)porphyrin
Fe(II)P, on the other hand, has an intermediate-spin
ground state (S = 1) with the iron located in the por-
phyrin plane. One may therefore assume that the fifth
ligand plays an essential role for the out-of-plane
shift of Fe. It is illustrative to consider the change
in the total energy of the complex in the high-spin
state as a function of the distance dg,_p between the
metal and the porphyrin plane for both the five-coor-
dinate model complex ImFe(II)P and four-coordinate
Fe(II)P as obtained from extended Hiickel calcula-
tions. The EH papameters employed are summarized
in the appendix. On variation of dp,_p we always
keep the distance between Fe and the nitrogen of im-
idazole at a fixed value of 2.1 A, i.e., we move the
subunit Fe-imidazole as a whole. The results of the
extended Hiickel calculations are shown in Figure 2.
The Fe 3d orbital occupation for the high-spin state is
(d)*(d,)'(d,,)'(d,2)"(d2_ )" (see below). Although
the extended Hiickel method cannot be expected to
provide quantitative results with respect to variation
of geometry parameters the qualitative shape of the
curves is interesting. It can be seen that the position
of Fe at the energy minimum is outside the porphyrin
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Fig. 2. Energy of the high-spin state as a function of the
distance dg._p (in A) for the four-coordinate Fe(II)P and the
five-coordinate ImFe(II)P complex. The numerical results
have been obtained from extended Hiickel calculations. The
energy obtained for Fe lying in the porphyrin plane has been
chosen as the zero point of the energy scale in both cases.

plane in both cases. However, we observe only a very
shallow minimum for Fe(II)P, whereas the minimum
for ImFe(II)P is much more pronounced indicating
that the presence of the fifth ligand favors the out-
of-plane displacement of Fe. The extended Hiickel
calculations for the triplet states of both the four- and
five-coordinate complexes (not shown here) yield an
equilibrium position of the iron in the porphyrin plane.
We will elucidate these structural features on the basis
of a qualitative MO analysis in the following.

Let us first consider the interaction between Fe
and the four N atoms of the porphyrin ligand. The
symmetry-adapted linear combinations of the N lone-
pair orbitals which act as o donors to the metal are
given in Scheme 1. The labels of the irreducible repre-
sentations refer to the symmetry group D, of the four-
coordinate complex. m-backbonding from the metal

R .

~ O Oe= O e O
- V Y
—_ J
big Yeu ayg
Scheme 1.
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to the pyrrole nitrogens plays only a minor role and
will not be considered here. The metal-ligand bonding
is largely determined by the overlap between the N
lone pair orbitals given in Scheme 1 and Fe atomic or-
bitals (AO’s) of the same symmetry, i. e., b -3d,_,
€y — 4p,, 4p, and a;, — 3d,,, 4s. The mteractlon be-
tween these ligand and Fe “orbitals leads to bonding
linear combinations with predominant ligand charac-
ter which are all doubly occupied. It should be noted
that this interpretation is somewhat simplified because
the bonding interaction may be spread out over several
ligand MO’s rather than being concentrated within a
single ligand MO for each symmetry. Such a simple
two-orbital picture defined by a bonding-antibonding
pair provides, however, a convenient short-hand inter-
pretation of the metal-ligand interaction. Of course,
the antibonding MO’s of this metal-ligand coupling
exhibit pedominant metal character. However, with
one exception for the high-spin state, these antibond-
ing MO’s are not occupied as we will see shortly.

- dxz-y3 + - dxz')’z +
+ d;2 +
% + dxz 7+ _I_ _H- + Xm‘dl+ -{_
+ T H e, H
—+ d,: +
S=1 S=2 S=1 §$=2

(a) (b)

Fig. 3. Schematic MO energy splitting of the orbitals with
predominant metal 3d character for the four-coordinate
Fe(II)P complex (a) and the five-coordinate model com-
plex ImFe(II)P (b). The orbital occupancies are shown for
an intermediate-spin (S = 1) and a high-spin (S = 2) state.

To get an idea of the orbital occupation in the dif-
ferent spin states we have to consider the ligand field
splitting of the orbitals with predominant metal 3d
character as represented schematically in Figure 3.
In four—coordinate Fe(II)P (Fig. 3(a)) there are four
MO’s (d,,, d,,, d,,, d,) which show only little mix-
ing with llgand orbitals. These MO’s remain almost
pure metal orbitals and are close in energy; lower
set of MO’s. The Fe 3d,,_.. AO, on the other hand,
has a favorable overlap with the linear combination
of N lone pair orbitals of b, ¢ Symmetry shown in
Scheme 1 thus interacting more strongly with this
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symmetry-adapted ligand orbital. This results in an
energetic up-shift of the antibonding component of
this interaction. Thus, the MO derived from d,

is just one of the aforementioned antibonding MO¥

with predominant metal character. In the following
we will always denote MO’s with predominant metal
3d character by the corresponding AO labels.

If we attach the fifth ligand, i. e., imidazole in our
model complex, the 3d , orbital finds also a partner
to interact with because it overlaps favorably with the
lone-pair orbital of the pyridine-like nitrogen of imi-
dazole. The antibonding MO resulting from this cou-
pling is denoted as d , in Figure 3b). Its destabilization
is, however, less pronounced than that of d._,. (see
Figure 3b)). This is mainly due to a hybridization with
Fe 4s and 4p, orbitals which attenuates the antibond-
ing interaction (see below).

The Fe 3d orbital occupations used in our calcula-
tions are also given in Figure 3. In the case of the five-
coordinate complex ImFe(I[)P (Fig. 3b) we take the
occupation of the ground state for each spin multiplic-
ity as obtained from the INDO calculations described
below. Please note that configurations generated via
a redistribution of the spins in the MO’s d,,, d,,, d,,
are very close in energy. Fortunately, it turned out
that the occupation of the low-lying MO’s d,,, d,,,
d,, is not relevant for the following considerations.
Since there are mainly the MO’s dZZ andd,,_, within
the 3d orbital block which are strongly involved in
metal ligand bonding all what matters in the present
context is the occupation of these two orbitals. This
insensitivity of the results has been checked by INDO
calculations for other orbital populations within the
d,,, d,;, d,, orbital set. In other words, in the present
work we discuss a problem in the language of simple
MO arguments although the exact orbital occupation
of the ground state cannot be determined within this
degree of sophistication. This point has been touched
upon already in the introduction. The MO d,, is al-
ways singly occupied whereas d, _, is empty in the
intermediate-spin and singly occupled in the high-
spin state. In the case of Fe(I)P (Fig. 3a) we use the
same orbital occupations as for the five-coordinate
complex for reasons of comparability even if these do
not correspond to the ground state.

After having described some of the basic features
of metal-ligand interaction and the corresponding
ligand-field splitting of the metal 3d orbitals in both
Fe(I)P and ImFe(II)P, we would like to investigate
how these properties are influenced by a variation
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Fig. 4. Energies ¢; of the MO’s with predominant metal 3d character as
a function of the distance dg,_p (in A) for the four-coordinate Fe(II)P
and the five-coordinate ImFe(II)P complex. The numerical results have

been obtained from extended Hiickel calculations.

of the distance dp,_p. It is obvious that an out-of-
plane displacement of the iron reduces all overlaps
which favor metal-ligand bonding between Fe and
porphyrin even if the lowering of the symmtery from
D, to C,, allows additional ¢ — m mixing. Thus,
the bonding interaction between Fe and the N atoms
of porphyrin is expected to be weakened. However,
since the Fe-N(porphyrin) antibonding d,,_ , orbital
is empty in the intermediate-spin state but singly occu-
pied in the high-spin state, the metal-ligand bonding
between Fe and porphyrin and the loss of this bond-
ing resulting from the displacement of Fe is much
more pronounced for the former than for the latter. It
is therefore not surprising that the energy minimum
of the intermediate-spin state is obtained for Fe lying
in the plane, whereas the balance of metal-ligand in-
teractions as a function of the distance dg,_p is less
obvious for the high-spin state.

The extended Hiickel MO energies ¢; of orbitals
with predominant metal 3d character as a function
of the distance dg,_p are shown in Fig. 4 for both
Fe(II)P and ImFe(II)P. First, it should be noted that
these energies do not differ significantly for the two
compounds except for d,. In both systems, it is the
MOd ,__, which undergoes the most dramatic change

2=y ;
as a function of the out-of-plane shift. It looses much

Fe-P

Fig. 5. Two-center bond energy Eg._y between
Fe and the neighboring N atom of imidazole
as a function of the distance dg._p (in A). The
numerical results have been obtained from ex-
tended Hiickel calculations.

of its antibonding character as a consequence of the
decreased overlap betweend,, ., and the symmetry-
adapted b,, linear combination of lone pair orbitals
(see Scheme 1). Of course, the corresponding bond-
ing interaction which can be retrieved in lower-lying
MO’s with predominant ligand character is also re-
duced resulting in an energetic up-shift of these or-
bitals (not shown here). In the high-spin state, this
up-shift of the doubly occupied MO’s is compensated
to a large extent by the down-shift of the singly occu-
pied d,_, MO such that the net effect of the Fe dis-
placement on bonding between Fe and the porphyrin
ligand MO is much smaller than for the intermediate-
spin state.

The principal difference between the two com-
pounds is given by the energetic position of the d
orbital. It is this orbital that must be analyzed in some
more detail if we want to understand the pronounced
out-of-plane energy minimum of the high-spin state
of ImFe(II)P. It can be seen from Fig. 4 that this orbital
is considerably higher in energy in the five-coordinate
as compared to the four-coordinate complex. The di-
agram shows that the energy of d,, as a function of
dg._p changes very little for Fe(II)P whereas one ob-
serves a considerable down-shift for ImFe(II)P. This
is somewhat surprising given the fact that this orbital
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Table 1. Metal AO coefficients of the MO with predominant
3d,2 character obtained from extended Hiickel calculations
as a function of the distance dg,_p.

dpe—p 3dzz 4s 4pz
0.0 0.81 0.16 0.21
0.2 0.81 0.13 0.19
0.4 0.80 0.08 0.18
0.6 0.79 0.03 0.16
0.8 0.78 -0.02 0.14

interacts mainly with the N lone pair orbital of imid-
azole. Remember that the distance between Fe and
imidazole remains fixed.

The energetic down-shift of d , in ImFe(IT)P might
be explained by a weakening of the antibonding inter-
action between Fe and N(imidazole) for this orbital.
A reduction of the antibonding interaction should
strengthen the bond between these atoms. To con-
firm this hypothesis it will be useful to calculate
the diatomic interaction energy of the correspond-
ing metal-ligand atom pair. The definition of such a
diatomic bond energy E,y between two atoms A and
B is given in the appendix. Using Eq. (9), the bond
energy between Fe and the nitrogen of imidazole as
a function of the distance df,_p is shown in Figure 5.
It can be seen that there is a considerable strengthen-
ing of the Fe-N(imidazole) bonding interaction with
increasing dg,_p in the five-coordinate complex.

We have already mentioned the important role of
the the MO with predominant 3d , character. Thus, we
would like to analyze this MO in some more detail.
The first order admixture of the o donating N lone
pair orbitals denoted as op and o, for porphyrin and
imidazole, respectively, to this MO is antibonding for
both ligands. Apart from this dominant mixing, the
MO 3d,, is also slightly hybridized with contribu-
tions from Fe 4s and 4p,. The coefficients for the Fe
3d,, 4s and 4p AO’s of this MO as a function of the
distance dg,_p are given in Table 1. It can be seen
that the 3d, contribution remains almost constant.
Whereas the hybridization with 4p, does not change
very much, we observe a more pronounced change of
the hybridization with 4s on variation of the distance
dg._p. In terms of perturbation theory, the admixture
of 4s to 3d,, may be classified as a second order ef-
fect [44] occuring via interactions with N lone pair
orbitals of the porphyrin or the imidazole ligand. The
relevant Fe and ligand orbitals are shown schemati-
cally in Scheme 2. This second order effect modifies
the antibonding interaction between Fe and the imid-
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4s — @)

Scheme 2.

azole ligand. The sign and thus the energetic influence
of the second order admixture cy;, 3d, of 4sto 3d , can
be extracted from the following expression [44] which
is based on conventional perturbation theory:

S3dzz—USU—4S
(£3d,, — €4s)(€3d,, — €0)

C4s,3d , ~

The two elements in the numerator denote overlap in-
tegrals 53(112_‘7 or S,_4s between nitrogen lone pair
orbitals (o) and, respectively, Fe 3d , or 4s AO’s. The
denominator of this expression contains differences
between the MO energy levels shown in Scheme 2.
It is easily verified that it is negative for both op and
0y, The product of overlap integrals in the numera-
tor, however, is positive for oy but negative for op
(5'3‘112_[,Im >0, Sgdzz_ap < 0). This is a consequence
of the negative lobe of the 3d, AO in the xy-plane.
Hence, the two second order mixings of 4s with 3dZZ
are of opposite sign depending on whether they occur
via the porphyrin or via the imidazole ligand. In the
latter case, the Fe 4s contribution to 3dz2 has a neg-
ative sign like the first order contribution o, so that
4s and oy, interfere in a bonding fashion thus weak-
ening the overall antibonding interaction between Fe
and imidazole in the MO with predominant 3dz2 char-
acter. The opposite effect is observed for the second
order mixing of 4s with 3d , via the porphyrin ligand
which enhances the antibonding interaction between
Fe and imidazole for the MO 3d22. An increase of the
distance dg,_p lowers the overlap integral between
op and 3d, but leaves the overlap integral between
O1m and 3d,, unchanged. The weight of the second
order mixing via the porphyrin ligand is therefore
diminished which weakens the antibonding interac-
tion between Fe and N(imidazole) for the MO 3d ,.
It should be noted that our explanation of the rehy-
bridization of the 3d,, MO with 4s is still somewhat
oversimplified because the overlap between the p, or-
bitals of N(porphyrin) and 3d , increases from zero to
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finite values as the iron is moved out of the plane. This
additional mixing even enhances the rehybridization
described above.

3. Relative Energies of the Different Spin States,
Charge and Spin Distributions

In the preceding section we tried to explain how the
attachment of a fifth ligand to Fe(II)porphyrin favors
the out-of-plane shift of Fe in the high-spin state. The
corresponding considerations are not relevant for the
position of Fe in the intermediate-spin state because
in this case the weakening of the bonding interaction
between Fe and porphyrin resulting from the out-of-
plane shift overrides all other effects. Even if the trans-
parency of the extended Hiickel method is helpful in
a qualitative analysis of the metal-ligand bonding this
approach does not give any information on the rela-
tive stabilities of different spin states because it does
not take into account the exchange stabilization of the
high-spin state. The preceding considerations rest on
the assumption that the high-spin state of ImFe(II)P
is really the ground state for the distance di,_p where
the energy hyperface of the high-spin state exhibits a
minimum. To clarify this point it is useful to calcu-
late the relative energies of the different spin states
as a function of the distance dp,_p. This will be done
using a ROHF version of an INDO method devel-
oped for transition metal compounds [41]. It should
be noted at the outset that this method does not pro-
vide energy curves of trustworthy accuracy as a func-
tion of geometry parameters like the distance df,_p.
For example, one does not obtain an out-of-plane
energy minimum for the high-spin state. One might
also have doubts about the accuracy of semiempirical
one-determinantal results for relatively small energy
gaps between different spin multiplets. However, it
turns out that at least the qualitative behavior of these
energy gaps looks reasonable even if the calculated
numbers should perhaps not be taken too literally. The
INDO model of [41] has already been employed in
the study of the energetic splitting of spin multiplets
in transition metal complexes [45].

The states to be considered in the following
correspond to the configurations shown in Fig-
ure 3. The Fe 3d occupation of the high-spin state
reads (d,,)*(d,,)! , ') (d_2)". The intermedi-
ate spin state is given by (d,, )f(d D2(d,)'(dp)' CAY)
or (d,,)%(d,,)" (d,)*(d)! (3A’) for IinFe(II)P This
spin configuration differs from that of Fe(II)P given
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Fig. 6. Energies of the low-spin (Es) and the high-spin state
(Eqg) relative to the intermediate-spin state (Et) as a function
of the distance dg._p (in A) for the five-coordinate model
complex ImFe(II)P with the distance Fe-N(imidazole) be-
ing 2.1 A (full line) or 2.0 A (dotted line). The energy gap
Eq — Ex for Fe(I)P is also shown. The numerical results
have been obtained from INDO calculations.

by (d,,)*(d,,)'*(d,,)'*(d,»)" in a degenerate *E, state.
Although attachment of ‘the imidazole llgand lowers
the symmetry from C,, to C; the two states >A” and
3A’ remain approximately degenerate. In addition, we
also consider the singlet state (d,,)*(d,,)*(d,,)*.

The relative energies of these states as a function of
the distance dg,_p are shown in Fig. 6 by the full lines
for our model complex of deoxymyoglobin. It can be
seen that the low-spin state is of no particular interest
because its energy is always higher than the energies
of both the intermediate- and the high-spin state. For
the iron lying in the porphyrin plane we obtain an
intermediate-spin ground state as for Fe(II)porphyrin.
The out-of-plane displacement of Fe clearly favors the
high-spin state so that one observes a level crossing
ata distance of ~ 0.3 A with the high-spin state being
the ground state for larger distances. Given the fact
that the distance between Fe and the porphyrin plane
amounts to ~ 0.4 A in deoxymyoglobin [43], this
seems reasonable.

The energetic splitting in Fig. 6 is at variance with
those obtained from a Mossbauer fit using a crystal-
field Hamiltonian [33 - 36]. These latter calculations
place the low-spin state in between the high-spin
ground state and the intermediate-spin state. In our
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Table 2. Net charges on Fe, porphyrin (P) and imidazole
(Im) for the different spin states as obtained from INDO
calculations. In the case of the intermediate-spin state we
give the numbers for >A’. The numbers of *A”, however, are
almost identical, differing by 0.001 electron charges at the
most.

d S=2 S=1 S=0

Fe P Im Fe P Im Fe P Im

0.0 1.097 -1.250 0.153  0.815 -0.924 0.109  0.688 —0.914 0.226
0.8 1.006 -1.125 0.118  0.803 -0.903 0.100  0.709 -0.906 0.197

Fe—P

calculations, the low-spin state remains the energeti-
cally highest state even for d,_p = 0 where the prob-
ability for a low-spin ground state should be highest.
We do not know whether or not this is an artifact of
the INDO parametrization adopted. It is clear that the
energetic position of the low-spin state relative to the
other multiplets is most strongly influenced by the
energy of the 3dz2 MO, i.e., by the interaction with
the axial ligands. Attachment of a sixth ligand like
CO leads to an energetic up-shift of 3d, resulting in
a low-spin ground state. Shortening the distance be-
tween Fe and imidazole should also enhance the axial
interaction thus raising the energy of the 3d,, MO.
The energy gaps for a reduced distance of 2.0 A be-
tween Fe and N(imidazole) are therefore also shown
in Fig. 6 (broken line). It turns out that this shorten-
ing is not sufficient to change the energetic sequence
of the multiplets although it lowers the energy of the
low-spin state relative to the intermediate- and high-
spin states.

It is interesting to compare the energy splittings
between the high-spin and intermediate-spin states
for ImFe(II)P and Fe(II)P. The energy splitting of the
latter is therefore also shown in Fig. 6 as a func-
tion of dp,_p. It can be seen that the energy of the
high-spin relative to the intermediate-spin state is al-
ways higher for Fe(II)P than for ImFe(II)P. Conse-
quently, the crossing point from an intermediate- to
a high-spin ground state is shifted to larger distances
(> 0.4 A) for Fe(II)P. Thus, the high-spin state is fa-
vored in ImFe(II)P as compared to Fe(II)P no matter
if the Fe atom is located in or outside the porphyrin
plane. Apart from the arguments presented in the pre-
vious section, the decreased high-spin-intermediate-
spin energy gap in ImFe(II)P also contributes to shift-
ing the energy minimum of the high-spin state (Fe
out of plane) below the energy minimum of the inter-
mediate-spin state (Fe in plane).

The net charges of Fe and the porphyrin and imi-
dazole ligands are given in Table 2 for d,_p =0 and
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Table 3. Spin densities on Fe, porphyrin (P) and imidazole
(Im) for the high-spin and intermediate-spin states (in %)
as obtained from INDO calculations. In the case of the
intermediate-spin state we give the numbers for *A’. The
numbers of *A” are again almost identical.

e 5=2 =l
== Fe P Im Fe P Im
00  818% 149% 33% 909% 46% 45%
038 80.1% 180% 19% 919% 50% 3.1%

0.8 A. It can be seen that the out-of-plane shift of Fe
does not lead to a significant change of the charge dis-
tribution. The positive charge on Fe is highest for the
high-spin state and decreases with decreasing spin
multiplicity. This is in agreement with expectation.
Comparing the d orbital occupation of the triplet state
to that of the singlet, we note that one electron is
shifted from a doubly occupied MO with predomi-
nant metal character (either d,, or d,,) to d, which
has a sizeable admixture from the lone pair orbital of
N(imidazole). Thus, one would expect a shift of elec-
tron density from Fe to imidazole. This is confirmed
by the numbers in Table 2 indicating a shift of ~ 0.1
electron charges. Going from the triplet to the quintet
state, yet another electron is shifted from the remain-
ing doubly occupied orbital of the d,, d,, orbital pair
tod,_ , which has a significant contribution from the
porphyrin ligand. Thus, the shift of electron density
occurs now mainly from Fe to porphyrin making the
former more positive and the latter more negative by
~ 0.3 electron charges.

The distribution of the spin density on Fe, por-
phyrin and imidazole is shown in Table 3. Again
there is only a minor influence of the Fe position
on the computational results. In the case of the triplet,
the spin density is mainly concentrated on the iron
with the remaining 10% being roughly equally dis-
tributed on the porphyrin and imidazole ligands. For
the quintet state, we observe an enhanced spin density
of ~ 15% on the porphyrin. This is due to the occupa-
tion of the d,,_ , MO which exhibits a considerable
mixing with the symmetry-adapted linear combina-
tion of the N lone pair orbitals of the porphyrin (b;,
in Scheme 1). It should be noted that the spin density
on the ligands is almost exclusively localized on the
N atoms adjacent to Fe.

4. Conclusions

In the present investigation we developed a quali-
tative picture focussing on the influence of the ligand
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environment on the position of Fe relative to the por-
phyrin plane in deoxymyoglobin. Even if variation
of the distance dg,_p influences the MO’s in several
ways it is possible to single out a dominant effect with
respect to the modification of the bonding interaction
between Fe and the nitrogen of imidazole. It turned
out that the strengthening of this bond is responsible
for the out-of-plane shift of Fe which has been ob-
served in X-ray investigations. To a large extent, it is
due to a rehybridization of the MO with predominant
3dz2 character. In order to explain the structural obser-
vations it is not necessary to suggest any interaction
between nitrogen lone pairs of both ligands. We wish
to reemphasize that we are aware of the qualitative
character of our model. Nevertheless, we think that
our arguments are still valid if we take into account
that the environment in realistic heme systems is more
complex than that of our simple model system.

In our model, the only variable geometry parame-
ter is the distance between the iron and the porphyrin
plane, whereas the distance between Fe and imidazole
remains fixed. However, if the out-of-plane shift of Fe
strengthens the bond between Fe and N(imidazole) it
is clear that the corresponding bond distance must
be shortened. Thus, there is a coordinated motion
of Fe and the imidazole ligand, i.e., the distance
Fe-N(imidazole) is shortened if the distance dg,_p
gets larger, and vice versa. Although the whole com-
plex is embedded into a protein environment of great
complexity, such a coordinated motion might explain
how the position of Fe relative to the heme plane
can be modified by structural changes in the envi-
ronment. The imidazole ligand is just the terminal
group of a large histidine residue. Structural modifi-
cations pushing this ligand towards the porphyrin or
pulling it away from it would, respectively, increase or
decrease the distance dg,_p. This is in perfect agree-
ment with the results of Mossbauer fits which give a
significantly larger axial ligand field splitting for de-
oxygenated human hemoglobin [35] than for deoxy-
genated sperm whale myoglobin [33]. Thus, the dis-
tance between Fe and imidazole must be shorter in de-
oxygenated hemoglobin (tense structure, large dg, _p)
than in deoxygenated myoglobin (relaxed structure,
smaller dg,_p) in accordance with a model given by
Braunitzer et al. [46]. This observation shows that the
present study provides a theoretical concept which
can be transferred to larger classes of metallopor-
phyrines.
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Although the MO methods applied in this work
are not sufficient to provide reliable energy curves as
a function of the distance between Fe and the por-
phyrin plane, they might give us at least some idea
on the shape of these curves and how they differ for
four-coordinate Fe(II)P and the five-coordinate model
complex ImFe(II)P. The curves in Fig. 2 suggest the
possibility that the quintet state with the out-of-plane
energy minimum is lower in energy than the triplet
state with an in-plane energy minimum for the five-
coordinate complex, whereas the reverse holds for the
four-coordinate complex. The bond between Fe and
the porphyrin ligand is strong in the intermediate-spin
state because the Fe-N(porphyrin) antibonding MO
with predominant 3d,, _, character is not occupied in
this case. Thus, we are left with a bonding interac-
tion between the ligand orbitals shown in Scheme 1
and Fe orbitals of the corresponding symmetry. The
overlap between these orbitals is considerably weak-
ened if the Fe atom is moved out-of-plane so that we
expect an in-plane energy minimum for both Fe(II)P
and ImFe(IDP. Since the MO 3d,, is occupied in both
the intermediate-spin and the high-spin state, the ar-
guments given above on rehybridization of this MO
also apply to the former. In contrast to the high-spin
state, however, this rehybridization will not change
the qualitative shape of the energy curve in the five-
coordinate complex as compared to the four-coor-
dinate one. The strengthening of the bond between Fe
and N(imidazole) might just make the energy curve
look more flat for the former. The optimum position
of Fe in the high-spin state, on the other hand, is not
obtained so easily. Due to the much weaker bond be-
tween Fe and N(porphyrin) there is a more delicate
balance of the different Fe-ligand interactions. Here
the second order rehybridization of the MO 3d,, re-
sponsible for the strengthening of the bond between
Fe and N(imidazole) influences the qualitative shape
of the energy curve. It leads to a pronounced out-of-
plane energy minimum for the five-coordinate com-
plex whereas the energy curve for the four-coordinate
complex is very shallow with the exact position of the
minimum being unclear. These ideas are summarized
in the qualitative energy curves shown in Figure 7.
The shape of the energy curves for the high-spin state
corresponds to those shown in Figure 2. The shape
of the intermediate-spin curves reflects the following
features: (a) the minimum is located at dg,_p = O,
(b) the curve should be more flat for ImFe(II)P than
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for Fe(IDP and (c) the gap E, — Ey between high-spin
and intermediate-spin states 1s larger for Fe(II)P than
for ImFe(IT)P (see Figure 6). Although more refined
methods are needed to obtain accurate electronic ener-
gies, we hope to have grasped some important factors
governing the position of Fe in this kind of complexes.
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Appendix

The extended Hiickel parameters adopted in the
present work are given in Table 4.

In the following, a definition of the two-center bond
energy F,5 between two atoms A and B in the ex-
tended Hiickel method will be introduced. In this ap-
proach, the total energy is just given by the sum of
the energies of the occupied orbitals:

E=Zn,~e,~. (1)

€, and n; are, respectively, the energy and the occupa-
tion number of the molecular orbital (MO) ;. Rep-
resenting the MO’s as linear combinations of atomic
orbitals (AO’s) ¢,:

Y=Y 6:.Cri, 2)

L
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Fig. 7. Qualitative energy curves of the intermediate-
spin (Et) and the high-spin state (Eq) for ImFe(II)P
and Fe(II)P as a function of the distance dg,_p.

Table 4. Extended Hiickel parameters. The coefficients for
the double zeta expansion of the Fe 3d orbitals are given
in parantheses. Standard extended Hiickel parameters have
been used for the elements C, N and H.

Element AO hi; (eV) Slater exponent
C 2s 214 1.625
2p -114 1.625
N 2s -26.0 1.950
2p -134 1.950
H Is -13.6 1.300
Fe [47] 3d -12.6 5.35(0.551) 2.0(0.626)
4s -9.1 1.675
4p -5.32 1.100

we may rewrite the total energy as

E=Zzprshsr (3)
with
Prs = Z n‘iCTiCs‘i7 (4)

and h,; being an element of the extended Hiickel
matrix:

hrs=0a.b6.5; 7,8 € A,
1 (%)
By = Ek(ar +a,)Sys; T € A,8 € B,A#B.

S,s is the overlap integral between the AO’s ¢, and
¢s. k = 1.75 is the Wolfsberg-Helmholtz constant.
Using (5) the total energy may again be rewritten:

E-_-ZNrar"'ZZPrsﬂsry (6)
B r# s

where we have introduced the AO occupation number
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N, =) Pr,Ser (7)
and the resonance integral

,Brs = ';_(k - D(ar + 05)Srs. (8)

Note that N, corresponds to the electronic charge in
AO ¢, as obtained by a Mulliken population analysis
[48]. The first term on the right hand side of (6) con-
sists of “atomic energy levels” o, multiplied by the
corresponding orbital occupation number and repre-
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