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We have performed density functional theory (DFT) calculations of iron-porphyrin (FeP) and its complexes
with O2, CO, NO, and imidazole (Im). Our fully optimized structures agree well with the available experimental
data for synthetic heme models. Comparison with crystallographic data for proteins highlights interesting
features of carbon monoxymyoglobin. The diatomic molecule induces a 0.3-0.4 Å displacement of the Fe
atom out of the porphyrin nitrogen (Np) plane and a doming of the overall porphyrin ring. The energy of the
iron-diatomic bond increases in the order Fe-O2 (9 kcal/mol)< Fe-CO (26 kcal/mol)< Fe-NO (35
kcal/mol). The ground state of FeP(O2) is an open shell singlet. The bent Fe-O2 bond can be formally
described as FeIII-O2

-, and it is characterized by the anti-ferromagnetic coupling between one of the d electrons
of Fe and one of theπ* electrons of O2. FeP(CO) is a closed shell singlet, with a linear Fe-C-O bond.
The complex with NO has a doublet ground state and a Fe-NO geometry intermediate between that of
FeP(CO) and FeP(O2). The bending of the Fe-(diatomic) angle requires a rather low energy for these three
complexes, resulting in large-amplitude oscillations of the ligand even at room temperature. The addition of
an imidazole ligand to FeP moves the Fe atom out of the porphyrin plane toward the imidazole and decreases
significantly the energy differences among the spin states. Moreover, our calculations underline the potential
role of the imidazole ligand in controlling the electronic structure of FeP by changing the out-of-planarity of
the Fe atom. The presence of the imidazole increases the strength of the Fe-O2 and Fe-CO bonds (15 and
35 kcal/mol, respectively), but does not affect the energy of the Fe-NO bond, while the resulting FeP(Im)-
(NO) complex exhibits a longer and weaker Fe-Im bond.

I. Introduction

Metal-substituted tetrapyrrole macrocycles, their complexes,
and derivatives provide the active site (prosthetic group) for a
large variety of biological enzymes. The importance of these
molecules has motivated a vast research effort, whose results
are collected in several books and recent review papers.1 Of
particular interest among these systems is the iron-porphyrin
(FeP), which is closely related to the prosthetic group (the heme)
of the oxygen-carrying proteins hemoglobin and myoglobin, and
also of cytochromec and peroxidase, i.e., two of the enzymes
catalyzing important redox reactions in biological systems.2

Our study is focused on the complexation of FeP by small
molecular ligands, relevant for the functioning of the heme group
in hemoglobin and in myoglobin. It is well-known that the role
of heme in these proteins is to bind reversibly an oxygen
molecule. Although the chemical bond is localized in the
immediate vicinity of the heme iron atom, the structure, stability,
and chemical properties of the complex depend in an essential
way on the protein environment. The same heme-protein
interaction plays an important role in preventing the saturation
of the prosthetic group by poisoning species, most notably CO.3

The structure of both hemoglobin and myoglobin is known
with atomistic detail from X-ray studies of proteins.4 Moreover,
several features in the dynamics and electronic structure of heme
have been investigated by infrared, Raman, Mo¨ssbauer, and ESR
spectroscopy for crystal samples as well as for proteins in
solution. A major impulse to the understanding of these systems
has also been given by the synthesis of molecular models (see
ref 1c for a recent review of the experimental information).

Despite all these studies, the clarification of the behavior of
hemoglobin and myoglobin is still an elusive goal. In particular,
it has proven very difficult to disentangle unambiguously the
role of the short-range intraheme chemical interactions from
the long-range heme-protein interactions on the structure and
binding properties of of O2, CO, and NO. A significant example
of these uncertainties is provided by the recent debate on the
mechanism by which hemoglobin and myoglobin discriminate
against the binding of CO.5 Understanding the chemistry of
the isolated prosthetic group is the first step toward solving these
issues, and theoretical studies could help to clarify the hypoth-
eses that have been put forward by the experimental analysis.
Density functional studies have been reported for the gas-

phase FeP.6 Larger complexes have been modeled by simplified
molecules or studied under restrictive assumptions on the
geometry and/or the electronic structure. For instance, iron-
porphyrin complexes with O2, CO, and NO have been studied
by means of semiempirical, Hartree-Fock, or XR methods at
fixed geometry,7,8 usually taken from experiments. Those
studies provided a useful picture of the bonding in these systems,
although neither structural nor energetic data were quantitatively
determined. Only a few post Hartree-Fock studies have been
made on these systems,9,10although often at a fixed experimental
structure, commonly taken from synthetic heme models. In
particular, partial optimizations at the MP2 level using a limited
basis set have been reported for a simplified FeP(Im)(CO)
structure (Im) imidazole). It was concluded10a that the
proximal histidine is responsible for a large distortion of the
Fe-C-O unit. Recent density functional calculations by Ghosh
et al.10b ruled out this conclusion and reported an estimate for
the energy required to change the Fe-C-O angle in FeP(Im)-
(CO). It is worth mentioning that not all the ab initio methods
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have proved to be equally accurate in the study of metallopor-
phyrin derivatives. Hartree-Fock methods are known to favor
high spin configurations, since they cannot account for the
correlation energy.6c CI and CASSF calculations can be
performed, but their computational cost precludes any structural
relaxation.9b,c DFT-based methods, which account for the
electronic correlation and are less demanding than the latter,
have already proved to be very efficient in the calculation of
similar iron complexes.11,12 Among the DFT-based methods,
the molecular dynamics of Car-Parrinello13 has recently been
applied with success to systems of biological interest,14 including
metalloporphyrin derivatives.15 Here we apply this method to
search for the minimum energy structures of the FeP and its
O2, CO, and NO complexes. The effect of an imidazole axial
ligand is also analyzed, as a first step to investigate the effect
of the local protein environment on the chemical properties of
FeP. Altogether, our calculations provide a basis to understand
the spin-structure relationships underlying the role of FeP as
an active center in proteins.

II. Computational Details

The Car-Parrinello method is described in detail by several
publications.13 Our computations are performed within the
density functional framework,16 with the local spin density17

and gradient-corrected approximations for the exchange (Becke,
198618a) and correlation (Perdew, 198618b) energy. For reasons
of numerical stability, gradient corrections (GC) are neglected
where the density is lower than 5× 10-5 e/(au)3. Tests with a
different gradient correction formula (using the same Becke
approximation for exchange, and the Lee, Yang, and Parr
approximation for correlation18c) show only minor differences
in the results presented below. Only valence electrons are
explicitly included in our computation, and their interaction with
the ionic cores is described by norm-conserving, ab initio
pseudopotentials generated following the scheme of Troullier
and Martins.19 The angular nonlocality is taken into account
by the Kleinman-Bylander construction.20a The pseudopoten-
tial for Fe is supplemented by nonlinear core corrections20b to
enhance the transferability with respect to magnetic excitations.21

Test computations on small-sized iron-NH3 complexes were
done to check the reliability of our approach. In agreement
with other studies on iron complexes,11 the spin contamination
was found to be insignificant.
The molecules under study are enclosed in an orthorhombic

box periodically repeated in space (a ) b ) 15 Å, c ) 8 Å for
the complexes without imidazole,a ) b ) 15 Å, c ) 11 Å for
the imidazole complexes). The importance of lateral interactions
has been evaluated by a few computations with larger boxes:
we verified that structure and binding energies of our complexes
do not depend on the box size.
Single-electron Kohn-Sham (KS) orbitals are expanded in

a plane wave basis, with a kinetic energy cutoff of 70-90 Ry.
For the largest simulation cell we used, this corresponds to 7.2
× 104 plane waves per KS state and 6× 105 plane waves for
the density.
At fixed atomic position and for a given spin multiplicity of

the molecule, the electronic ground-state energy is determined
by direct minimization of the density functional expression with
respect to the coefficient of the plane wave expansion for the
electron orbitals.22 For this optimization we used a combination
of conjugate gradient23a and direct inversion in the iterative
subspace.23b

The ground-state electronic density and Kohn-Sham eigen-
states enter the computation of Hellmann-Feynman forces on
the ions, which in turn, allow us to perform MD by a standard

velocity Verlet algorithm. Molecular dynamics, with superim-
posed quenching or annealing, is used as an efficient strategy
to optimize the molecular structures.24,25 The resulting electronic
configurations are analyzed by diagonalizing the Kohn-Sham
Hamiltonian. Mulliken population analysis, atomic orbital
contributions, and Mayer bond orders26 are computed by
projecting the KS orbitals on a minimal basis of atomic states.27

We briefly comment here on the importance of GC in our
results. Geometry optimizations performed on FeP and its
above-mentioned series of complexes but restricting ourselves
to the local spin density (LSD) approximation for exchange and
correlation show that there is an average expansion of∼1%,
on the average, in the LSD approximation (comparing with the
experimental data). Binding energies, however, are overesti-
mated by more than 100% (comparing with the LSD+GC
results), although the same trend is predicted by both LSD and
LSD+GC approaches. In the following we will base our
discussion on the LSD+GC computations.

III. The Isolated Iron -Porphyrin

The first part of our study is focused on the isolated FeP
molecule, for which DFT computations have already been
reported.6a,b For reasons of computational convenience, in these
previous works the geometry optimization was done under the
assumption of eitherD4h orD2h symmetry. Moreover, only the
geometry of the ground state (spin multiplicityM ) 3) was
determined, the energy of other spin states being computed at
the geometry of the ground state. To avoid any shortcomings
due to these assumptions, our study will be performed without
symmetry constraints and the structures corresponding to three
different spin multiplicities (M ) 1, 3, and 5) will be optimized.
We start our computation from the geometry of closely related

metalloporphyrins reported in ref 15a, adding a slight out-of-
plane displacement for the Fe atom (∼0.3 Å) and relaxing the
structures at fixed spin multiplicityM. The distances and angles
of the optimized geometries are collected in Table 1. The lowest

TABLE 1: Calculated Minimum Structure (LSD +GC) for
the Three Spin States of the Isolated Iron-Porphyrin. The
3FeP Structures Obtained in Previous DFT Studies Are Also
Included, as Well as the Experimental Structure (X-ray) for
the Iron-Tetraphenylporphine. Distances Are in
Angstroms, Angles in Degrees, and Energies in kcal/mol

parameter 1FeP 3FeP 5FeP 3FeP6a 3FeP6b 3FeTPP28d

Fe-N 1.97 1.98 2.04 1.96 1.96 1.97
N-C1 1.39 1.39 1.38 1.38 1.37 1.38
C1-C2 1.44 1.44 1.44 1.42 1.43 1.44
C2-C3 1.36 1.36 1.36 1.36 1.36 1.33
C1-C5 1.38 1.38 1.39 1.37 1.37 1.38
C5-H2 1.09 1.09 1.09 1.10 1.09
C2-H1 1.09 1.09 1.08 1.09 1.09
∠FeNC1 127.8 127.6 126.8 127.9 127.6 127.3
∠NC1C5 125.1 125.3 125.2 125.1 125.4 125.1
∠NC1C2 110.8 110.7 111.3 111.2 110.6 110.2
∠C1C2C3 106.9 106.9 107.2 106.7 106.9 107.1
∠C1C5C6 124.2 123.8 125.9 123.9 124.2 123.5
∠C1C2H1 124.4 124.2 124.6 124.4 126.3
∠C1C5H2 117.8 117.8 117.1 118.0 117.9

Erel 12.7 0.0 14.7
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energy structure turns out to be a triplet (M ) 3). The energies
of the optimizedM ) 1 andM ) 5 states (i.e., the adiabatic
excitation energies to the lowest energy spin multiplicities) are
also reported in Table 1.
Our results for theM ) 3 ground state are in good agreement

with those computed by DFT all-electron methods,6a,b thus
showing that our pseudopotential plane wave scheme does not
introduce any significant error. The energy differences among
different spin states (Erel) are lower than the ones previously
reported, due to the fact that the structure of the5FeP and1FeP
states was not optimized in these works.6a,b In the case of the
high-spin state, the expansion of the Fe-Np distances with
respect to the ground state results in a relatively large energy
lowering (∼20 kcal/mol, comparing our results and those of
ref 6a).
To our knowledge, no experimental data have been reported

for the gas-phase FeP molecule. The closest comparison is with
the crystal structure of Fe(II)-tetraphenylporphirin (FeTPP).
Several experimental studies28 have demonstrated that the
ground state of the FeTPP molecule is a triplet, with bond
distances (determined by X-ray diffraction28d) in good agreement
with our results.
While our optimized structures forM ) 1 andM ) 3 are

planar and haveD4h symmetry,29 the equilibrium position of
the iron atom in5 FeP is slightly (d ) 0.08 Å) above the plane
of the four nitrogen atoms (hereafter referred as the N-plane),
resulting in aC4v symmetry (see Scheme 1). Computation of
the energy as a function of Fe out-of-planarity results in two
minima corresponding to a planar and a nonplanar structure,
respectively. Nevertheless, the energy difference between both
minima is only 0.2 kcal/mol, with an energetic barrier of the
same magnitude. This energy gain associated with the Fe out-
of-planarity is extremely small compared to the energy scale
of almost any experimental probe, and the most apparent
signature of the out-of-planarity is likely to be a highly
anharmonic motion of Fe perpendicular to the porphyrin plane.
It is a well-known empirical rule that high-spin states correspond
to a large “atomic” radius for Fe, which could force it to go out
of the plane.2,30 Iron-nitrogen distances in the range 2.0-2.1
Å are common in crystals of high-spin FeP derivatives, while
intermediate- and low-spin structures exhibit Fe-N distances
in the range 1.9-2.0.30 The computed Fe-N distances reported
in Table 1 reflect the same trend. Remarkably, only the Fe-N
distances are affected by the change in the spin multiplicity,
underlining the rigidity of the porphyrin frame. In terms of
the electronic structure, the expansion of the porphyrin core in
the high-spin state (5FeP) can be explained as a consequence
of populating the antibonding e*g molecular orbital (MO), which
is mainly concentrated on the dx2-y2 atomic orbital of the iron
atom. This MO is, of course, not the only one that retains the
atomic d orbital character; an analysis of the higher occupied
MOs in eachMFeP (M ) 1, 3, 5) structure reveals that the nature
of these orbitals (i.e., as being of either metal or ligand character)
is very well-defined. As a consequence, the number of electrons
in molecular orbitals with d orbital character is a direct measure
of the “formal charge” of the Fe atom, which allows us to
describe the chemistry of theMFeP spin states within the
oxidation-state formalism.
As illustrated in Figure 1, six electrons can be associated with

the Fe atom in the3FeP state. Therefore, the Fe atom is in an

oxidation state of 2 (i.e., FeII). Two additional facts reinforce
this assignment. First, the chemistry of the closely related
FeTPP molecule has also been described in terms of FeII.
Second, a calculation of the charge on the Fe atom for the FeO
molecule, which also contains a FeII, gives the same result as
in the 3FeP spin state. The Mulliken populations of Fe and N
in 3FeP are reported in Table 2. We point out that these values
are not an absolute measure of the real charges on the atoms,
since the charge distribution among them depends very much
on the theoretical method one chooses. Nevertheless, the
computed charges become useful when we compare trends
among analogous molecules. As can be seen in Figure 1, the
d electron configuration of Fe gives an electron count of six
for all spin states. Consistently, the Mulliken charge on Fe
remains constant upon changing spin multiplicity, and therefore,
the Fe atom can be formally described as FeII in all three spin
states.
Analysis of the density distribution shows that, as expected,

the spin density of the ground-state triplet is mainly localized
on the Fe atom, with small pockets of opposite spin on the
nitrogen atoms. The singlet is also an open shell system, the
corresponding closed shell configuration being∼3 kcal/mol
higher in energy. We observe that, at variance fromM ) 3,
the spin density is fully localized on Fe forM ) 1 andM ) 5.

IV. The FeP Complex with O2

As mentioned in the Introduction, binding and releasing one
oxygen molecule is the major function of iron-porphyrin in
hemoglobin and myoglobin. We optimize the structure of the
FeP(O2) complex by a combination of relaxation and MD runs.
The resulting structure is a spin singlet, with the O2 molecule
attached to the Fe ion in an angular configuration. This
geometry, also found in several other complexes of transition
metals with diatomic molecules, is commonly referred to as
“end-on” (Scheme 2a). The computed binding energy of the
FeP(O2) complex is 9 kcal/mol.
The interatomic distances and angles characterizing the

ground-state structure are summarized in Figure 2 a. The FeP-
(O2) complex is ofCs symmetry (the four Fe-N bonds, which
are equivalent in FeP, split into two pairs of slightly different
length, 1.99 and 2.02 Å). Because of the attraction by O2, the

SCHEME 1

Figure 1. Schematic drawing of the orbital energy structure in the
three lowest energy spin multiplicities of FeP.

TABLE 2: Distribution of the Mulliken Charges among the
Atoms or Groups of Atoms Building the Structures That
Have Been Investigated. The Labeling of the Atoms Is
Described in the Texta

structure Fe diatomicb Np Nε

FeP 0.98 -0.42
FeP(Im) 1.04 -0.42 -0.39
FeP(O2) 1.13 -0.26 -0.40
FeP(CO) 1.06 -0.08 -0.40
FeP(NO) 1.05 -0.12 -0.40
FeP(Im)(O2) 1.19 -0.35 -0.39 -0.37
FeP(Im)(CO) 1.04 -0.06 -0.38 -0.36
a For a given structure, the listed values correspond to the lowest

energy spin state.bO2, CO, or NO.
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Fe atom moves 0.3 Å out of the N-plane. This value is very
similar to the ones observed in several 5-fold-coordinated
transition metal complexes (ML5), of which FeP(O2) is a typical
example.31 Outside this central core made by the Fe and N
atoms, the porphyrin structure is almost unchanged upon
complexation by O2: only a limited “doming” (see Figure 3)
with D/R≈ 0.06 is apparent in the ground-state geometry. The
O2 molecule itself, instead, appears to be more affected by the
bonding to Fe: the computed O-O distance increases by∼4%
(from 1.23 Å in the isolated molecule to 1.28 Å in FeP(O2)),
while the Mayer bond order of O-O decreases from 1.4 to 1.3.
These two observations suggest that electron charge is trans-
ferred from FeP to O2, populating antibonding states and
weakening the O-O bond. In the optimal structure, the
projection of the O-O bond in the porphyrin plane lays along
the bisection of one of the N-Fe-N angles, in the quadrant
defined by the shortest Fe-N distances. The energy of the
complex, however, changes only slightly (∼2 kcal/mol at most)
by rotating the O2 molecule around the Fe-O axis.
To the best of our knowledge, all the available experimental

structures (determined by X-ray or neutron scattering) involving
a FeP(O2) fragment concern crystals in which the octahedral
position opposite O2 is occupied by a nitrogenated ligand
(imidazole, pyridine, or histidine, for instance). For this reason,
the comparison of our structural results with experimental data
is reported in section VII below.
The electronic structure of the FeP(O2) complex is particularly

interesting: despite theM ) 1 multiplicity, it is an open shell
structure. The spin density distribution of this complex is
displayed in Figure 4: the vanishing integrated spin density is
the result of the anti-ferromagnetic coupling of two regions of
opposite spin, centered on the Fe and on the oxygen molecule.
The integrated spin density in each of these two regions is 0.88
electrons. This result is not unexpected, given the open shell
nature of the interacting molecules and the relatively weak bond
between them. Precisely on the basis of those two consider-
ations, the anti-ferromagnetism of heme was already proposed
by Weiss back in the 1960s.32a The Weiss picture, which
describes the bonding as FeIII-O2

-, has been competing for
many years with the picture proposed by Pauling,32b based on
a FeII-O2 scheme. Most of the experimental results for heme-
proteins and synthetic models have been interpreted in terms
of the Weiss description.1c On the theoretical side there is more

controversy,7-9 since both models are supported by different
computational schemes.
To describe the nature of the Fe-O2 bonding in more detail,

we analyze the higher occupied spin-orbitals of the FeP(O2)
complex, and we classify them as being either of Fe, O2, or
porphyrin character (See Figure 5). The notation “P” is used
to label the orbitals centered on the porphyrin ring. The indexes
“s” and “a” are used to distinguish between the twoπ*g orbitals
of the O2 molecule (π*g,s is the orbital symmetric with respect
to the plane of symmetry of the FeP(O2) complex andπ*g,a is

Figure 2. Geometry of the Fe-XY bond (X,Y ) C, N, O) in the
ground state of (a) FeP(O2), (b) FeP(NO), and (c) FeP(CO).

SCHEME 2

Figure 3. Optimized structure of the FeP(O2) complex. The domed
shape of the porphyrin and the angular Fe-O-O structure can be
visualized in the side view (a), while the top view (b) shows the O-O
axis orientation with respect to the N-plane.

Figure 4. Unpaired spin density in the FeP(O2) ground state. The two
surfaces centered on Fe (blue) and O2 (red) enclose regions of opposite
spin.
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the antisymmetric one). The orbitals labeled as dπ1 and dπ2

refer to the dxz+dyz and dxz-dyz combinations, respectively, of
the d orbitals of Fe (we follow the axes convention given in
Table 1 and Figure 2). Only theπ*g,a orbital has the right
symmetry to interact effectively with the dπ2 orbital of the Fe
atom.
In order of decreasing energy, the first two orbitals (HOMO

and HOMO-1, with a total of four electron) are of Fe character.
The next two orbitals (HOMO-2 and HOMO-3) are centered
on the porphyrin. The orbital labeled as HOMO-4 is the most
interesting: the spin-up electron is on the Fe atom (dπ2), while
the spin-down electron is on the O2 molecule (π*g,a). This is
precisely the orbital that contributes to the unpaired spin density,
as can be seen by comparing Figure 4 with Figure 5b. Finally,
the HOMO-5 orbital is mainly theπ*g,s of the O2 molecule
(nevertheless, it also contains a small contribution of dz2). Thus,
it is apparent that the total number of valence electrons that we
can assign to the Fe atom is five and that there has been a
transfer of one electron to theπ*g,s orbital of O2. In fact, there
has been a more complex electron rearrangement: of the two
electrons in dz2, one has been transferred to one dπ orbital of
Fe and the other to theπ*g,s orbital of O2. This picture is
consistent with the Mulliken population analysis, which shows
an increase of the charge in Fe (+0.2e) with respect to the
isolated FeP and a corresponding reduction of the charge on
O2 (-0.3e, see Table 2). Therefore, our results support the
Weiss description for the Fe-O2 bond (i.e., FeIII-O2

-).
It is interesting to compare our first-principles description of

the Fe-O2 bond with the model proposed by Hoffmann et al.
in the late 1970s,8 in which the authors rationalized the geometry
of the Fe-O2 bond in terms of the lower d-block levels of the
metal atom and the frontier orbitals of the diatomic molecule.
According to ref 8, the orbital originating from the antibonding
combination of the dz2 orbital of Fe and the 3σg orbital of the
O2 molecule (referred to as “z2-n” in ref 8) is likely to be the
HOMO in a linear Fe-O-O conformation. However, its
energy has a minimum as the O2 molecule bends, which turns
out to be the factor that leads the diatomic to adopt a bent Fe-

O-O geometry. This corresponds very well with what we
observe in our computations, the “z2-n” orbital being the
HOMO-5 orbital of Figure 5. The only difference is that, in
our case, the dz2 character of this orbital is considerably reduced
in the bent FeO2 structure. However, by deforming the Fe-
O-O bond toward the linear geometry, we observe an increase
in the dz2 character, as well as an increase in its relative energy
(it becomes the HOMO). At the same time, the total energy of
the FeP(O2) increases so much that the complex is no longer
bound. Thus, the relative energy of the “z2-n” orbital appears
to be an important factor governing the geometry of the FeO2

moiety.
Low-temperature infrared (IR) and resonant Raman (RR)

studies33 on the co-condensation of Fe(TPP) with O2 (at 15 and
30 K, respectively) have shown that, besides the ground-state
end-ongeometry, the O2 molecule can bind to Fe through both
oxygen atoms, in the so-calledside-ongeometry (see Scheme
2b). This type of linkage to Fe is also found in dioxygen
complexes of other 3 d transition metals, like Ti or Co.34 The
side-on isomer is less stable than the end-on, and it converts to
the latter when the temperature is raised to 110 K.33 The two
isomers are distinguished experimentally by the O-O stretching
frequency (a band at 1188-1223 cm-1 for the end-onand at
1102-1105 cm-1 for theside-on33b). Despite that theside-on
isomer is undoubtedly present in the low-temperature Fe(TPP)-
(O2) system, our efforts to optimize this structure have been
unsuccessful. Starting from a geometry close to the one depicted
in Scheme 2b and performing a quenched MD simulation, the
lowest energy spin structure turns out to be the triplet3FeP-
(O2). However, this structure is unstable with respect to the
dissociation in3FeP and3O2 moieties, it evolves toward the
end-on structure if the system is annealed, and the spin is
allowed to adjust toM ) 1. This discrepancy with the
experimental results might be due to the fact that the FeTPP
molecule (on which the experiments are based) contains four
phenyl side groups. The ruffling of the porphyrin, caused by
the phenyl groups, could affect the delocalizedπ orbitals in
the aromatic ring and change slightly the chemical properties
of the molecule such as to provide a weak binding for theside-
on complex. However, we suspect that the discrepancy is due
to the fact that the bond is very weak, due mainly to van der
Waals forces, which are not present in our semilocal DFT
scheme. This interpretation is supported by the fact that the
temperature at which the experimental system reverts to the
ground-stateend-ongeometry is very low (110 K).
Having determined the ground-state structure, we turn briefly

to dynamical properties. The most investigated vibrational
property of dioxygen FeP complexes is the O2 stretching
frequency, which is accessible by infrared and Raman spec-
troscopy.33 This mode provides a sensitive probe of the
diatomic electronic configuration, since the O2 molecule is
bound only weakly to the heavier Fe atom, and it is therefore
relatively uncoupled to the porphyrin vibrations.35 This last
property allows us to compute easily the O-O stretching
frequency. First, we determine the total energyE of the system
while constraining the O-O distance at a few values within a
narrow interval ((3%) around the equilibrium value. For each
of these distances we compute the total energy of the system,
while optimizing all the other degrees of freedom (it is to be
noted however that both the structure and the total energy of
the complex change very little after the optimization). We
estimate the stretching frequency by a least-squares fit ofE(O-
O) with a parabola. The calculated value forνOO, 1222 cm-1,
agrees well with the experimental range of 1188-1223 cm-1

determined for Fe(TPP).33b The close agreement is partly

Figure 5. Relative energy and atomic orbital character of the higher
occupied orbitals in the FeP(O2) complex. TheR andâ labels refer to
the spin up and down, respectively.
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fortuitous, since the DFT-GC computation of frequencies is
affected by systematic errors. The global uncertainty of our
results is of the order of 5%, as can be estimated from Table 3,
comparing the computed and experimental values of the
stretching frequencies for the free O2 molecule and the super-
oxide anion (O2-). This error bar is comparable to that of
previous DFT-GC computations.36 In agreement with the
experimental evidence, our results show that the formation of
the Fe-O2 bond decreases the strength of the O-O bond.
As a last point, to get a glimpse of the finite temperature

dynamics of complexation, we perform a short constant energy
MD simulation of this reaction, again with the global spin
multiplicity fixed at M ) 1. We start from the equilibrium
geometry of3FeP, and we add the O2 molecule above the
porphyrin plane, at a distance within the range∼3.0-3.5 Å.
The O2 molecule moves toward the Fe atom and attaches in
the end-onposition (see Scheme 3) in a very short time (200
fs). Our results suggest that there is no significant energy barrier
associated with the reaction in the gas phase.

V. The FeP Complex with CO

The complexation of FeP with CO has been studied with a
procedure similar to the one used for FeP(O2). The ground-
state FeP(CO) is a closed shell singlet, with a binding energy
of 26 kcal/mol, i.e., almost 3 times larger that that of FeP(O2).
The ground-state geometry is summarized in Figure 2c. The

most apparent difference with respect to the previous complex
is that the Fe-C-O angle is linear. Despite the stronger
binding, and the small size of the C atom, the Fe-C bond length
(1.69 Å) is only slightly shorter than the Fe-O one in FeP(O2)
(1.74 Å). The porphyrin ring has a domed geometry, as in the
case of the FeP(O2) complex. The displacement of the Fe atom
with respect to the N-plane amounts to 0.3 Å. The Fe-N
distances expand with respect to3FeP, although less than in
the FeP(O2) complex.
The electronic structure of the FeP(CO) complex shows

significant differences with respect to the O2 complex. Starting
from the highest occupied MO and in order of decreasing
energy, there are three orbitals with a clear Fe character: dxy

(HOMO), dyz (HOMO-1), dxz (HOMO-2). Thus, six electrons
can be assigned to the Fe atom, which is formally described as
FeII. This assignment is consistent with the fact that the
Mulliken charges on the C and O atoms (and therefore the total
charge on FeP) do not change with respect to the isolated
molecule. The reason for a linear Fe-C-O angle can be traced

back to the electronic structure: this geometry allows a
maximum Fe-CO σ-bonding (the interaction between the dz2

orbital of Fe and the 3σg orbital of CO), as well as a more
effectiveπ-back-bonding (i.e., the interaction of dyzand dxzwith
the emptyπ*g orbitals of CO). In the FeP(O2) case, by contrast,
there are two additional electrons which, as mentioned before,
occupy the “z2-n” level and give rise to a strong tendency
toward the bent structure. This picture suggests that the FeP-
(NO) complex, which has only one electron more than FeP-
(CO), would adopt a structure intermediate between FeP(CO)
and FeP(O2) (see section VI below).
The bending of the Fe-CO angle in hemoglobin and

myoglobin has often been discussed in connection with the
selective suppression of the CO binding in these proteins.3,5 To
compute the energy change associated with a nonlinear Fe-
CO bond, we relax the FeP(CO) complex by constraining the
nonlinearity of the Fe-C-O angle (R) at several different values
in the intervalR [0-30°]. The corresponding energy variations
are reported in Figure 6. It can be appreciated that, up to∼15°,
the bending energy is very small. Given the fact that the angle
of deviation measured experimentally is within this range
(approximately 11° according to the recent X-ray structure of
MbCO4d and less than 7° according IR experiments in solu-
tion37), it is unlikely that a slight Fe-C-O bending has a
significant effect on the protein affinity for CO.38 In fact,
thermal energy alone (∼0.5 kcal/mol) can easily account for
small deviations of the Fe-C-O angle from linearity. This
picture suggests factors other than the CO bending are likely
to control the affinity for CO in the protein. In this respect, it
is worth mentioning that recent RR studies39d have underlined
the importance of distal polar interactions in the heme pocket.
On the other hand, it has been pointed out that for a large class
of wild and mutant myoglobin and hemoglobin crystals the Fe-
CO geometry and CO affinity are not highly correlated.40

Similarly to what we found for FeP(O2), we observe that,
for a bent Fe-C-O unit, the energy is rather insensitive to
rotations of the CO molecule around the Fe-C axis. This
explains why in hemoglobin and myoglobin crystals the
orientation of CO parallel to the heme plane displays a
significant degree of disorder.
Our results for the FeP(CO) geometry and Fe-CO bending

energy are in fair agreement with those reported in ref 10b,
computed by a similar DFT scheme. The small differences
between the two results are probably due to (i) the different
exchange-correlation approximation (LDA in ref 10b, but
including gradient corrections in our computation) and (ii) a
different degree of geometry optimization: for each value of
the Fe-C-O angle we fully relaxed all the remaining degrees

TABLE 3: Frequencies Corresponding to the Stretching
Mode of the Diatomic Molecule (O2 or CO) in the
Complexes Investigated. The Value for the Isolated
Diatomic Is Also Included, To Allow Comparisons

calculated experimental

structure O-O (Å) νOO (cm-1) O-O (Å) νOO (cm-1)
1FeP(O2) 1.28 1222 1188-122333b
1FeP(Im)(O2) 1.30 1046 1.2-1.344 11601c
2O2

- 1.34 1076 1.3034 114634
3O2 1.23 1651 1.2148 158048

structure C-O (Å) νCO (cm-1) C-O (Å) νCO (cm-1)
1FeP(Im)(CO) 1.17 1789 1.12-1.1639 1940-198047
1CO 1.14 2082 1.1348 217048

SCHEME 3

Figure 6. Energy (E) required to bend the Fe-C-O angle.
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of freedom, while the optimization was restricted to the Fe-
C-O bond in ref 10b.

VI. The FeP Complex with NO

Despite the importance of the nitrosyl-heme complex, only
a few computations at the semiempirical level have been
reported in the literature for FeP(NO).7d-f In our study, we
analyze theM ) 2 andM ) 4 spin multiplicities of this
complex. In both cases we start from the optimized geometry
of FeP(O2), we replace the oxygen closest to Fe by nitrogen,
and we let the system relax. The ground state has a multiplicity
M ) 2, with a binding energy of 35 kcal/mol with respect to
3FeP and2NO. TheM ) 4 multiplicity is 15 kcal/mol higher
than the ground state, and therefore, it is also bound. Among
the pentacooordinated complexes we considered in our study,
FeP(NO) is the only one being significantly bound in more than
one spin multiplicity.
The equilibrium geometry of theM ) 2 ground state is

illustrated in Figure 2b: the NO is attached in the “end-on”
configuration, and the complex hasCs symmetry. The structural
features of this molecule are rather similar to those of FeP(O2),
and as discussed below, they have a similar origin in terms of
the electronic structure. At equilibrium the NO molecule lies
in the plane bisecting one of the N-Fe-N angles of FeP and
resides in the smallest of the four N-Fe-N quadrants. The
energy associated with rotations of NO with respect to the Fe-N
axis is small, comparable to the one we computed for FeP(O2)
and FeP(CO) (∼2 kcal/mol). The Fe-N bond length (1.69 Å)
is shorter than Fe-O in FeP(O2) and equal to Fe-C in FeP-
(CO), consistently with the fact that the Fe-NO bond is the
strongest among these complexes. The strength of the Fe-
NO bond is reflected also in the expansion of the Fe-N
distances in the porphyrin plane and in the out-of-planarity of
the iron atom (d ) 0.36 Å), which are larger than in the other
FeP(XY) complexes. The interatomic distance of NO expands
by ∼2% upon complexation.
A long-standing problem has been the spatial distribution of

the unpaired spin density: detailed electron paramagnetic
resonance (EPR) studies41 have been unable to determine
unambiguously the partition of the spin density between the
iron and the NO ligand. Our computation shows that in the
ground state the spin density is localized mainly on the iron
ion, which in turn can be regarded as being in a doublet spin
state. Residual spin density is located on NO, but it has zero
integral: an almost sinusoidal spin wave resides on NO, with
both the N and O atom having polarization opposite to that of
Fe, and a compensating spin density in the middle of the NO
bond (See Figure 7).
The analysis of the higher occupied MOs of2FeP(NO) shows

that the unpaired electron of the FeP(NO) complex comes from
the HOMO orbital, which is mainly given by the dz2 orbital of
Fe, with a small contribution of the orbitals of NO. This HOMO
orbital corresponds to the “z2-n” level of the Hoffman model
described before. The partial occupancy of this level leads to
a geometry that is intermediate between that of the CO and O2

complexes. In fact, the Fe-NO angle we obtain (150°) is almost
exactly the arithmetic average of the Fe-CO (180°) and Fe-
O2 (121°) angles. The energy required to bend the Fe-N-O
angle is very small: 4.5 kcal/mol is sufficient to change this
angle from the equilibrium value (150°) to 180°.
Unlike the O2 and CO cases, the d orbitals of Fe are now

strongly mixed with theπ*g orbitals of NO. This situation is
not unexpected, given the fact that the energy of theπ*g orbitals
decrease along the sequence: CO> NO > O2. In the two
extreme cases, i.e., FeP(O2) and FeP(CO), theπ*g orbitals are

well separated in energy (below and above, respectively) from
the d orbitals of Fe, and thus each orbital retains mostly its
character upon complexation. In contrast, the d orbitals of Fe
lie close to theπ*g orbitals of NO, which results in a strong
orbital mixing in the FeP(NO) complex. As a consequence, it
is not possible to assign an oxidation state to the iron atom and
a formal charge to the FeP and NO moieties by a simple
inspection of the molecular orbitals. Nevertheless, the analysis
of other structural and electronic properties might suggest a
description of the bond in terms of FeIII-NO-. These properties
are the distances among Fe and the nitrogens in the porphyrin
(Fe-Np), which are close to those of FeP(O2), the N-O distance
(1.19 Å), which expands with respect to the free molecule (1.17
Å), and the fact that the unpaired electron is localized on Fe.
The computed Fe-N-O angle (Θ ) 150°) is in good agreement
with the one measured for the FeTPP(NO) crystal structure (Θ
) 149°), determined by X-ray diffraction.42a The other bonding
parameters provided by the computation also agree fairly well
with those reported in ref 44a. The main disagreement appears
to be in the N-O distance. Our simulation givesR(N-O) )
1.19 Å, while the experimental separation isR(N-O) ) 1.12
Å.42a Because this value is shorter than the experimental
distance for an isolated NO molecule (1.15 Å),43 we suspect
that the N-O distance of the crystal structure is largely
underestimated. The only alternative explanation for the
discrepancy could be that in FeTPP(NO) the bond is of FeII-
(NO)+ type, since NO+ has a bond length shorter than NO,43

instead of FeIII-NO- type, as found in the calculation.
However, the good agreement between computations and
experiment for all the other structural parameters suggests that
this explanation is rather unlikely.
TheM ) 4 spin multiplicity has an “end-on” geometry similar

to the M ) 2 one; however, there are few characteristic
differences: (i) The distance between Fe and the N of NO is
slightly longer (1.72 Å) forM ) 4 than forM ) 2, presumably
because of the reduced binding of the complex. Nevertheless,

Figure 7. Spin density of the FeP(NO) complex averaged along planes
parallel to the porphyrin ring for the two bound spin states of the
complex (M ) 4 andM ) 2).
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this distance remains much shorter than the Fe-Np distances.
(ii) The Fe out-of-planarity (d ) 0.55 Å) is the largest among
the complexes that we have studied, and the Fe-Np distances
(2.11 Å) are much longer than in theM ) 2 ground state. (iii)
The N-O distance decreases slightly (N-O 1.18 Å), suggesting
that electronic charge is flowing back from NO to FeP. (iv)
The Fe-N-O angle increases, being now almost linear (Θ )
172°). Analysis of the charge and spin density (see Figure 7)
suggests that theM ) 4 species is the result of the anti-
ferromagnetic coupling between a quintuplet FeP and a doublet
NO (the integrated spin density on the FeP and NO fragments
amounts to four and one electrons, respectively). Therefore,
the FeP(NO) complex can be regarded as given by a weak
bonding of an almost unperturbed2NO molecule with5FeP.

VII. The Effect of an Imidazole Ligand

As a first step in understanding the role of the protein
environment on the heme group, we study the influence of a
nitrogenated axial ligand on the structure and bonding properties
of the above systems. Our objective is to analyze the role of
the proximal histidine, the basal ligand of heme in both
hemoglobin and myoglobin. In analogy with what has been
done in synthetic heme models such as the “picket-fence”,44

we attach an imidazole molecule (Im) to the iron atom via the
Nε nitrogen (see Figure 8). Although simpler, the imidazole
contains all the basic elements of the histidine residue.
The FeP(Im) Complex. The structural and energy changes

induced by the imidazole on the isolated FeP are summarized
in Table 3. The structural changes are similar to those observed
upon the complexation of FeP by O2 or CO: the Fe atom moves
out of the N-plane toward the imidazole, as depicted in Figure
8, and changes the relative energy among the spin states. The
quintuplet state becomes significantly close (6.5 kcal/mol) to
the ground triplet state. The porphyrin frame is slightly domed,
although less than what we found for the O2 and CO complexes.
We observe that the energy of FeP(Im) does not depend
significantly on the orientation of the imidazole plane with
respect to the porphyrin. The reduction of the low lying
excitation energies is the most important effect induced by the
Im ligand on FeP and could have important consequences for
biological processes. As apparent from the results of the
previous sections, the reaction of FeP with the diatomics may
require the change of the spin multiplicity to reach the ground
state of the final complex. By changing the energy associated
with this process, the Im ligand could alter drastically the
kinetics of the reactions involving FeP.
The FeP(Im) complex shows a very interesting spin-structure

relationship. As apparent from Table 4, the iron out-of-planarity
(d) depends on the spin multiplicity: it is 0.24 Å for the singlet,
0.15 Å for the triplet, and 0.33 Å for the quintuplet. This
suggests that the relative stability of the different spin states
can be influenced by small structural distortions in the Fe-Im
geometry and, in particular, by variations in the iron out-of-
planarity. We verified that this is indeed the case by computing
the adiabatic spin excitation energies for several values ofd.

The results are reported in Figure 9. Each curve is computed
by constraining the nitrogen atoms to lie in a plane, with the
Fe atom at a fixed heightd below it (see Figure 8). All the
other degrees of freedom are optimized. The results confirm
that the relative energy of the different spin multiplicities
depends strongly on the structural parameterd. In particular, a
large value ofd (>0.4 Å) stabilizes the quintuplet state versus
the lower spin multiplicities. This spin-structure relation could
have important implications in the chemistry of heme-proteins.
It is worth mentioning that several experiments have demon-
strated that the deoxy form of both myoblobin and hemoglobin,
where the iron atom lies∼0.42-0.63 out of the N-plane, is in
a high-spin ground state.1c Our results highlight the ability of
the imidazole ligand in controlling the electronic structure of
the FeP, which could provide an easy mechanism for the protein
to prepare the active center in the most useful spin multiplicity.
The FeP(Im)(O2) and FeP(Im)(CO) Complexes.We now

turn to the FeP(Im)(O2) and FeP(Im)(CO) complexes. In both
cases the ground state is a spin singlet. The resulting binding
energies are 15 and 35 kcal/mol, respectively. These values
are significantly higher than those computed without the
imidazole ligand, the relative increase being more important
for the O2 complex.
Despite the stronger interaction of the diatomic with the rest

of the complex, the O2molecule can still rotate around the Fe-O
axis without significant energy barriers, and the Fe-C-O angle
can also be changed at little cost in terms of energy. The Fe-
C-O bending energy, in particular, seems to be slightly lower
in the presence of Im than without, although the difference is
hardly significant.
The electronic structure of FeP(XY)(Im) (XY) O2, CO) is

very similar to that of FeP(XY). In particular, the analysis of
the spin density for FeP(Im)(O2) reveals a picture very similar
to the one obtained for FeP(O2): the system is an open shell
singlet, with two regions of opposite spin located on Fe and

Figure 8. Geometric parameters we use to describe the structure of
the FeP(Im) complex.

TABLE 4: Energy with Respect to the Ground State (Erel),
Fe-N Distances, and Out-of-Planarity of the Iron Atom (d,
As Described in Figure 3) Corresponding to the Lowest
Lying Spin States of FeP(Im). Energies Are Given in
kcal/mol and Distances in Angstromsa

spin-structure Erel Fe-Np d Fe-Nε
1FeP(Im) 8.3 1.99 0.24 1.99
5FeP(Im) 6.5 2.04 0.33 2.10
3FeP(Im) 0.0 2.00 0.15 2.14

aNotation: Np ) porphyrin nitrogen. Nε ) imidazole nitrogen
coordinated to the Fe atom.d ) distance of the Fe atom to the mean
plane defined by the four Np atoms.

Figure 9. Energies of theM ) 1, 3, and 5 spin multiplicities of
MFeP(Im) as a function of the displacement of the iron atom (d) with
respect to the N-plane.
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O2. The integrated spin in each of these two regions is 0.88e,
i.e., equal to the one in FeP(O2). Nevertheless, we point out
that the corresponding closed shell singlet of the FeP(Im)(O2)
complex (described as FeII(S)0)-O2(S)0)) lies only 3 kcal/
mol higher than the open shell ground state. This small energy
difference is likely to be affected by the protein environment,
where a small perturbation (a distortion of the heme structure,
the electrostatic field of the protein, or spin-orbit coupling)
could lead to a mixing of the two states. Therefore, both
situations are predicted to be possible once heme-protein
interactions are taken into account. A polarity in the Fe-O
bond, as present in the open shell state, would reinforce the
hydrogen bond to the distal histidine (Fe-O-O‚‚‚H-N), which
in turn would favor O2 binding versus CO. A nonpolar bond,
on the other hand, could be useful in the mechanism of O2

release from the heme pocket.
The strengthening of the Fe-O2 and Fe-CO bonds upon

inclusion of imidazole can be easily explained in terms of the
changes in the main orbital interactions. The main contribution
to the binding in the FeP(Im)(XY) complexes originates from
theσ-bonding interaction between the low lying 3σg orbital of
the diatomic molecule and the dz2 orbital of the Fe atom. To
understand the changes in the 3σg-dz2 interaction induced by
Im, it is useful to look at the complexation in two steps: (i) the
binding of Im to FeP and (ii) the binding of the diatomic to the
resulting FeP(Im) complex. In the first step, the direct effect
of Im on the electron distribution of FeP consists in polarizing
the dz2 orbital out of the FeP plane, toward the remaining vacant
ligand position. This makes the dz2 orbital better prepared to
interact, in the second step, with the 3σg orbital of the diatomic.
As a result, the overlap between dz2 and 3σg increases, which
in turn contributes to the strengthening of the bond.
The optimized structure of the FeP(Im)(O2) complex is

reported in Figure 10, and Table 5 contains the most relevant
structural information about the complexes analyzed. The
simultaneous presence of Im and the diatomic molecule XY
(XY being O2 or CO) gives rise to an approximate octahedral
coordination shell for Fe and restores the planarity of the FeN4

fragment. The Fe-N distances within the porphyrin expand
further, but this effect is less important than upon the first axial
coordination. The Fe-XY binding geometry depends slightly
on the presence of Im: the Fe-X distance increases (by 2% in
both the O2 and CO complexes) despite the increase in the bond
strength. The CO distance remains constant and the O-O
distance increases by 2%, suggesting that additional charge is
transferred to O2.
The overall structure of FeP(Im)(O2), and especially the

geometry of the Fe-O2 bond, are close to the X-ray structures
determined for both synthetic iron-porphyrin-imidazole com-
plexes and heme-proteins. For instance, in the “picket-fence”
model, [Fe(TpivPP)(1-MeIm)(O2)], the main structural param-
eters are Fe-O ) 1.75(2) Å, O-O ) 1.2(1) Å, Fe-Np )
1.98(2) Å, Fe-O-O) 131(2)°,44 while in myoglobin they are
Fe-O) 1.83 Å, O-O) 1.22 Å, Fe-Np ) 1.90-2.00 Å, Fe-
O-O ) 115.5°.4g Consistently with our observation that O2
can rotate almost freely around the Fe-O axis, the experimental
results show that the projection of the O-O bond in the
porphyrin plane is different in different environments: in the
picket-fence it lies in the plane bisecting one of the N-Fe-N
angles, while in myoglobin and hemoglobin the projection of
the O2 molecule nearly overlaps with one of the Fe-N bonds.
Apparently, even a small perturbation due to the protein
environment (for instance a hydrogen bond with the distal
histidine) is sufficient to rotate the equilibrium position of O2
around the Fe-O axis.

Experimental X-ray data for the FeTPP(py)(CO) complexe
(py) pyridine) and other synthetic heme models39 consistently
give Fe-(CO) bond lengths in the range 1.74-1.77 Å, and C-O
separations between 1.12 and 1.16 Å, i.e., close to the
equilibrium parameters obtained in our computation for FeP-
(Im)(CO). The comparison with experimental data for carbon
monoxymyoglobin crystals is more intriguing: here Fe-CO
distances in excess of 1.85 Å are measured by X-ray and neutron
diffraction,4b-e and the discrepancy with our results is beyond
the uncertainties of both the experiments and our model.
Together with the fact that for FeP(O2)(Im) our computation
gives a Fe-(O2) distance closer to the experimental one even
for proteins, these observations suggest that, in the case of CO
in myoglobin, an additionallong-rangeforce is superimposed
on the short-range chemical interactions.
Unfortunately, there is little direct experimental information

on the specific effects of the Im ligand on the stability of the
FeP(XY) complexes. Nevertheless, it is known that the
stretching frequency of O2 in gas-phase iron-porphyrin com-
plexes decreases in the presence of an axial base ligand.33 This
experimental observation is taken as an indication of a strength-
ening of the Fe-O bond, which is consistent with our results.
For a more direct comparison between our results and the
experimental data, we computed the stretching frequency of O2

Figure 10. Ground-state geometry of the FeP(Im)(O2) complex: (a)
side view; (b) top view showing the orientation of the O-O axis and
the imidazole plane with respect to the N-plane.
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in the FeP(Im)(O2) and FeP(Im)(CO) complexes, by the same
method we used in the FeP(O2) structure. The results, reported
in Table 3, show that our model is able to reproduce the slowing
down of the O-O stretching associated with the strengthening
of the competing Fe-O bond. The results for the CO stretching
frequency in the FeP(Im)(CO) complex also agree with the
experimental frequencies.
The FeP(Im)(NO) Complex. The simultaneous complex-

ation of FeP by NO and Im is of considerable interest, because
experimental results42b,45show that NO reduces the binding of
Im to an iron-porphyrin derivative. The sametrans-repulsiVe
effect has been invoked to explain structural rearrangements in
heme proteins such as guanylate cyclase.45 The structure
resulting from our geometry optimization has the iron atom
almost in the porphyrin plane (d ) 0.09 Å), longer Fe-NO
and N-O distances (1.72 and 1.20 Å, respectively) than FeP-
(NO), and a more pronounced Fe-N-O bending (Θ ) 138°).
The porphyrin core loses completely its domed shape charac-
teristic of the five-coordinated complexes, as can be appreciated
in Figure 11. More apparent is the change in the Fe-Im bond,
which now shows a Fe-Nε distance of 2.22 Å, i.e., 0.15 Å
longer than the FeP(Im)(O2) and FeP(Im)(CO) complexes and
0.08 Å longer than in FeP(Im). Our computed FeP(Im)(NO)
structure is in good agreement with the experimental data of
ref 42b (see also Table 5). Consist with the fact that Im is
almost displaced by the binding of NO, the strength of the Fe-
NO bond in FeP(Im)(NO) (36 kcal/mol) is almost equal to that
of FeP(NO) (35 kcal/mol). The binding of Im to FeP, on the
other hand, is weakened: the energy required to break FeP-

(NO)(Im) into FeP(NO) and Im is slightly less than 6 kcal/
mol, while in FeP(Im)(O2) and FeP(Im)(CO) it amounts to 12
kcal/mol. Prompted by the observation of different EPR spectra
atT ) 77 K andT ) 300 K,41,46we investigated the structural
dependence of FeP(NO)(Im) on temperature. To this aim, we
performed a short MD simulation of an isolated2FeP(NO)(Im)
complex at 300 K. As expected, the Fe-N-O angle displays
large-amplitude oscillations, since the angular restoring force
is very weak. More importantly, the motion of NO around Fe
is highly anharmonic. Apart from the structure of the Fe-N-O
fragment, the other features of the complex (including the
average Fe-Nε distance) do not change significantly from 0 to
300 K. Although our simulation does not provide a direct
explanation of the experiments (the observed drastic change of
EPR spectra in raising the temperature from 77 to 300 K), a
strong dependence of the Fe-N-O geometry on temperature
is highlighted. A more detailed study of the effect of the
temperature on the structure and electronic properties of FeP-
(Im)(NO) is in progress.

VIII. Final Remarks

Density functional theory has been applied to the study of
the FeP molecule and two series of FeP-based complexes: the
five-coordinated FeP(A), with A) O2, CO, NO, and Im, and
the six-coordinated FeP(Im)(B), with B) O2, CO, and NO.
Our computations provide for the first time a consistent set of
data for binding energies and electronic properties that allow
us to understand trends and relations between the structure and
chemical activity for this family of molecules closely related
to the heme group.
The properties of the CO, NO, and O2 complexes turn out to

be determined mainly by the energy and occupation of the
frontier orbital (π*g) in the diatomic ligands. In the case of CO,
the π*g orbital is empty and remains at high energy upon
formation of the Fe-CO bond. A linear Fe-C-O configuration
optimizes theσ-bonding, as well as theπ-back-bonding between
iron and CO. These two features explain both the linear Fe-
C-O geometry resulting from our simulation and the relatively
high stability of the complex (26 kcal/mol). On the other
extreme is the FeP(O2)complex. In this case theπ*g orbitals of
O2 lie at lower energy and are occupied by two electrons. Their
bonding with FeP results in the occupation of an additional MO
that is strongly antibonding for a linear Fe-O-O configuration,
thus explaining the bent ground-state geometry obtained in our
computation. We observe that one electron is transferred from
iron to one of theπ*g orbitals of O2. The remaining unpaired
electron onπ*g is anti-ferromagnetically coupled to one unpaired
spin on the d-π orbitals on Fe, resulting in an open shell singlet.

TABLE 5: Computed Structure and Binding Energy of the FeP(AB) and FeP(Im)(AB) Complexes Investigated (AB) O2, CO,
NO). Distances Are in Angstroms, Angles in Degrees, and Energies in kcal/mol. The Experimental Values Correspond to
X-ray Structures of Heme Models39a,42,44

structure Fe-A A-B ∠Fe-A-B Fe-N Fe-Nε ∆E
1FeP(CO) calc 1.69 1.17 180 1.99 26

expt 1.77(2) 1.12(2) 179(2) 2.02(1) 2.10(1)
2FeP(NO) calc 1.69 1.19 150 2.03-2.01 35

expt 1.71(1) 1.12(1) 149(1) 2.00
1FeP(O2) calc 1.74 1.28 123 2.02-1.99 9

expt 1.75(2) 1.2(1) 131(2) 1.98(2) 2.07(2)
2FeP(Im)(NO) calc 1.72 1.20 138 2.02-2.01 2.22 36

expt 1.74(1) 1.12(1) 140 2.01(1) 2.18(1)
1FeP(Im)(CO) calc 1.72 1.17 180 2.02 2.07 35

expta 1.77(2) 1.12(2) 179(2) 2.02(1) 2.10(1)
1FeP(Im)(O2) calc 1.77 1.30 121 2.02-2.01 2.08 15

exptb 1.75(2) 1.2(1) 131(2) 1.98(2) 2.07(2)

a The experimental model39acontains pyridine as an axial ligand instead of imidazole.b The O-O bond distance of the crystal structure is highly
imprecise.

Figure 11. Ground-state geometry of the FeP(Im)(NO) complex. The
weak bond to the imidazole ligand is represented by a dashed line.
The orientation of the N-O axis with respect to the N-plane is very
similar to that of Figure 10b, with the N-O axis projection slighly
closer to one of the Fe-N distances.
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This type of bonding corresponds well to the FeIII-O2
- picture

of Weiss. Molecular levels are filled up to the antibonding states
of O2, and the binding energy of the complex is rather low (9
kcal/mol).
In many respects, the most intriguing case is FeP(NO), since

NO has an electronic structure intermediate between that of CO
and that of O2. Theπ*g orbital of NO is close in energy to the
HOMO of FeP, giving rise to an important hybridization of the
molecular states. The binding of NO is the strongest of the
series (35 kcal/mol), and the Fe-N-O angle (150°) is inter-
mediate between the linear FeP(CO) and the geometry of FeP-
(O2). The unpaired spin is fully localized on iron, while NO
supports an almost sinusoidal spin wave that integrates to zero
spin. The FeP(NO) complex is the only one having, in addition
to theM ) 2 ground state, a spin excited state (M ) 4) that is
strongly bound (20 kcal/mol). TheM ) 4 species seems to be
given by the anti-ferromagnetic coupling of the almost unper-
turbed2NO with 5FeP. The presence of two spin multiplicities
separated by rather low energy, together with the floppy and
anharmonic dynamics of the Fe-NO unit, might be the reason
for the anomalous EPR spectrum measured for this complex.
The addition of the Im ligand affects substantially the energy

splitting of the FeP spin states, and we find that this effect is
enhanced by small variations in the out-of-planarity of the Fe
atom. In this respect, we suggest that the proximal histidine
could easily control the electronic structure of the active center
in heme proteins. The presence of the imidazole enhances the
stability of the O2 and CO complexes (15 kcal/mol in FeP(Im)-
(O2) and 35 kcal/mol in FeP(Im)(CO)). Once again, the NO
complex behaves in an exceptional way: the addition of NO to
FeP(Im) almost breaks the Fe-Im bond, resulting in a very long
Fe-Nε distance. The Fe-NO bond, having turned away the
competing Im, has almost the same strength as in FeP(NO).
This drastic weakening of the Fe-Im bond may provide a
mechanism for structural rearrangement of the heme with respect
to the protein framework.
Comparison of our optimized structures with the results for

crystallized proteins shows that the FeP(Im)(O2) complex is
almost unchanged by incorporation in myoglobin, while FeP-
(Im)(CO) is significantly distorted (in particular, the Fe-C-O
angle and the Fe-C distance) by the protein environment. The
importance of angular distortion of the Fe-(CO) unit has been
analyzed by performing explicit computations for the energy
required to bend the Fe-C-O bond (both in the presence and
in the absence of Im). The results show that thermal energy
alone is sufficient to produce the deviations from linearity (∼7°)
observed for heme-proteins in solution. Much larger deforma-
tions (on the order of 30°) are required to affect significantly
the stability of the FeP(CO) complex or, at least, to shift the
relative stability of FeP(CO) with respect to FeP(O2).
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