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ABSTRACT: Iron-oxophlorin is an intermediate in heme
degradation, and the metal oxidation number can alter spin,
electron distribution, and the reactivity of the metal and the
oxophlorin ring. The role of electron transfer in the structure
and reactivity of [(Py),Fe™(PO)] (PO is the oxophlorin
trianion) in different redox states has been investigated using
the B3LYP and OPBE methods with the 6-31+G* and 6-
311+G** basis sets. A computation study has shown that
[(py), Fe"™(PO)] loses one electron from its a,, orbital. Thus
the oxidized species, [(Py),Fe"™(PO®)]* (where PO* is the

oxophlorin dianion radical), has an open-shell-singlet ground state with a dxy2 d.?a,! dyzl electronic configuration with closely
lying triplet and quintet states which are populated at ambient temperature. The aforementioned complex is highly reactive
toward O,. The reduced species [(Py),Fe"(POH)] (where POH is the hydroxyheme) has the closed-shell-singlet ground state
(m,, ﬂ'yz)4 a5 dxy2 electronic configuration in which pyridines have a more 7-accepting character and, thus, are tightly bound to
iron. This reduced form is considerably less reactive toward O,. The axial ligands effects (Im, +-BuNC) have also been studied in
redox reactions of iron oxophlorin complexes. Complex [(Im),Fe™(PO)] shows facile oxidation to form a cation radical and a
reduction to form hydroxy while the [(+-BuNC),Fe"(PO®)] has high positive oxidation potential.

B INTRODUCTION

Heme catabolism is an important physiological process that is
carried out by O,/NADPH in the presence of heme oxygenase
enzyme/HO in animals and birds. Heme oxygenase performs
the essential role of destroying unwanted heme.'™® The
coupled oxidation in which heme degradation occurs via O,/
reducing agent in a coordinating solvent has been widely used
as a model for biological heme catabolism.”™ Three major
intermediates isolated and characterized in this heme oxygenase
process or in a coupled oxidation model system are a-
hydroxyheme, oxophlorin, and verdoheme,”'*™** Scheme 1.
It is known that oxophlorin is air sensitive and in the
presence of O, transforms to verdoheme by releasing carbon
monoxide. Balch and co-workers have indeed characterized
complexes of oxophlorin macrocycles in model systems called
coupled oxidation.”™*° Conversion of heme to biliverdin has
been specially studied in biological®'~** and theoretical>~*’
systems. The mechanism that converts oxophlorin into
verdoheme is, however, the least known step, and especially
the role of electron transfer in this process is the subject of
challenges. Different pathways have been proposed for the
conversion of iron oxophlorin to iron verdoheme. In one
proposed path, the iron oxophlorin reacts with O, and one
electron simultaneously.*® There is another proposed path in
which O, alone converts a-meso-hydroxyheme to ferric
verdoheme and that one electron is used to reduce the ferric
verdoheme to the ferrous species.’> In the third proposition,
conversion of oxophlorin to ferrous verdoheme requires only
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oxygen molecules that act as the macrocycle oxidant and as a
reactant with the oxophlorin ring. This path is specially
supported by a very low potential that interconverts
[(Py),Fe™(OEPO)] (where OEPO is the octaethyloxophlorin
trianion) and [(Py),Fe"™(OEPO®)]* (where OEPO® is the
octaethyloxophlorin dianion radical).'®

Therefore, the questions of whether the iron oxophlorin
complex requires additional electrons before reacting with
dioxygen to yield verdoheme or if the oxidation of the iron
oxophlorin ring by dioygen is a prerequisite for conversion to
iron verdoheme remain to be resolved. For understanding the
mechanism of conversion of the oxophlorin macrocycle to
verdoheme, the first essential step is the exact determination of
the reactive macrocycle in oxophlorin states. Recently, we have
demonstrated how the electronic configuration, oxidation, spin
states, and reactivity in [L,Fe(PO)] can be altered when the
axial ligation changes.” In this article, redox reactions of iron
oxophlorins [L,Fe(PO)] have been investigated, and the
oxidized and reduced intermediates and their reactivity in the
oxidized destruction of heme have been identified.

B METHODS

We employed density functional theory methods®® as
implemented in the Gaussian 2003 (A.B.3) program series.>
OPBE and B3LYP methods***” and 6-31+G* and 6-311+G**
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Table 1. Calculated Relative Energies for All of Compounds Using OPBE/6-311+G** Methods (Energy Stabilization (kcal

mol ')
OPBE B3LYP
compounds singlet (closed-shell)  singlet (open-shell) triplet quintet  singlet (closed-shell)  singlet (open-shell)  triplet  quintet
[(Py),Fe"(PO*)]" ¢ 543 0.00 0.82 1.96 4.89 0.00 1.05 222
[(Py),Fe"(PO*)]** 622 0.50 0.75 1.28 6.60 1.45 1.80 2.38
[(Py),Fe"(PO*)]* ¢ 13.50 0.00 135 322 12.71 0.00 1.89 3.65
[(Py),Fe"(POH)]* 1.12 12.41 0.00 8.50
[(Py),Fe"(POH)]? 0.00 9.72 0.50 7.92

“Stands for when pyridines are in the perpendicular plane. “Stands for when pyridines are in the common plane. “Stands for when complex is in the

solvent of H,O.

. . 3839 . .. L.
basis functions™ " have been used in this investigation. The

OPBE/6-31+G* method is used for the optimization of all
structures, and in all cases, the energy was correct by single
point calculation with a larger basis set 6-311+G** for all
atoms. It is well-known that the 6-31+G* basis set tends to
predict high-spin states at energies which are too low. The spin
unrestricted versions of the B3LYP (UB3LYP with the
command guess=mix) and OPBE methods were applied even
to singlet states when the reaction species were reasonably
considered to have an open-shell-singlet electronic config-
uration.**™** In the open-shell singlet, where S sets to zero, the
pop analyses were performed, and then the geometry was
relaxed by starting an optimization in this state. For complex
[(Py),Fe™(PO*)]*, in the open-shell singlet spin state where its
spin contamination is so significant, there is the possibility of
contribution to an admixture of triplet spin state. To account
for spin contamination, a correction based on the expectation
value of S* calculated over the Kohn—Sham determinants was
used even though these determinants are not eigenvalues of the
S* operator. Subtraction of the energy contribution of the
higher spin states, E, , |, from the spin contaminated energy, E,
and renormalization yields an estimate of the energy of the
desired pure spin state, E, as follows:**

. (S —s(s + 1)

2(s + 1)
E- — aE
ES — C1 — as+1

A subsequent analytical frequency calculation characterized
the structures as local minima with real frequencies only. All
energies reported in this work use the latter basis set and are
corrected for zero-point energies as taken from the frequency
calculations.
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We corrected the gas-phase energies using the self-consistent
reaction field (SCRF) model*’” implemented with the 6-31+G*
basis set at the solvent-phase geometry. The two solvents were
specified by dielectric constant (¢), that is, ¢ = 37.5 for
acetonitrile and & =78.5 for water. The solvation calculations do
not take into consideration any ion pairing or the effects of the
counterions. Inclusion of counterions will make the calculation
much too complicated and time-consuming and, therefore,
impractical.

Atomic charge and spin density studies are based on
Mulliken calculation. The natural bond orbital (NBO) analysis
is used to explain electrons in the d orbitals of iron and the
macrocycle ring as well as to assign the atomic charges. The
molecular orbital analyses have been performed by Gauss View
applied to the respective Gaussian output file.

B RESULTS AND DISCUSSION

Due to the resemblance of the heme—HO complex to
myoglobin, some authors have assumed that the ferric heme
iron in the heme—HO complex at neutral pH is six-coordinate.

The model of the oxophlorin site of six coordinates used in
DEFT calculations is an iron oxophlorin complex taken from the
crystal structure of the iron complex of octaethyloxophlorin'®*®
after substituting the ethyl group with hydrogen, abbreviated as
PO.

In previous studies,®® we showed that complex
[(Py),Fe"™(PO)]° has two possible alternative electronic
configurations, 7.> 7,,> a,” dxy1 and r,,* 7, dxy2 a,,'; these
were labeled as 2[(Py)2FeIH(PO)]Oxy and 2[(Py)2FeH(PO°)]az“0
respectively. Therefore, it was proposed that
2[(Py),Eel(PO)]°

In this work, the reduced and oxidized forms of
[(L),Fe"™(PO)], L = Py, Im, and t-BuNC, have been
investigated in all possible spin states. The oxidation and
reduction potential of the [(L),Fe™(PO)]° and the

4, could be more reactive toward O,.
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[(L),Fe™(PO)]* and [(L),Fe"(POH)] species have been also
studied. For all complexes, OPBE predicts the correct spin
ground state. Furthermore, in a series of papers, Ghosh and co-
workers* ™' have clearly demonstrated that OPBE seems to
give good results, not only for iron complexes but also for other
transition metals.

Table 1 shows the computed relative stabilization energy for
these compounds. The details of the bond distances for all
compounds via the OPBE method are given in Table 2, and the
optimized structures are presented in the Supporting
Information. Charge densities and spin distributions for all
compounds are presented in Table 3.

Table 2. Selected, Calculated Bond Distances for Iron
Oxophlorin Complexes Using the OPBE/6-31+G* Method

compound Fe—N,, Fe—Niyeing C-0
[(Py),Fe!(PO") )
singlet 2.06 2.00 1.25
triplet 2.06 2.00 1.27
quintet 2.28 2.00 1.27
[(Py),Ee!(PO)
doublet 2.03 2.02 1.27
quartet 2.31 2.01 1.27
sextet 2.28 2.08 1.27
[(Py),Fe'(POH)]
singlet 2.01 2.00 1.40
triplet 2.36 2.01 1.40

[(Py)zFe”'(PO‘)]". The structure of six-coordinate
[(Py),Fe™(PO®)]* has been fully optimized and computed
with the pyridine groups in parallel and perpendicular planes in
all possible spin states using the OPBE and B3LYP/6-31+G*
methods. All spin state potential energy surfaces are close in
[(Py),Fe™(PO*)]*: for example, the open-shell, antiferomag-
netically coupled, singlet state is the ground state accompanied
with a very low lying, feromagnetically coupled, triplet state.
The triplet and quintet states are only 0.82 and 1.96 kcal/mol
higher in energy than the open-shell singlet ground state, while
the closed-shell singlet state is 5.43 kcal/mol higher in energy
than the open-shell-singlet state at the OPBE/6-311+G™** level.
In aqueous media, the energy difference between the open-shell
singlet ground state and closed-shell singlet state is increased to
13.50 kcal/mol. Therefore, in polar solvents, two antiferro-
magnetically coupled electrons in iron and macrocycles insert
more polar character into the '[(Py),Fe™(PO*)]* (open-shell)
and make it more stabilized. The electronic configuration for
both open shell singlet and triplet states is dxy2 d.2ay,! dyzl, in
which the unpaired electrons are coupled antiferromagnetically
and ferromagnetically, respectively, see Figures 1 and 2.

The spin-density plot shown in Figure 2 indicates that
13[(Py),Fe™(OEPO®)]" in the open shell singlet and triplet
states may be described as antiferro- and ferromagnetically

'.0 40

ly 'y
1Fsigure 1. ’IZKvo ca.rtoi)ns representing different electronic aspects of the
°[(Py),Fe™(PO")]".

coupled Fe ™ (S =
respectively.>”

Data of Figure 1 and 2 suggest that "*[(Py),Fe"'(PO®)]" are
diradical species with two unpaired electrons. The electron and
spin distributions for [(Py),Fe™(PO®)]*, in the open-shell
singlet state, are interesting. Table 3 shows that
[(Py),Fe"(PO®*)]* in the ground state has one unpaired
electron on the iron (spin density 1.05) and the other single
electron on the macrocycle (spin density —0.95) with
antiparallel spin. This cation radical species is found to be
EPR-silent™ in coherence with this work. Spin contamination
was assessed, and an (S*) value of 1.15 was obtained for
'[(Py),Fe™(PO®)]*. This value shows considerable spin
contamination and is confirmatory of one unpaired electron
on the iron that is considered as the d,, iron orbital (Figure 3).
However, there is around a 0.82 kcal/mol energy difference
between the singlet and triplet states of [(Py),Fe"(PO®)]*,
which makes spin admixture a possibility. The
[(Py),Fe™(PO®)]* in the open-shell antiferromagnetically
coupled, with spin corrected energies (pure singlet), has been
stabilized at 0.74 kcal/mol, which shows the increasing splitting
of the singlet—triplet states. The closed shell diamagnetic form
of '[(Py),Fe™(PO*)]* with paired electronic configuration is
considerably more destabilized (5.43 kcal/mol in the gas phase
and 13.50 kcal/mol in the aqueous environment). Figure 3
depicts the last four HOMOs of the *[(Py),Fe™(PO)]° and
L3[(Py),Fe™(PO®)]*. Figure 3a shows that in the species
[(Py),Fe™(PO)]° (Table 3) the unpaired electron is localized
completely on the iron d,, orbital. Figure 3b shows that in
species "*[(Py),Fe™(PO*)]*, invariably, two unpaired electrons
are 7*-type orbitals localized on the a,, of macrocycle and iron
d,, with small tails to macrocycle atoms. Thus, the radical
nature of the macrocycle in [(Py),Fe™(PO)]° (at high
temperatures)33 and [(Py),Fe"™(PO®)]* makes them air
sensitive, and they readily undergo opening of the oxophlorin
ligand to produce verdoheme.

1/2) PO*?" electronic configuration

Table 3. Calculated Mulliken Charges and Spin Densities for the Fe, O, C

Parentheses Are Charge Densities)

compounds Fe ring
[(Py)2 Fe"™(PO)]* closed-shell (1.68) (—0.67)
'[(Py)2 Fe™(PO®)]* open-shell 1.05 (1.57) —0.95 (—0.57)
2[(Py)2 Fe'(PO)]° 1.05 (1.57) —0.03 (-1.56)
'[(Py)2 Fe''(POH)] (1.22) (=2.20)

oxor Cimeso Atoms and the Ring Macrocycle (Values in
(0] Coxo meso carbons meso carbon trans
(~0.46) (0.18) (=0.10) (0.08)
029 (—0.41) 0.15 (0.23) 0.13 (0.04) 0.27 (0.04)
029 (—0.41) 0.15 (0.23) 0.13 (0.04) 027 (0.04)
(-0.56) (0.19) (-0.11) (0.09)

12859 dx.doi.org/10.1021/ic3017497 | Inorg. Chem. 2012, 51, 12857—12866



Inorganic Chemistry

a) open shell- singlet spin state

b) triplet spin state

Figure 2. '*[(Py),Fe"™(OEPO®)]*: spin-density plot (majority spin in blue; minority spin in green).
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Figure 3. Kohn—Sham orbitals for the last 4 HOMOs of species (a) 2[(Py),Fe™(PO)]° and (b) “*[(Py),Fe™(PO®)]*.

To further confirm the electronic structures, we performed
an NBO analysis for [(Py),Fe(PO®)]*. Table 4 shows the
result of NBO analysis. The data in Table 4 indicate that the
occupancy number of the alpha spin orbital for iron is 2.88 and
that of the beta spin orbital of iron is 1.87, which results in a net
alpha spin of 1.01 on the iron. In addition, one unpaired
electron with beta orientation is present on the macrocycle to
make the whole system a singlet open shell. The '"H NMR of
[(Py),Fe (OEPO)]* reported by Balch et al.'® at —20 °C may

be better clarified under the electron configuration resulted by
this study. '"H NMR spectra of [(Py),Fe (OEPO)]* nearly but
not completely fall in the conventional diamagnetic region, but
meso resonances occur at relatively upfield positions. They
suggest that the species has a diamagnetic ground state with a
nearby paramagnetic state. This study confirms that the ground
state has a diradical nature that two unpaired electrons are
strongly antiferromagnetically coupled. However, there is a
nearby paramagnetic state around 1 kcal/mol above the singlet

dx.doi.org/10.1021/ic3017497 | Inorg. Chem. 2012, 51, 12857—12866
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Table 4. NBO Analysis of Electron Distribution in Iron
Atom of [(Py),Fe™(PO°®)]*

alpha spin orbital beta spin orbital

occupancy orbital occupancy orbital
0.98726 LP (1)Fe —0.93470 LP (1)Fe
0.98164 LP (2)Fe ~0.93922 LP (2)Fe
0.91010 LP (3)Fe

sum of alpha spin electron sum of beta spin electron
2.87900 —1.87392

states which contributes to the spin admixture and results in a
partial paramagnetic character of this compound.

Parallel and perpendicular orientation of pyridines in
[(Py),Fe"(PO®)]*, in almost all spin states, are degenerate.
There is, thus, no preference for parallel or perpendicular
orientations of pyridines for [(Py),Fe™(PO*)]* (see Table 1).
However, [(Py),Fe"™(OEPO)] in a parallel orientation of the
pyridines exists in the high spin state and in the perpendicular
orientation in the low spin form.”® According to present
calculations, the crystal structure reported for
[(Py),Fe"™ (OEPO)] which has parallel pyridines somehow
fits better with the structure of oxidized species
[(Py),Fe™(OEPO®)]*. No practical barrier of rotation was
found for axial pyridine ligands in the gas phase for
L3[(Py),Fe™(PO*)]*, while for 2[(Py),Fe™(PO)]® (with
intermediate 7-accepting ability of axial pyridines and Fe—N,,
=2.03 A) the barrier of rotation for axial pyridine ligands in the
gas phase is about 6.95 kcal/mol.>* So a puzzle that remains to
be answered is how the perpendicular oriented species in
solution could be converted to its parallel counterpart via
crystallization. Whether facile oxidation of [(Py),Fe™(OEPO)]
by traces of O, leaks during the crystallization period caused
the conversion of [(Py),Fe!(OEPO)] to

[(Py),Fe"(OEPO®)]* or the change of orientation of pyridine
in the solid state is the result of strong crystal packing forces
still needs to be resolved. In this oxidized species with a high
spin state and parallel pyridines, the calculated Fe—N,, distance
is 2.28 A, and the average Fe—N,, distance is 2.04 A. There is
good agreement with distances reported for the crystal
structure of [(Py),Fe™(OEPO)] in which the Fe—N,, distance
is 2.26 A and the average Fe—N,, distance is 2.05 A. Figure 3b
demonstrates that in *[(Py),Fe™(PO*®)]* with pyridines in
perpendicular orientation d,, and d,, orbitals of Fe do not have
an effective overlap with 7 orbitals of pyridines. Hence, the axial
Fe—N distance is increased (Fe—N,, = 2.06 A), and pyridines
can readily rotate about the z axis (see Table 2).

[(Py),Fe"(POH)]. The geometry and energy of six-
coordinate [(Py),Fe"(POH)] have been fully optimized and
computed with the pyridine groups in parallel and perpendic-
ular planes in both singlet and triplet states. The singlet spin
state (ground state) is 9.72 kcal/mol more stable than the
triplet spin state at the OPBE/6-311+G** level, which is in
good agreement with data reported by Balch and co-workers.
They also found that in the solid state the pyridines are on
parallel planes.*®* The key geometric parameters of the
optimized structure for [(Py),Fe"(POH)] are collected in
Table 2. The combined experimental—theoretical study of
[(Py),Fe(POH)] also shows that the observed structural
parameters fit only those of the singlet spin state. Figure 4
shows an image of the structure from the data obtained by the
OPBE method at a singlet spin state. (The data obtained by
B3LYP are presented in the Supporting Information).

In the [(Py),Fe"(POH)] with parallel pyridines, the Fe—N,,
distance is 2.01 A° and the average Fe—N,, distance is 2.00 A°.
In the crystal structure, the Fe—N,, distance is 2.01 A°, the
average Fe—N,, distance is 1.99 A°, and the axial pyridines are
parallel. In the f(Py)ZFeH(POH)] with parallel pyridines, one of

:
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Figure 4. Energy diagram for conversion of [(Py),Fe(POH)] with parallel pyridine to [(Py),Fe"(POH)] with perpendicular pyridine on the singlet

surface.
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Figure 5. MO and KS, relevant to (a) perpendicular pyridines in [(Py),Fe"(POH)] and (b) parallel pyridines in [(Py),Fe"(POH)], with A

symmetry.

the pyridines rotates around the z axis to produce two
perpendicular pyridines in the [(Py),Fe(POH)] complex that
has been destabilized by about 1.12 kcal/mol. Our calculations
in the gas phase show that a large barrier of rotation, 11.35
kcal/mol, is needed for the rotation of pyridines around the z
axis on the singlet surface (see Figure 4). There is no difference
in the preference for parallel or perpendicular orientations of
pyridines for the low spin state because they have similar
energies, and in the crystal structure, crystal forces cause a
preference for parallel orientation and restrict the rotation of
the pyridines toward perpendicular orientation. Since the f-
ethyl groups of OEPOH were removed for the simplicity of
calculation, we obtained rotation barrier of complex of
[(Py),Fe (OEPOH)] as well. The barrier of rotation was
calculated to be 11.35 kcal/mol for [(Py),Fe"(POH)] and
11.50 kcal/mol for [(Py),Fe""(OEPOH)]. Thus, substituted
ethyls have no significant effect on the rotation barrier of axial
ligands, possibly due to the large distance of ethyls from the
metal center, see Figure S1.

Figure S demonstrates that in [(Py),Fe"(POH)] with
perpendicular pyridines both of the degenerate orbitals d,,
and d,, of Fe have an effective overlap with z,* and m*
acceptor orbitals of pyridines, respectively, and with parallel
pyridines, the d,, orbital of Fe has an effective overlap with the
7 * acceptor orbitals of pyridines. It has been found that in
reduced species [(Py),Fe"(POH)], pyridines have a more 7-
accepting character and bind more tightly to iron. Due to this
strong orbital overlap, the axial Fe—N distance is decreased
(Fe—N,, = 2.01 A), and the complex of '[(Py),Fe"(POH)] has
the shortest axially bonded ligand to metal distance and the
highest barrier of rotation (see Table 2). Therefore, pyridines
cannot readily rotate around the z axis, and 7-back-bonding to

the acceptor pyridine ligands contributes to the stabilization of
the low-spin Fe (II) state. Tight binding of the pyridine ligands
in [(Py),Fe"(POH)] with an electronic configuration of (7,
ﬂ'yz)4 > d,g,2 may inhibit the access of dioxygen to the iron and
render the complexes air stable. Once exposed to dioxygen, the
reduced species immediately converts again to
[(py),Fe™(OEPO)] as shown in the 'H NMR spectrum
reported by Rath et al, and heme degradation starts after
that.**** However, it seems that [(Py),Fe™(P0O)]° (at low
temperatures) and [(Py),Fe"(POH)] should be considerably
less reactive toward O, in heme degradation.

Redox Reactions of [(Py),Fe"(PO)]° Complex. Electro-
chemical and theoretical studies reveal that [ (Py),Fe™(PO)]°
undergoes two reversible,'® one-electron transfer processes as
outlined in Scheme 2.

Our calculations show that one-electron oxidation of
*[(Py),Fe"(PO)]® with a (7, 7z,.)* a,’ d,' electronic
configuration to "*[(Py),Fe"'(PO®)]* with a d,> d..” a,,' .
electronic configuration takes place at low positive potentials in
accordance with experimental results (with ionization energies
= 3.95 kcal/mol). The oxidation of *[(Py),Fe™(PO)]° species
by losing one electron from iron d orbitals is disfavored (with
ionization energies = 21.15 kcal/mol) due to the high charge
density of iron (1.57). Therefore, the computational study
shows that 2[(Py),Fe(PO)]° is oxidized by losing one
electron from its a,, orbital, although d,, and a,, orbitals are
almost degenerate. Due to this electron transfer mainly from
the HOMO of the oxophlorin ring (a,,), the charge density on
the iron goes from *[(Py),Fe(PO)]° to "*[(Py),Fe(PO*)]*
and remains fixed at around 1.57, which is consistent with the
formation of an iron(III) oxidation state (see Table 3 and

Figure 6).
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Scheme 2

Our calculations show that one-electron reduction of
dioxygen takes place at a positive potential (with reduction
potential energies in the gas phase = 14.17 kcal/mol). Hence,
oxidation of [(Py),Fe™(PO)]° occurs in the presence of
dioxygen. This explains why the complex of
[(Py),Fe™(OEPO)]° is so unstable in the air and is readily
oxidized. Therefore, in the coupled oxidation process in
pyridine, it is possible for a dioxygen to convert
[(Py),Fe™(OEPO)]’ into [(Py),Fe™(OEPO®)]* before further
oxidation at the meso carbon occurs.

Subsequently, the reduced form of '[(Py),Fe"(PO)]~ with a
(n,, 7,,)* d,,* electronic configuration is formed by the addition
of an electron to the d,, SOMO orbital of *[(Py),Fe"'(PO)]".
Then, the reduced form is easily protonated to the hydroxy
form of '[(Py),Fe"(POH)]. This reduction takes place at low
potentials (with reduction energies = —32.06 kcal/mol). Due to
this electron transfer mainly on the iron, the charge density on
the iron decreases from around 1.57 in 2[(Py),Fe™(PO)]° to
1.22 in '[(Py),Fe"(POH)], which is better viewed as Fe(II) d°
with the macrocycle as a trianionic (see Table 3). These results
indicate that [(Py),Fe"™(PO)]° undergoes oxidation to form a

monocation and a reduction to form a hydroxy. Such a fact
corroborates well with the electrochemical data reported for
[(py),Fe(OEPO)] by Balch et al'2° Interestingly, the identity
of the SOMO and HOMO of the [(py),Fe(OEPO)] suggests
the sites of oxidation and reduction and the electronic
structures of oxidized and reduced forms.

Theoretical studies show that [(Py),Fe"™(PO®)]* has an
open-shell singlet ground state with two unpaired electrons on
the iron and the macrocycle with antiparallel spin, making it a
highly reactive species in the heme degradation process.
Consequently, theoretical data reveal that
[(Py),Fe'"(OEPO®)]* has a significant role in heme
destruction. On the contrary, [(Py),Fe(POH)] with a strong
7-interaction between Fe(II) and the pyridine axial ligands and
an electronic configuration of (7 ,, = yz)4 a2 dxy2 does not have
a significant role in this process. Calculation data also show that
in the couple oxidation, complex [(Py),Fe™(OEPO)]° is
susceptible to inhibition by reductant agents.

Ortiz de Montellano'® and Morishima et al.>®> showed and
discussed that the minimal mechanism for the conversion of a-
meso-hydroxyheme to verdoheme requires deprotonation of a-
meso-hydroxyheme to form a reactive iron oxophlorin, which is
in very good agreement with the theoretical data in this work.

The Relevancy of Oxidation Number of Fe with
Crossover Spins Property. The structures, HOMO—-LUMO
energies, and associated gaps for [(Py),Fe'(PO*)]*,
[(Py),Fe™(PO)]°, and [(Py),Fe"(POH)] are given at the
B3LYP/6-311+G** level. The calculated HOMO and LUMO
energies and associated gaps complement the experimental
results obtained via electrochemical studies.

Figure 6 presents the ground state frontier MO energy
diagrams for the above complexes. The pyridine axial ligand
acts as a ¢ donator to Fe(III) in [(Py),Fe™(PO*)]* and causes
this complex to adopt the d,,* (d,, d,.)* ground state with a low
energy gap and low lying exited states. In [(Py),Fe"(PO)]°
and [(Py),Fe" (POH)], with much better z-accepting ability of
the pyridine ligands, the ground state (r,, ﬂ'yz)4 dxy2 electronic
configuration was obtained, but the energy gap between the d,,
and d, orbitals of Fe(Il) in [(Py),Fe"(PO)]™ is larger than

142 eV

Figure 6. Redox reaction of *[(Py),Fe(PO)]° with the electronic configuration in low spin states and a HOMO—LUMO gap.
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Fe(IlI) in [(Py),Fe"(PO)]°. Figure 6 also shows that the
HOMO-LUMO gaps of [(Py),Fe™(PO®)]* (1.42 eV),
[(Py),Fe™(PO)]° (1.67 eV), and [(Py),Fe"(POH)] (2.05
eV) span a remarkably wide range of about 0.63 eV. These
results provide some of the first insights into just how
dramatically the axial ligands® and oxidation number of
metal can tune the HOMO—LUMO gaps and hence the spin
state energy of iron oxophlorin complexes. The HOMO—
LUMO gaps provide a qualitative explanation of why the
experimental analogue of [(Py),Fe" (OEPO*®)]* which has low-
energy excited states with (s = 2) exhibits spin crossover
behavior with the temperature.'® The diagram presented in
Figure 6 also indicates why such behavior would be out of the
question for reduced species [(Py),Fe"’(OEPO)]™ or
[(Py),Fe"(POH)], and latter species are diamagnetic and
temperature invariant and consistent with a closed-shell singlet
state.

Careful examination of the MO occupancies reveals a
somewhat subtle point, that the lowest energy quintet derives
from a d,,—0*; excitation, rather than from a d,,—o*;
excitation. Approximately, the electronic configuration of the
lowest-energy s = 2 state (quintet spin state) of
[(Py),Fe"(PO®)]* may be described as follows: d,* d..' a,'
d},z1 o*2'. In summary, the oxidation number of Fe has a major
effect on the high-lying occupied and low-lying virtual orbitals,
whereby the orbital energy levels shift in energy depending on
the metal oxidation number. As the latter orbital is the HOMO,
this also affects the electron abstraction ability of the oxidant.

Axial Ligand Effect on the Redox Reactions of Iron
Oxophlorin. Recent studies on the reactivity of oxophlorin
showed a dramatic axial ligand effect on the high-lying occupied
and low-lying virtual orbitals of [L,Fe(PO)]°, whereby the
orbital energy levels shift in energy depending on the nature of
the axial ligand.'”**** Here, an attempt has been made to shed
more light on the axial ligand effect. To that effect, the
structure, HOMO—LUMO energies, and associated gap at the
OPBE/6-31+G* level for [L,Fe(PO)]° (L = Im, Py, t-BuNC)
in all possible spin states and different oxidation numbers have
been calculated. Full details of these calculations are given in
the Supporting Information, while only major trends have been
focused on here.

In this work, our calculations show that one-electron
oxidation of [(Im),Fe™(PO)] to [(Im),Fe™(PO)]" takes
place at low positive potentials (with ionization energies =
3.08 kcal/mol). A computational study shows that
[(Im),Fe™(PO)] is oxidized by losing one electron from its
ay, orbital. Subsequently, the complex of [(Im),Fe"(POH)] is
formed by the addition of one electron to the =, orbital of
[(Im),Fe™(PO)] and one H*; this reduction takes place at low
potentials (with reduction energies = —17.35 kcal/mol). Thus,
as shown in Table 5, the relatively smaller HOMO—LUMO gap
of [(Im),Fe™(PO)] (1.39 eV) compared to that of

Table 5. Calculated HOMO—LUMO Gap of Iron Oxophloin
Complexes

HOMO [eV]  LUMO [eV] AE [eV]
[(Py),Ee"(PO*)]* —1.68 —0.26 1.42
[(Py),Fe(PO)]° -1.95 —0.28 1.67
[(Py),Fe" (POH)] -2.01 +0.04 2.05
[(Im),Fe"™(PO)]° -1.73 -0.34 1.39
[(t-BuNC),Fe"(PO*)]° —-2.06 +0.48 2.54

[(Py),Fe™(PO)] (1.67 eV) and [(t-BuNC),Fe'(PO®)] (2.54
eV) is ascribed to the much higher HOMO energy level of
[(Im),Fe™(PO)]. Table S also shows the HOMO and LUMO
energies and HOMO-LUMO gap of [(Im),Fe(PO)],
[(Py),Fe™(PO)], and [(t-BuNC),Fe"(PO*)].

The nature of the axial ligand significantly influences the
potential of both the oxidation and the reduction of these
oxophlorin complexes. This result confirms that changing the
electron affinity of the acceptors in axial ligands could
effectively modulate the HOMO-LUMO gaps. Hence,
complexes [(Im),Fe™(PO)] and [(Py),Fe™(PO)] both under-
go auto-oxidation in the presence of dioxygen and remarkable
reversible oxidation and reduction processes, while complex [ (¢-
BuNC),Fe(PO*®)] undergoes an irreversible redox processes.
The HOMO—-LUMO gaps in these complexes are increased by
an increase in the 7-acceptor properties of Im < Py < +-BuNC.
Complex [(+-BuNC),Fe"(PO®)] possesses relatively high
LUMO energies (G*xz_yz = +0.48 eV) and low HOMO
energies (dxy = —2.06 eV), compared to [(Im),Fe™(PO)]
and [(Py),Fe™(PO)] (see Table S). The cyclic voltammograms
of [(Im),Fe™(OEPO)] and [(Py),Fe™(OEPO)] show that
they both undergo facile oxidation to form a monocation and a
reduction to form an anion.'®'® The nature of the axial ligand
significantly influences the potential energy surfaces of HOMO
and LUMO of the oxophlorin complexes.

In the gas phase, all of the oxidation and reduction processes
are endothermic and exothermic, respectively.
[(Im),Fe™(PO)] and [(Py),Fe™(PO)] have similar oxidation
potentials, 48.77 and 52.83 kcal/mol, respectively, but [(t
BuNC),Fe"(PO*®)] has a high positive oxidation potential (AG
= 126.83 kcal/mol; see Figure 7).

The Solvent Effect on Redox Potentials. The
importance of solvation on charged species is well recognized
in the field. All of the detailed data are summarized in the
Supporting Information (SI), while key results are discussed
here.

Figure 7 shows the results in a pictorial manner, where one
can discern the significant difference between the gas-phase and
solution behavior. In the gas phase, all of the oxidation
processes are highly endothermic, and the reduction processes
are exothermic. This trend makes sense since charge—charge
repulsion and attraction dominate in the gas phase and will
strongly disfavor the oxidation and reduction of [(L),Fe(PO)]
species. However, as can be seen in Figure 7, in solution, all of
the oxidation processes are facilitated due to a lower oxidation
potential. The data for one electron oxidation of [L,Fe™(PO)]
to [L,Fe™(PO*)]* show a much lower endothermic process
ranging from 11.52 to 55.90 kcal/mol in acetonitrile and from
3.08 to 51.65 kcal/mol in H,O. In the gas phase, oxidations are
highly endothermic, ranging from 48.77 to 126.83 kcal/mol.
Thus, as has been recognized before, solvation exerts a strong
impact on the charge density of iron and the macrocycle in
complexes [L,Fe™(PO)]*. The solvent levels the oxidation
potentials of all of the species by preferentially stabilizing the
oxidized species [L,Fe"(PO®)]*. Therefore, in the solvent
phase, the oxidation of the parent [L,Fe™(PO)] species is
considerably more facile than that of the gas phase.

The oxidized species [L,Fe™(PO*®)]* (open-shell) is more
polar than '[L,Fe™(PO®)]* (closed-shell). Therefore, in polar
solvents of H,0, the species '[(Py),Fe™(PO*)]* (open-shell)
is much more stable than '[(Py),Fe™(PO*)]* (closed-shell).
Hence, the open shell—closed shell splitting in the gas phase is
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Figure 7. Schematic representation of solvent effect on oxidation and reduction potentials in kcal/mol.

5.43 kcal/mol, while in the H,O phase, it is 13.50 kcal/mol (see
Table 1).

B CONCLUSION

The oxidation number of iron oxophlorin has profound effects
on the electronic configuration, spin states, and reactivity of the
iron oxophlorins.

The iron oxophlorin six-coordinate complex,
[(Py),Fe™(PO)]°, undergoes two reversible, one-electron
transfer processes. [(Py),Fe"(PO)]° loses one electron from
its a,, readily by auto-oxidation with O,. This oxidized species,
[(Py),Fe"™(PO®)]*, has the open-shell-singlet ground state dxy2
d.” ay' dyz1 electronic configuration with closely lying triplet
and quintet states. In [(Py),Fe"(PO*®)]", iron is still in the +3
oxidation state and the macrocycle has a dianion radical nature.
Either in the singlet or triplet states "*[(Py),Fe""(PO*)]" has a
diradical nature that makes it quite reactive toward dioxygen by
a spin allowed path. Subsequently, the complex
[(Py),Fe"(POH)] with the (z,, ﬂyz)4 a’ dx},2 electronic
configuration is formed by the addition of one electron and
proton to *[(Py),Fe™(PO)]°. When Fe is in an oxidation state
of +2, the axial pyridines are strong 7z acceptor such as
[(Py),Fe"(POH)]; the complex is diamagnetic, and its reaction
with O, is spin forbidden.

The nature of the axial ligand significantly influences the
potential of both the oxidation and the reduction of these
oxophlorin complexes. The complexes [(Im),Fe™(PO)] and
[(Py),Fe™(PO)] show that they both undergo facile oxidation
to form a monocation and a reduction to form an anion while
the [(+-BuNC),Fe"(PO®)] undergoes difficult oxidation
processes indicating good correlation with the z-back-bonding
ability of the t-BuNC ligand.

In conclusion, we found that oxidized species
[(Py),Fe"™(PO*)]" is essential for the following reaction with
O, to yield verdoheme and to cleave the porphyrin ring because
[(Py),Fe™(PO*)]" is highly reactive toward O,, while reduced
species [(Py),Fe"(POH)] is unreactive with O, in the heme
degradation in the coupled oxidation state. In the solution
phase, the heme catabolism process is facilitated due to lower
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oxidation potential. The conclusions drawn from calculations
on the bis-pyridine and bis-imidazole complexes probably
cannot be directly applicable to the hemeoxygenase studies,
which is under study in our group.
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