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Reactivity: A Density Functional Theory Study

Mahin Gheidi, Nasser Safari,* and Mansour Zahedi

Department of Chemistry, Faculty of Sciences, Shahid Beheshti University, G. C. Evin, 19839-63113 Tehran, Iran

© Supporting Information

ABSTRACT: Iron hydroxyheme is an intermediate in heme
degradation that binds to HO-1 in a five-coordinated fashion
wherein the fifth ligand is His25. The structure and reactivity
of hydroxyheme have been investigated using the B3LYP*,
OPBE, and CASSCF methods with the 6-31+G* and 6-
311+G** basis sets. Hydroxyheme [(Im)Fe"(POH)] (POH is
the hydroxyporphyrin) is readily oxidized to oxophlorin
[(Im)Fe™(PO)] (PO is the oxophlorin trianion) in the
protein heme oxygenase. A computational study in the gas
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phase has shown that °[(Im)Fe"(POH)] loses one electron from its a,, orbital in the presence of O, and produces
[(Im)Fe"(PO®)], (PO* is the oxophlorin dianion radical) in the sextet ground state with a ferrous keto z-neutral radical

structure and dxyzaz‘]ldyzldlea*zzldxl_y

*! electronic configuration. There is a closely lying exited state accompanying this ferrous
keto 7-neutral radical that has a high-spin ferric keto anion form of °[(Im)Fe™(PO)],, with a,,’d,,'d
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configuration. In the protein environment with a dipole moment larger than 5.7, the ground state is reversed and
*[(Im)Fe™(PO)],, is at least 1.47 kcal/mol lower than the ferrous z-neutral radical of °[(Im)Fe" (PO*)],, . The interaction of

H,0, O,, and CO with iron oxophlorin will shift the electronic structure toward the formation of a keto z-neutral radical

resonance form in the following order: CO > O, > H,0.

B INTRODUCTION

Heme oxygenase (HO) is an important enzyme in human
physiology involved in the degradation and recycling of heme
iron.'~” Because less than 3% of our daily iron requirement
comes from our diet, the rest must be made available through
this recycling process.*” In mammals, HO is a membrane-
bound protein and is found in two forms: HO-1 and HO-2.
The former mainly functions as the heme catabolism and
antioxidant defense, while the latter is involved in the
biosynthesis of carbon monoxide (CO), which functions as a
neural messenger molecule in the brain.'® HO catalyzes the
conversion of ferric heme into iron biliverdin and CO in a
multistep reaction mechanism, as displayed in Scheme 1. This
stepwise mechanism uses three molecules of molecular oxygen
and several electrons delivered by NADPH—cytochrome P450
reductase.'’ The conversion of ferric heme into a-meso-
hydroxyheme (hydroxyheme) is believed to be carried out by
an iron(III) hydroperoxo intermediate,">'* a reaction that is
regioselective at the a position. This is imposed by the HO
enzyme because of strict hindrance of the distal helix over the j3,
7, and 0 positions. The next step in the HO mechanism is the
conversion of hydroxyheme into verdoheme in a multistep
reaction that includes dioxygen (O,) binding, O—O bond
cleavage, CO liberation, and reorganization of the macrocycle,
accompanied by several electron-transfer processes.”'>'°
Because of the fact that this second multistep oxygenation is
rapid and spontaneous in the presence of O,, the details of
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ligation and the electronic and spin states of the reactive form
of the iron hydroxyheme and its mechanism remain illusive.

Mansfield Matera et al.'®> have reported that this reaction
simultaneously consumes one oxygen and an electron. Liu et
al.' insisted that the oxygen molecule alone converts a-meso-
hydroxyheme to ferric verdoheme and that the electron is used
to reduce ferric verdoheme to the ferrous species. Sakamoto et
al."” reported that the conversion of a-meso-hydroxyheme to
ferrous verdoheme precedes the reduction of ferric a-
hydroxyheme.

However, it is so far clear that iron(II) hydroxyheme is
converted to iron(II) verdoheme and CO by one molecule of
0O,. All a, B, v, and 0 isomers are rapidly converted to the
corresponding isomers of verdoheme, and it seems that the HO
enzymes have not been shown to play a critical role.'®
Therefore, hydroxyheme produces key intermediate substrates
that are sometimes very reactive with O,. In this step,
surprisingly not only does CO not inhibit the conversion of
hydroxyheme to verdoheme but it is also believed to lead to the
production of an iron(II) keto z-neutral radical resonance
structure, which enhances the hydroxyheme reactivity toward
0,."¥'¢ In spite of these facts, the reactive intermediates in the
conversion of hydroxyheme to verdoheme have not been
thoroughly identified nor has the crystal structure of the meso-
hydroxyheme—HO complex been resolved.
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Figure 1. (a) Active-site structure of heme in HO as taken from the IN3U PDB file. Amino acids are labeled as in the crystal structure, and W is a
water molecule. (b) Corresponding structure used as the basis for our calculation.

Furthermore, Balch and co-workers have indeed shown that
in the coupled oxidation process there is an ambiguity in view
of the allotment of electrons distributed between the metal and
ring of oxophlorin.'”** Experimental®® and theoretical®®
investigations have also manifested that *[(Py),Fe™(PO)]°
undergoes two reversible, one-electron processes. We have
also illustrated that the electronic and spin distribution,
oxidation state, and reactivity in six-coordinate iron oxophlorin
were related to the axial ligands.26‘27 The oxidation of
2[(Py),Fe™(PO)]° to 3[(Py),Fe"™(PO®)]* occurred by re-
moval of an electron from an a,, orbital, in agreement with the
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experimental results (Scheme 2). Thus, the radical nature of the
macrocycle in [(Py),Fe(PO)]° at higher temperatures, and in
[(Py),Fe™(PO®)]*, at lower temperatures, makes them very
reactive toward O,. Our question now is, what is the reactive
form of hydroxyheme or oxophlorin in the natural HO system?
To address this, we will discuss the details of our investigation
into the electronic and spin states of the reactive form of five-
coordinate biologically related hydroxyheme. These studies are
the prerequisite for understanding the mechanism of its

conversion.
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Table 1. Calculated Relative Energies for Hydroxyhemes Using the B3LYP* and OPBE/6-311+G** Methods

stabilization energy (kcal/mol)

B3LYP* OPBE

compound low intermediate high low intermediate high
L35(1) 9.81 1.35 0.00 7.50 0.68 0.00
5(2) 342
246(3) 8.80 4.06 0.00 8.80 1.12 0.00
246(4) 445 0.00 1.87 3.80 0.00 0.75
246(5) 0.00 3.12 12.00 0.00 0.50 12.61
245(6) 0.00 20.14 15.04 0.00 12.75 16.00

Model Used and Choice of Initial Geometries. Figure
la displays the active site structure of heme in HO as taken
from the IN3U protein databank (PDB) file.”® Ferrous heme is
ligated to an axial histidine of His25 and is virtually planar. On
the distal side of the heme, there is a water channel containing
at least four crystal water molecules (W), which form a proton-
relay chain connecting several proton donor groups, e.g, from
Argl36, Aspl40, and Glyl139, to heme iron.”” This water
channel is located on the distal heme site above the a position
of the heme ring. The amino acid helix blocks access to the f-,
7-, and 6-meso positions of the heme, which are shielded from
this proton relay channel. Therefore, because of the lack of the
hydroxyheme—HO structure, the a-C atom in heme has been
replaced with the keto group in the heme—HO structure.

B METHODS

All calculations were performed using previoule described methods,
which have been briefly summarized here.”*>”*° The density
functional theory (DFT) method was employed using the B3LYP*
and OPBE hybrid density functional method, as implemented in the
Gaussian 2003 (A.B.3)*' program series. The B3LYP* and OPBE*>*%/
6-31+G* methods were used for the optimization of all structures. The
energies were corrected by single-point calculation with a larger basis
set 6-311+G**3*3° for all of the atoms and in all cases. Also, the
complete active-space self-consistent-field (CASSCF)***” wave
functions with second-order multireference perturbation theory were
analyzed to validate our DFT methods. The second-order perturbation
theory (CAS MP2) energy corrections have been obtained for the
CASSCF-level and DFT-optimized states, which use the CASSCF
wave functions as the reference function. A modification of B3LYP to
B3LYP*,*** where the Hartree—Fock exchange was reduced by 5%
(from 20% to 15%), was also used. The spin-unrestricted version of
the B3LYP* (UB3LYP*) method was applied even to the singlet
states when the reaction species were reasonably considered to have an
open-shell singlet electronic configuration.**™** The iron(IIl) super-
oxo species (5, in the doublet state) has significant spin contamination,
which leads to the possibility of contribution to an admixture of high-
spin states. Spin contamination was studied, and the subtraction of the
energy contribution of the higher spin states from the spin-
contaminated energy was obtained.*>*¢

All energies reported in this work used the latter basis set and were
corrected for zero-point energies, as taken from the frequency
calculations. Atomic charge and spin-density studies were based on
the Mulliken calculation. Natural bond orbital (NBO) analysis was
used to explain the electron in the d orbitals of iron and the
macrocycle ring as well as to assign the atomic charges. The molecular
orbital analyses were performed by GaussView applied to the respective
Gaussian output file. As an initial guess, an unrestricted Hartree—Fock
calculation was performed. The natural orbitals from this unrestricted
Hartree—Fock calculation are then used as starting orbitals for the
CASSCF procedure. The CASSCF natural orbitals were visualized
using the program GaussView.

The gas-phase energies were corrected using the self-consistent
reaction field (SCRF) model*” implemented with the 6-31+G* basis
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set at the gas-phase geometry. The two solvents were specified by a
dielectric constant (¢), that is, € = 5.7 with a dielectric medium for
protein and & = 24.55 under a stronger polarity for ethanol.

Bl RESULT AND DISCUSSION

The experimental evidence shows that iron hydroxyheme
bound to HO-1 is five-coordinate, wherein the fifth ligand is
His25.** 7' The difference between the chemical and
enzymatic systems is the coordination state of iron hydrox-
yheme: six-coordinate in the model system and five-coordinate
in the enzyme system. In this study, an ab initio DFT method
was employed to investigate the electronic structure, spin states,
and reactivity of the iron hydroxyheme complex in an
environment similar to that of the HO system. The effects of
H,0, O,, and CO on the reactivity of five-coordinate iron
oxophlorin, which was formed from oxidation of hydroxyheme,
in different oxidation and spin states were investigated in the
heme degradation process (spin states are identified with a
superscript before the label). Swart and co-workers**** have
shown that the B3LYP* and OPBE methods predict the high-
spin ground-state energies in accordance with the experimental
results and are superior to B3LYP. Furthermore, the OPBE
method gives good results for iron complexes and other
transition metals confirmed by Ghosh et al.>*™>* It is well-
known that B3LYP overestimates the high-spin states and the
6-31+G™* basis set predicts high-spin states that are low in
energy. Therefore, the B3LYP* and OPBE methods with 6-
31+G* and 6-311+G™** basis functions have been employed in
this investigation. Both methods were adequate for optimiza-
tion of the structures and spin-state energies, yet in this work, it
seems that B3LYP* can predict the electronic configuration
especially for the high-spin ground state in these systems in
accordance with the experimental evidence (see Table 1). We
have also applied the CAS MP2/6-31G* calculation as a
benchmark for the DFT results.

The geometries and energies of compounds "*°[(Im)-
Fe''(POH)] (1), °[(Im)Fe"(PO®)] (2), ***[(Im)Fe"(PO)]
(3), ***[(Im)(H,0)Fe"(PO)] (4), *'[(Im)(0,")Fe"(PO*)]
(5), and ***[(Im)(CO)Fe"(PO*®)] (6) were fully optimized
and computed in all possible spin states. Table 1 shows the
computed relative stabilization energies for these compounds.
The compound numbering system in Scheme 3 has been
preserved in this study. The charge densities and spin
distributions for all compounds are presented in Table 2. The
details of the bond distances for all compounds by the B3LYP*
and OPBE methods are presented in the Supporting
Information (SI). The results of this study were reexamined
and validated by the CASSCF method. The obtained results
from the CASSCF-level and MP2-corrected energies for all of
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the species are listed in Tables S2 and S3 in the SI and confirm
the DFT results.

Different resonance structures were proposed for the reactive
form of hydroxyheme or oxophlorin. The experimental
evidence indicates’® that small molecules such as CO, O,
and H,O could dramatically change the stable resonance
structures, oxidation, electronic configurations, and spin states
of Fe and the macrocycle (Scheme 3).

Five-Coordinate Iron Hydroxyheme: Model for the
Enzyme System. Experimental data indicate'**~>" that the
heme—HO complex is five-coordinate possibly with an OH™ or
H,O in the distal position of the heme. The details of the
electronic and spin states of this five-coordinate species have
not been thoroughly identified.

Therefore, the model used in the five-coordinate iron
hydroxyheme complex was based on the crystal structure
shown in Figure 1, whereby all side chains of the macrocycle
were replaced by H atoms and the a-C atom in the heme was
replaced by a keto group. The proximal histidine in the HO
complex is a neutral imidazole due to the one similarity seen
with myos%lobin rather than the imidazolate seen in peroxidase
enzymes.

Oxidation Reactions of Ferrous Hydroxyheme Com-
plex 1. The geometry and energy of the five-coordinate ferrous
hydroxyheme complex 1 were fully optimized and computed in
singlet, triplet, and quintet states. The quintet spin state
(ground state with d,*a,,’d,.'d,.'0%'6% 2_ ' occupation) is
1.35 and 9.81 kcal/mol more stable than the triplet and singlet
spin states, respectively, at the B3LYP*/6-311+G** level
(Table 1 also shows the data for the OPBE method that is in
accordance with the B3LYP* method). Subsequently, the

oxophlorin complex of [(Im)Fe(PO)]
losing one electron and a proton from 1.
The oxidized species [(Im)Fe(PO)] was also fully optimized
in all possible spin states using the B3LYP* and OPBE/6-
31+G* methods. In this complex, the sextet spin state (ground
state) is 4.06 kcal/mol more stable than the quartet spin state
and 8.80 kcal/mol more stable than the doublet spin state at
the B3LYP*/6-311+G** level (Table 1 also shows the data for
the OPBE method that is in accordance with the B3LYP*
method). In the sextet state, two possible electronic

conﬁguratlons are d a2u1d ' and
deyldy 'd, lo* lo* 2 yz these have been labeled as [(Im)-

FeH(PO')] (¥,)%2) and *[(Im)Fe™(PO) ], (°¥,,)*(3),
respectively. The complex 3 state lies at only 3.42 kcal/mol
higher than the radical species 2. Form 2 includes an electron
transfer from the doubly occupied d,, orbital to a singly
occupied a,, orbital (d,, — a,,), which leads to complex 3. The
electron distribution in the a,, orbital of the oxophlorin has a
7* character located on the C—O bond, as has been indicated
in Figure 2a. Because of this charge transfer from iron(II) to the
oxophlorin ring, the C—O bond distance of 3 is elongated by
about 0.04 A (see Figure 2b).
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Figure 2. Oxophlorin complex of [(Im)Fe(PO)]: (a) Kohn—Sham
HOMO with a,, symmetry; (b) two optimized structures with
different electronic aspects.

Therefore, our calculations show that the deprotonated
species of [(Im)Fe(PO)] can be represented in the ground
state as ferrous keto z-neutral radical resonance form °(2),
which has a closely-lying excited state of ferric keto anion form
%(3) in the gas phase.

Table 2. Calculated Mulliken Charges and Spin Densities for the Fe, O, C,,, and C,,,, Atoms and the Ring Macrocycle (Values

in Parentheses Are Charge Densities)

compound Fe ring (0] Coro meso-C meso-C trans
5(1) 3.86 (1.17) 0.13 (—1.15) 0.00 (—0.23) 0.02 (0.20) 0.00 (0.00) 0.01 (0.03)
(2) 4.12 (1.19) 0.85 (=1.17) 0.25 (—050) 0.15 (0.23) 0.10 (0.00) 0.27 (0.05)
(3) 4.75 (1.46) 0.22 (—1.48) 0.02 (—0.64) 0.03 (0.26) 0.00 (0.06) 0.01 (0.06)
5(4) 3.92 (1.20) 0.87 (—1.19) 0.26 (—0.46) 0.15 (0.26) —0.09 (0.00) 0.28 (0.03)
Y(s) 1.08 (1.47) 0.92 (—1.24) 0.29 (—0.53) 0.15 (0.24) 0.10 (0.05) 0.28 (0.06)
2(6) 0.00 (1.12) 1.00 (—0.95) 0.30 (—049) 0.15 (0.23) 0.12 (0.00) 0.28 (0.05)
2769 dx.doi.org/10.1021/ic402754y | Inorg. Chem. 2014, 53, 27662775
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Figure 3. Energy-level diagrams for oxidation of the ferrous hydroxyheme complex 1.

Our calculations in the gas phase show that the ferrous
complex 2 is easily formed by one electron and a proton lost
from the ferrous hydroxy form 1 at low positive potentials
(with ionization energies = 8.66 kcal/mol). The oxidation takes
place by the loss of one electron from the a,, highest occupied
molecular orbital (HOMO) of complex 1 (a,, —1.60 eV), and
because of electron transfer that occurs mainly on the ring, the
iron positive charge remains fixed at around 1.19, which is
consistent with formation of the iron(II) oxidation state (see
Table 2). However, one-electron oxidation of ferrous hydroxy
complex 1 to ferric complex 3 occurs at higher positive
potentials with ionization energies = 12.08 kcal/mol in the gas
phase. In this case, an electron is removed from the d,, HOMO
of ferrous hydroxy complex 1 (d,,, —2.04 ¢V) and has caused
the charge density on the iron to increase from around 1.17 in
ferrous hydroxy 1 to 1.46 in ferric complex 3 (see Figure 3).

Similar to our previous finding for model six-coordinate
oxophlorin®” and also the proposed oxidation of hydroxyheme
to oxophlorin by Ortiz de Montellano et al.'® and Morishima et
al,*® we have found that the ferrous hydroxy form 1 in Figure 3
can also be easily oxidized to form a reactive iron oxophlorin by
0,.

The charge densities and spin distributions for the species 2
and 3 are reported in Table 2. In form 2, the ring has a radical
nature because the charge density and spin distribution on the
oxophlorin ring are —1.17 and 0.85 and on the O atom are
—0.50 and 0.25, respectively. In form 3, the charge on the
oxophlorin is —1.48 (O = —0.64) and the spin density is 0.22
(O = 0.02). Therefore, the electron density is transferred from
the oxophlorin ring to the iron center, which leads to the
iron(II) 7z dianion radical species 2. The radical nature of the
macrocycles in species 2 possibly makes the iron oxophlorin
complex a reactive species in the heme catabolism. In the
ferrous complex (2), four unpaired electrons are localized on
the ferrous ion, and the fifth unpaired electron is on the
macrocycle with the same spin (the spin density on the iron is
4.12, and that on the macrocycle is 0.85; see Table 2). To
confirm the electronic configurations, NBO analysis for 2 is
presented in Table 3a. This evidence also demonstrates that in
iron the occupancy number of @ spin orbitals is 4.73 and that of
the f# spin orbitals is 0.87, which results in a net @ spin of 3.86
on the iron. Almost one unpaired electron with « orientation is
localized on the ring to make a sextet [Fe"(PO®)] d°® system.

Effect of the Solvent and Medium. The significance of
solvation on polar and charged species is well recognized. The
details for solvation data are presented in the SL

In Figure 4, we show the significant difference between the
gas-phase and protein behavior. In the gas phase, all of the
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Table 3. NBO Analysis of the Electron Distribution in the
Iron Atom of (a) 2 and (b) %6

a spin orbital p spin orbital

occupancy orbital occupancy orbital
(a) 2
0.99018 LP (1)Fe —0.87101 LP (1)Fe
0.98415 LP (2)Fe
0.95966 LP (3)Fe
0.90119 LP (4)Fe
0.89500 LP (5)Fe
sum of the a spin electron sum of the f spin electron
4.72881 —0.87101
(b) %6
0.97423 LP (1)Fe —0.92304 LP (1)Fe
097117 LP (2)Fe —0.91250 LP (2)Fe
0.95360 LP (3)Fe —0.84402 LP (3)Fe
sum of the & spin electron sum of the 8 spin electron
2.89900 —2.67956

oxidation processes are more endothermic. This trend makes
sense because charge species are stabilized by solvation.
Therefore, Figure 4 shows that, in a polar medium, all of the
oxidation processes have lower oxidation potentials than those
of the gas phase. The oxidation potentials of complex 1 to
species 3 and 2 in a medium with € = 5.7, which is proposed for
protein environments, reduce to 3.35 and 4.82 kcal/mol,
respectively. In a medium of higher polarity such as ethanol
with & = 24.55, further reduction to 1.78 and 4.36 kcal/mol
occurs for species 3 and 2, respectively. Solvation puts a
stronger impact on the ferric complex 3 and changes the gas-
phase ground state of the ferrous complex 2 to the high-spin
ferric complex 3. On the basis of the charge density calculations
(see Table 2) in form 3, the charge densities on iron and
oxygen are 1.46 and —0.64, respectively, while in form 2, the
charge densities are 1.19 and —0.50. Therefore, in the protein
and polar environments, the formation of the ferric species 3 is
considerably more facile than that of the gas phase. Therefore,
in the protein environment with a dipole moment larger than
5.7, the ground state is the high-spin ferric complex 3, which is
at least 1.47 kcal/mol lower than the ferrous z-neutral radical 2.

In conclusion, an external electric field is able to change the
electronic system from an oxophlorin-based radical 2 to an
oxophlorin-based trianion 3. This shows that iron oxophlorin
systems are chameleonic species that are influenced by external
perturbations and change their character and reactivity
depending on the local environment. Interestingly, these
observations are quite confirmatory and also complementary

dx.doi.org/10.1021/ic402754y | Inorg. Chem. 2014, 53, 2766—2775
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Figure 4. Schematic representation of the solvent effect with medium and strong polarity on the oxidation potentials of iron hydroxyheme in kcal/

mol.

to the experimental results. Ortiz de Montellano, Mansfield
Matera, and Masato Noguchils_17 have shown that ferric
oxophlorin formed in HO shows a high-spin iron(III) signal
accompanied with an organic radical. Electron paramagnetic
resonance (EPR) and Raman studies both confirm the
existence of species 3 and 2, in which the latter compound
will dominate under exposure to CO.

Effect of the Distal Water on the Orbital Energy
Levels, Spin States, and Reactivities of Iron Oxophlorin.
In the crystal structure of heme, the distal ligand is usually a
water molecule.’” The water molecule is anchored by a
hydrogen-bonding interaction with Asp140 and also forms a
hydrogen-bonding network involving Glyl39 and Argl36
(Figure 1).

As shown in Figure 1b, the active site of the intermediate of
hydroxyheme was chosen as an iron hydroxyheme complex
(without side chains of heme and by replacement of an a-C
atom in heme with a keto group) with its proximal ligand His25
(modeled as imidazole) and a few key protein residues: Arg136
[modeled as CH;NHC*'(NH,),], Aspl40 [modeled as
NHCH,CH,COO7], and Gly139 (HCO). Four crystal waters
were included that form a water cluster through a hydrogen-
bonding network in the distal pocket taken from the 1N3U
PDB file.”® The distance of the distal water to the iron center is
about 2.70 A. To test the effect of the environment, we
performed single-point calculations using the 6-31+G* basis set
on iron and 6-311+G** on the rest of the atoms. The relative
stabilization energy of the active-site iron hydroxyheme in HO
was computed in doublet, quartet, and sextet states, and the
sextet spin state (ground state) is 5.03 and 9.48 kcal/mol more
stable than the quartet and doublet spin states, respectively.

Subsequently, in this work, the H,O is approached the iron
from the opposite site of imidazole in different orientations as
the sixth axial ligand. The structure of [(Im)(H,0)Fe(PO)]
(4) was optimized by DFT methods. The presence of the H,0
as the sixth axial ligand caused elongation of the Fe—N bond
distance to 2.22 A, which is unexpectedly larger than that of the
Fe—N distance (2.16 A) in the five-coordinate complex of
[(Im)Fe™(PO)]. This shows that ¢ bonding is delocalized over
the entire N;;—Fe—O moiety. Elongation of the Fe—O linkage
will be accompanied by N;,—Fe shortening, a trans effect.
Thus, the protein and its interaction with the Fe—H,0O moiety
of the active species cause a shift in the spin density of iron
oxophlorin. The effect of the distal water on iron oxophlorin
changes the high-lying occupied and low-lying virtual orbital
energy levels.

2771

Figure 5 shows the relaxed scan along the Fe—H,0O
coordinate for elongation of the Fe—O distance in complex 4
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Figure 5. Correlation diagram for the d-block orbitals of complex 4,
with the angle 0 varying from 90° to about 102° in the course of the
scan of the Fe—H,O bond.

in all possible spin states. With elongation of the Fe—O
distance, in the sextet energy surface, stabilization of the ferrous
7 radical resonance, °[(Im)(H,0)Fe(PO®*)] [%(4)], is
increased because the energy surfaces of the singly occupied
d;> and d,>_ orbitals are decreased, while in the doublet energy
surface, stabilization of *[(Im)(H,0)Fe™(PO)] [*(4)] with
elongation of the Fe—O distance is decreased because the
energy surfaces of d,, and d,, HOMOs are increased. In Figure
S, we present a schematic correlation diagram that shows the
changes to the shape and energy of the d-block orbitals during
this geometrical deformation as the angle 8 varies from 90° to
about 102°. The xz and yz orbitals, which are nonbonding in 6
= 90° with Fe—O = 1.90 A (in the low-spin state), are therefore
destabilized in € > 90° with Fe—O > 2.00 A (in the high-spin
state), with their energy rising as the overlap with the ligand
orbital increases. It must be noted that a crossing between the
energy levels of the orbitals that are destabilized (xz and yz)
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and the z* orbital, which is stabilized, can occur if € and the
Fe—O bond distance become sufficiently large.

The radical nature of the macrocycles in complex °(4)
(hydroxyheme with the distal water at a distance of 2.70 A from
the iron atom) possibly makes it more reactive toward O, by
the spin-allowed path (see Figure S), an effect that may have
been inserted by the flexibility of the protein HO moiety.

Iron(lll) Superoxo Oxophlorin (5). In the five-coordinate
ferrous complex 2, the z* orbital is polarized and stabilized in
comparison with the six-coordinate complex (see Figure 6).

Figure 6. Kohn—Sham orbital for the d,> SOMO of the five-coordinate
complex 2*%(2), which shows the polarized d,? orbital.

Then the z* orbital of 2 is singly occupied in all spin states and
is reactive toward O, according to the spin rule. Thus,
coordination of O, as a sixth ligand to the iron is a possibility.

The oxyiron species is remarkable because the two
constituents 2 and O, have a total of seven unpaired spins
to begin with, and all of these spins couple in the iron(III)
superoxo species S, which is known to be a doublet or quartet
state species. Results show that for these species the doublet
state (ground state) is 3.12 kcal/mol more stable than the
quartet state.

The HOMOs are shown in Figure 7 and originate from the
iron and O, orbitals. The lowest lying d-type orbital is the J,,
orbital, which is nonbonding and located in the plane of the
hydroxyheme. Higher in energy are two orthogonal pairs of
m*,, and 7*,, orbitals for the antibonding interaction of 3d,,/
3d,, on iron with 2p,/2p, on oxygen. In addition, there are two
virtual o*-type orbitals for the antibonding interactions of the
metal with hydroxyheme (6*,2_,?) and with the axial and distal
ligands (o*). Finally, there is a @%,o orbital for the
antibonding interaction along the O—O bond.

In species S, this set of orbitals is occupied with seven
electrons. The electronic ground state is a doublet state with
orbital occupation 5xy2ﬂ*xzzﬂ'*yzlﬂ'*oolﬂaz“1, whereby the un-
paired electrons are antiferromagnetically coupled; hence, there
are five metal-based electrons connected to a superoxo group.
Therefore, we characterize species 5 as an iron(IIl) superoxo
complex. This orbital occupation resembles that of the iron(III)
superoxo intermediate in the catalytic cycle of cytochrome
P450.%%7%

Species *(5) has the same orbital occupation as the doublet
spin ground state and therefore also corresponds to an iron(I1I)
superoxo complex with three unpaired electrons. Optimized
geometries of the iron(IIl) superoxo complex in the doublet
and quartet states are nearly degenerate. Table 2 shows species
2%(5) with one unpaired electron in the iron and a second
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Figure 7. Kohn—Sham orbitals for the last five HOMOs of complex
2
S.

unpaired electron on the macrocycle ligand, with the same spin
to the iron ready for bond formation with spin pairing of
oxygen and macrocycle (the spin density on the iron is 1.08 and
that on the macrocycle is 0.92). The terminal oxygen atom has
one unpaired electron (spin density —0.71), with opposite spin
coupled to the other unpaired electron, leading to a system with
three radicals and a doublet spin state (see Figure 7). The spin-
density plot indicates that >*S may be explained as an antiferro-
and ferromagnetically coupled Fe (S 1/,)0,°PO*>=
electronic configuration (Figure SI in the SI).®* The radical
nature of iron oxophlorin in this complex makes it vulnerable to
nucleophilic attack by the terminal oxygen atom. Spin
contamination was examined and a (S*) value of 1.85 was
achieved for 2(5), which is considerable and confirmatory of
single occupation of the #*, and n*,y orbitals that are
considered as two orbitals of the Fe—O, moiety (see Figure 7)
or a contribution to an admixture of high-spin states. After spin
correction, complex *(5) has been destabilized about 1.5 kcal/
mol, resulting in lower doublet—quartet splitting, and that is
another indication of the admixture of doublet—quartet states
in this species. On basis of calculations of the spin density and
molecular orbital, 5 could possibly have an EPR-silent iron
(with two unpaired electrons) and a radical signal relevant to
the z-neutral radical macrocycle.">'

[(Im)(CO)FE"(PO®)] (6). Full optimization of the electronic
structure of 6 was performed, and the parameters have been
collected in the SL Optimized geometries *(6) and 9(6) are
20.14 and 15.04 kcal/mol higher in energy than the doublet
spin ground state, respectively. In the doublet spin state
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(ground state), the Fe—C distance is 1.77 A and the average
Fe—N,, distance is 2.03 A, which stabilized the low-spin
iron(II) state. CO coordination caused the ferrous 7 radical
form 2(6) to absolutely dominate, as 1s well documented by
EPR evidence from experimental work.'® Figure 8 shows the

Figure 8. Kohn—Sham orbitals for the last four HOMOs of 26.

Kohn—Sham orbitals for the last four HOMOs of *(6). On the
basis of this figure, an unpaired electron is placed on the a,-like
orbital of the macrocycle and the electronic configuration of
iron is dxyz(ﬂwn'yz)“. Therefore, the ring of the aforementioned
complex has a radical nature because the charge density on the
oxophlorin is —0.95 and the spin distribution is 1.00. However,
as shown in Figure 8, one of the electrons is shifted from the
macrocycle ring to iron in *(6), which results in the iron(II) 7z
dianion radical species. Upon exposure to O,, this radical reacts
with O, to yield iron(IIT) verdoheme with no requirement for
exogenous reducing equivalents.'” This is a rare example of CO
activation of iron to react with O,. CO released during the
conversion of oxophlorin to verdoheme results in the higher
reactivity of oxophlorin.

Calculated spins show that the spin density on the iron is
0.00 and that on the tetrapyrrole ligand is 1.00 (see Table 2 and
Figure S2 in the SI). This electronic distribution is in
accordance with the metal orbital splitting shown in Figure 8.
Data from analysis of NBO in Table 3b also show that the
occupancy number of the @ spin orbital for iron is 2.91 and that
of the f spin orbital for iron is 2.68, which results in a net
spin of 0.23 on iron. Almost one unpaired electron with « is
present on the macrocycle to make the whole system an
iron(1I) d® with the macrocycle as a dianionic radical.

CASSCF Study. To further confirm the electronic structures
of the oxidized species [(Im)Fe(PO)] and iron(IIl) superoxo
species 5, we performed CASSCF with second-order
perturbation theory calculation. We chose a minimal active
space that contains all orbitals that are possibly relevant for a
correct description of the spin density and electronic
configuration. The total energies and Mulliken spin densities
are listed in Tables S2 and S3 in the SIL The natural orbitals
obtained in these minimal CAS(7e,70) calculations are also
shown in Figure 9. These results are in an active space
composed of five iron 3d orbitals and the a,, orbital of the
oxophlorin. In addition, the a;, orbital has to be included in
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Figure 9. Natural orbitals and occupation numbers (a) for
CAS(7e,70) calculations of the sextet-state configuration of [(Im)Fe-
(PO)] and (b) for CAS(7e,70) calculations of the doublet-state
configuration of [(Im)Fe(PO)O,].

[(Im)Fe(PO)] and the O, #* orbital has to be included in
iron(III) superoxo species S.

The total energies of [(Im)Fe(PO)] were computed in
doublet, quartet, and sextet states (given in Table S2 in the SI)
and show that the sextet state is the ground state. Table 4 lists
the most important configurations for the sextet state. There is
a dominant contribution to the wave function [configuration
interaction (CI) weight > 0.7], which corresponds to the sextet
ground state; all other CI coefficients are smaller but significant

Table 4. Total Wave Functions for the Sextet State of
[(Im)Fe(PO)] and the Doublet State of [(Im)Fe(PO)O,] in
CAS(7e,70)

[(Im)Fe(PO)] (S =%/) [(Im)Fe(PO)O,] (S = /)

laaaaa0 0.75242891 1112000 0.64904386
alaaaal —0.28072147 11aab00 —0.30576160
laaaa0a —0.24774226 1alab00 0.27597028
alaaa0a 0.21206988 1b1aa00 0.23339070
alaa0aa 0.09242891 11baa00 —0.10948772

“On the left-hand side, the configurations are printed; on the right-
hand side, the corresponding CI coefficients are given. 1 = doubly
occupied orbital. a = orbital occupied by an a electron. b = orbital
occupied by a f electron. 0 = empty orbital.

dx.doi.org/10.1021/ic402754y | Inorg. Chem. 2014, 53, 2766—2775



Inorganic Chemistry

(<0.3). This principal configuration is also shown in Figure 9a.
The principal configuration contains four unpaired electrons on
the iron atom and one unpaired electron on the macrocycle (7-
neutral radical), which is in accordance with a
dx},zzizuld},zldlecr*zzICb""xZ_yZ1 electronic configuration (6‘1"%).
The polarization can be accounted for by adding those
configurations that contain excitations from a d,, HOMO to
a,, singly occupied molecular orbital (SOMO), meaning that
the f electron density shifts toward the macrocycle ring. All of
these excitations correspond to medium-sized CI coefficients
(>0.09). Hence, these excited configurations lead to an excess
of the a electron density on the iron atom, which leads to 6‘I‘xy
with orbital occupation aZHdeyldyzldlea*zzla*xz_ »!. Further-
more, for most excited configurations with large CI coefficients,
the d,, orbital remains singly occupied. These excited
configurations are shown in Table 4.

The total energies of [(Im)Fe(PO)O,] were also computed
in doublet and quartet states. The doublet state with the
dxyzdxzzdyzzah1 electronic configuration is the ground state.

Table 4 shows the most important configurations for the
doublet state. There is a dominant contribution to the wave
function (CI weight > 0.6), which is included in Figure 9b. The
principal configuration however, which contains one unpaired
electron on the macrocycle, cannot explain the observed spin
polarization (Figures 7 and Sla in the SI). In addition, we find
configurations that correspond to excitations from the d, or d,,
HOMO to the antibonding OO #* virtual orbital, which shifts
the f electron density toward O,. Hence, these excited
configurations lead to an excess of the a electron density on
the iron atom and an excess of the f§ electron density on the
OO fragment. It should be noted that, in all of the excited
configurations listed in Table 4, the a,, orbital is each singly
occupied by one a electron and the 7% orbital is each singly
occupied by one f electron.

The occupation numbers in Figure 9 prove the electronic
configuration of the species mentioned above, which is in
agreement with our results obtained from DFT calculations.
For example, in species *(S), the occupation number of d,, is
1.52 instead of the expected 2. In addition, the occupation
number of the 7% virtual orbital is 0.46. This shows that one
electron can arise from the iron atom to the 7*q orbital, which
lead to species *(5) with orbital occupation
6xy27t*xz27t*yzlﬂazl]1ﬂ*ool (the unpaired electrons are antiferro-
magnetically coupled).

B CONCLUSION

In conclusion, we found that the deprotonated ferrous species 2
is essential for the subsequent reaction with O, to yield
verdoheme and to cleave the porphyrin ring because this radical
species is highly reactive toward O,. In the solution phase, the
heme catabolism process is facilitated because of the lower
oxidation potential. An external electric field is able to change
the electronic system from an oxophlorin-based radical to an
oxophlorin-based trianion. This shows that the reactivity of iron
oxophlorin systems is influenced by external perturbations. O,
and CO reactivates the oxophlorin ring while shifting the
resonance structures toward a keto z-neutral radical form. To
briefly summarize, oxygen and released CO during the
catabolism process will activate more hydroxyheme substrates
for further conversion to verdoheme. Furthermore, flexibility in
the heme pocket, especially the distal water, helps the reactivity
of hydroxyheme in the active site. Details of the nature of the

2774

macrocycle now open the route for investigation of the
mechanism of this conversion that is under consideration in our
laboratory.
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