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Abstract

An overview of the chemistry of meso-hydroxylated porphyrins or oxophlorins is pre-
sented with emphasis on the relevance to their occurrence as intermediates in heme
degradation. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The coordination chemistry of metalloporphyrins has been extensively investi-
gated in order to understand the ability of this macrocycle to sustain a variety of
biological functions including dioxygen transport and storage, peroxide dispropor-
tionation and oxidative utilization, substrate oxidation, and electron transport [1].
Covalent modification of the porphyrin core can produce significant alterations in
the properties of the basic macrocycle. This review is concerned with the coordina-
tion chemistry of porphyrins that have been modified by the presence of a hydroxyl
group at a meso position. The resulting macrocycles can exist in two principle
tautomeric forms, the meso-hydroxyporphyrin, 1a, and the oxophlorin, 1b.
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This relatively modest change to the ligand core results in a tetrapyrrole ligand
that is more readily oxidized than its porphyrin counterpart. The essential organic
chemistry of this class of tetrapyrrole has been treated in a review [2]. Naturally 1
should be capable of binding metal ions and a number of early reports described
the formation of metal complexes [3,4]. The tetrapyrrole 1 is subject to facile
oxidation and the formation of free radicals from the hydroxyheme, 1, has been
known for sometime [5—7]. As a ligand, tetrapyrrole 1 should be viewed as part of
a three-membered electron transfer series as seen in Scheme 1 where only one of
several resonance structures and tautomeric forms for each oxidation state is
shown. Biologically, the meso-hydroxylated porphyrins are significant in the pro-
cess of heme cleavage by heme oxygenase as shown in Scheme 2 [8§—14]. In this
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Scheme 2. Biological heme degradation.

reaction heme is a substrate which also activates dioxygen to attack the macrocycle
and to open the porphyrin. Biliverdin, carbon monoxide (a potential neurotransmit-
ter), and free iron ions are the products of the reaction. An early step in the
heme/heme oxygenase/dioxygen reaction produces regiospecific hydroxylation of
the heme at the a-meso site. Accounting for the nature of the active oxidant and the
cause of the regiospecificity of this step represents a major challenge to our
understanding of heme oxygenase.

2. Overview of coordination modes

Scheme 3 presents a synopsis of the major structural forms that have been
encountered to date in metal complexes of the meso-hydroxylated hemes. Four
basic modes of coordination have been characterized. These include: 2 with
coordination in a porphyrin-like mode as a dianion with a simple meso-hydroxyl
group, 3 with coordination in a dimeric fashion as a trianion with the meso
phenoxide-like units acting as bridges to the adjacent macrocycle, 4 with coordina-
tion as an oxophlorin trianion, and finally 5 with coordination as a dianionic,
ligand-based free radical. Stable examples of each structural type have been isolated
and characterized by single crystal X-ray diffraction as well as by UV—vis, infrared,
and '"H NMR spectroscopy. The bulk of this work has involved the symmetric
ligand, H,OEPOH, 1 with a—h = C,Hs, which is readily obtained by oxidation of
commercially available octaethylporphyrin [15].

3. Monomeric complexes with meso-hydroxyl groups

The structure of the prototypical example of a complex of this type,
{(py)Zn"(OEPOH--py)}, is shown in Fig. 1 [16]. The complex contains two
pyridine molecules. One is coordinated to the zinc ion, which is five-coordinate,
while the other is hydrogen bonded to the meso-hydroxyl group. This hydrogen
bond is especially important because it emphasizes the location of the hydroxyl
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(Metal ion oxidation states which produce
uncharged complexes are shown.)
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Scheme 3. Basic types of coordination. (Metal ion oxidation states which produce uncharged complexes
are shown.)

group and is responsible for producing an ordered structure with the hydroxyl
group confined to a specific site within the crystal lattice. The '"H NMR spectrum
of the complex shows a characteristic resonance at 13.4 ppm in pyridine-ds for the
meso-hydroxyl proton.

A similar structure has been crystallographically determined for the low-spin
(S = 1/2) cobalt(IT) complex, {(py)Co"(OEPOH--py)} [17]. Both of these five-coor-
dinated complexes, {(py)Zn"(OEPOH--py)} and {(py)Co™(OEPOH:--py)}, are sen-
sitive to aerial oxidation, and the products of their oxidation will be discussed in
Sections 5 and 6.

Fig. 2 shows the structure of four-coordinate, diamagnetic {Ni"(OEPOH)} [8].
This structure demonstrates a commonly encountered problem, disorder in the
location of the unique meso substituent, in the structures of complexes obtained
from H,OEBOH. The meso substituent, either a hydroxyl group or keto group, is
effectively buried between the adjacent ethyl groups and does not necessarily to
contribute to the external shape of the complex. Hence, this group has little
influence on the orientation of the complex within the crystal. Consequently,
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Fig. 1. The crystallographically determined structure of {(py)Zn'{(OEPOH---py)}. The in-plane Zn—N
distances are: N1, 2.093(9); N2, 2.064(8); N3, 2.060(9); and N4, 2.099(8) while the Zn—N5 distance is
2.183(8) A. Taken from Balch et al. [16].

Fig. 2. A drawing of the crystallographically determined structure of {Ni"(OEPOH)} (with 50% thermal
contours), which has crystallographically imposed S4 symmetry. There is disorder in the location of the
meso-hydroxyl group and only one of the four, equally occupied sites is shown. Taken from Balch et al. [18].
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disorder is common, unless an additional feature, such as the hydrogen bond seen
for {(py)Zn"'(OEPOH---py)} in Fig. 1, is present. The nickel atom resides on an S,
axis, and the meso-hydroxyl group is equally disordered over all for meso posi-
tions. The macrocycle is also strongly distorted from planarity into a saddle shape
about the S, axis. Thus complexes that contain the tautomeric form, la, can
undergo distortions from planarity in a manner entirely analogous to the distor-
tions found with porphyrins [19].

The complexes with meso-hydroxyl groups discussed in this section should
undergo acid/base reactions in which the hydroxyl group is deprotonated. To
date, no complex of this type appears to have been thoroughly structurally
characterized, however there is spectroscopic evidence that complexes of type 2 do
undergo deprotonation [3].

4. Dimeric complexes with meso-phenoxide-like bridges

Fig. 3 shows the structure of the dimeric complex, {In"(OEPO)}, [20]. In this
molecule the two porphyrin units are held in close, face-to-face proximity by the
phenoxide-like bridges. This arrangement is facilitated by the five-coordinate in-
dium atom which extends out away from the N, coordination plane and by
bending of the meso oxygen atom out of the plane of the two adjacent pyr-
role rings. This dimer serves as an appropriate structural model for the three
other dimeric complexes, {Fe™(OEPO)}, [21,22], {Mn™(OEPO)}, [23], and
{Ga"(OEPO)}, [24], that have been isolated. The magnetic properties of the
dimers indicate that both {Fe™(OEPO)}, and {Mn''(OEPO)}, contain high-spin
ions which are weakly antiferromagnetically coupled through the phenoxide-like
bridges. The chemistry of {Fe(OEPO)}, is discussed further in Section 7. It
should also be possible to obtain heterodimers with different metal ions in each
macrocycle as has been done by Latos-Grazynski with the related, phenoxide-
bridged trimers of 2-hydroxy substituted porphyrins [25], but such mixed metal
dimers have not as yet been reported. Additionally, it should be possible to use
the phenoxide-like group as a bridge to connect the [M(OEPO)]~ unit to an-
other metal complex.

The availability of axial ligands effects the structural integrity of the these
face-to face dimers. Addition of pyridine to {M"(OEPO)}, results in cleavage to
form monomers as shown in Scheme 4 [22]. The nature of the products obtained
from this type of cleavage are discussed in the next section. Similarly addition of
acids, HX, to the dimers results in disruption of the dimers as shown in Scheme
4. In this reaction HX supplies both an axial ligand (X~) and a proton to add to
the phenoxide-like group.
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Fig. 3. Two views of the crystallographically determined structure of {In''(OEPO)}, with 50% thermal
contours. The top view shows the core of the dimer with the ethyl groups removed for clarity while the
bottom view shows the entire molecule from an edge-on perspective that emphasizes the planarity of the
macrocyclic ligands. Taken from Balch et al. [20].

5. Coordinated oxophlorin trianions

Cleavage of {Mn'"'(OEPO)}, by pyridine (Scheme 4) produces orange crystals of
{(py),Mn™(OEPO} whose magnetic moment, 5.2 uB, indicates that it contains a
high-spin (S = 2) Mn(III) ion [22]. The structure of this monomeric, six-coordinate
complex, with the manganese atom on a crystallographic center of symmetry, is
shown in Fig. 4. The Mn—N distances (2.022(4) and 2.018(3) A) for the in-plane
pyrrolic nitrogen atoms are shorter than the corresponding distance (2.376(8) A to
the pyridine nitrogen atom. These distances are consistent with the presence of
high-spin Mn(III) in which the out-of-plane d,2 orbital is filled while the in-plane
d.,_,, orbital is empty. The macrocyclic ligand is planar, but the meso oxygen
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Scheme 4. Cleavage of face-to-face dimers.

Fig. 4. The crystallographically determined structure of {(py),Mn"'(OEPO)} (with 50% thermal con-
tours), which shows the planarity of the macrocyclic core. Taken from Balch et al. [23].
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Fig. 5. A view of the crystallographically determined structure of {(py),Co(OEPO)} with 50% thermal
contours. Note the non-planarity of the macrocycle which contrasts with that of shown in Fig. 4. Taken
from Balch et al. [17].

atom is disordered with 0.36 partial occupancy at sites O(1) and O(1b) and 0.14
occupancy for sites O(la) and O(laa). Treatment of {Fe™(OEPO)}, with pyridine
results in an analogous cleavage as described in Section 7 [22].

Treatment of {(py)Co™(OEPOH:-py)} with an oxidant, dioxygen or diiodine,
in pyridine solution results in the formation of a lime—green solution which
produces blue crystals of diamagnetic {(py),Co™(OEPOQO)} [17]. The crystallo-
graphically determined structure of the product is shown in Fig. 5. The relatively
short Co—N distances, which fall in the range 1.948(7)—1.969(7) A are charac-
teristic of the presence of Co(IIl) and cause the ligand to undergo distort signifi-
cantly from planarity as seen in Fig. 5. Again the meso oxygen atom is disordered
with a site occupancy of 0.69(1) at the major site and 0.31(1) at the minor
position.

6. Coordinated radicals

As noted in Section 1, free radical forms of the tetrapyrrole, 1, have been
known for some time [5-7], but only recently have metal complexes of these
radicals been fully characterized. Complexes of the {M"(OEPOH)} type undergo
unusually facile oxidation which can lead to either the formation of a ligand-
based radical or to a change in the oxidation state of the metal. The course of the
reaction is dependent on the metal within the complex and may be dependent
on the coordination environment of the complex and the availability of axial
ligands. Exposure of a red pyridine solution of {(py)Zn"(OEPOH--py)} to air
results in the gradual formation of a green solution from which crystals of
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{(py)Zn"(OEPO")}-(py) are obtained [16]. The structure of {(py)Zn"(OEPO®)} (py)
as determined by X-ray crystallography is shown in Fig. 6. Although there are two
pyridine molecules in the compound, only one of these is coordinated to the zinc
ion. The UV—-vis absorption spectrum of {(py)Zn"(OEPO®)} shows a broadened
Soret band at 438 nm and a characteristic, low energy feature at 819 nm. The
product has a magnetic moment of 1.8 puB in pyridine solution and exhibits an EPR
resonance at g =2.0 [16]. Fig. 7 shows the composition of the m-molecular orbital
of the macrocycle that contains the unpaired electron [26,27]. The orbital coeffi-
cients reveal that the spin density within the radical is highest at the oxygen atom
with significant spin density at the meso carbons, especially at the meso carbon trans
to the oxygen atom. Interestingly oxidation terminates at this free radical stage, and
the product is itself stable to air [16]. Another report on the structure of a zinc
complex of H,OEPOH has appeared, but the authors were unable to determine the
protonation or oxidation state of the ligand in this complex [28].

Fig. 6. The crystallographically determined structure of {(py)Zn'(OEPO")}. One pyridine molecule is
coordinated to the zinc ion while the other is not. The complex resides at a center of symmetry. In half
of the molecules, the zinc atom resides on one side of the porphyrin and is coordinated to the pyridine
on that side, while in the other half of the molecules the zinc atom resides on the opposite side of the
ligand plane and is coordinated to the other pyridine molecule. Additionally the meso oxygen atom is
disordered with 29% site occupancy adjacent to C(1) and 21% occupancy adjacent to C(6). Taken from
Balch et al. [16].
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Fig. 7. A drawing of the magnitudes and phases of the m-molecular orbital that contains the unpaired
electron in the ligand radical (OEPO’)> ~. Taken from Balch et al. [27].

Aerial oxidation of Ni'(OEPOH) in pyridine solution has been found to lead to
some more complicated chemistry which is summarized in Scheme 5 [18,29].

Initially, oxidation forms the free radical complex, {(py),Ni"(OEPO®)}, which
has been isolated in crystalline form. The axial ligands appear to stabilize this
free radical complex through steric protection. When pyridine is removed,
{Ni'(OEPO),} undergoes coupling and dimeric {Ni}'(OEPO),} is produced. The
structure of {Nil{(OEPO),} is shown in Fig. 8. The two macrocycles are joined
through two meso carbon atoms. The crucial new C12—C48 bond has a length of
1.614(8) A, which is at the long end of the range known for C—C single bonds.
Note that the site of C—C bond formation corresponds to the major site of carbon
atom unpaired spin density that is present in the m-molecular orbital which contains
the unpaired electron in the parent radical (see Fig. 7). The two macrocycles have
a pronounced saddle shape which complements each other in the areas where there
is significant overlap.

As seen in Scheme 5, {(py),Ni''(OEPO")} is sensitive to further oxidation by
dioxygen. This process results in further oxidation at the other two meso sites
and in the formation of a mixture of cis-{(py),Ni"(OEPO,)} and trans-
{(py),Ni"(OEPO,)} [18]. These two six-coordinate complexes have been indepen-
dently prepared by insertion of Ni(II) into the corresponding dioxoporphyrin,
H,OEPO, and characterized by X-ray crystallography [30]. Notice that the further
oxidation of {(py),Ni''(OEPO®)} occurs at the sites of high carbon-atom spin
density (see Fig. 7) within the parent radical complex.
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Scheme 5. Reactivity of nickel complexes.

Not all oxidations of complexes of the type {M"(OEPOH)} lead to the forma-
tion of relatively stable ligand radicals. As described above, treatment
of {(py)Co™(OEPOH--py)} with either dioxygen or diiodine produces
{(py),Co™(OEPO)} in which the metal ion, not the ligand, has been oxidized [17].

Fig. 8. A perspective view of the crystallographically determined structure of {Ni}'(OEPO),} with 50%
thermal contours. The two macrocyclic ligands are connected by a C—C bond between the meso carbon
atoms C12 and C48. The ethyl groups are omitted for clarity. Data taken from Balch et al. [29].



A.L. Balch / Coordination Chemistry Reviews 200—202 (2000) 349-377 361

7. Iron complexes

7.1. Model compounds

The coordination chemistry of iron complexes of meso-hydroxylated hemes has
received significant attention due to the formation of such complexes during heme
degradation. Scheme 6 summarizes the status of the chemistry that has been
observed in model compounds with compounds obtained ultimately from octaethyl-
porphyrin. Progress in characterizing these complexes has relied upon compound
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Scheme 6. Reactivity of iron complexes.
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isolation, crystallography and spectroscopy. Table 1 gives relevant UV —vis spectral
data for complexes that have been isolated and thoroughly characterized. '"H NMR
spectroscopy has been particularly important for the development in this area.
Since most of the spin, oxidation, and ligation states of iron are paramagnetic, the
'"H NMR spectra that are observed show highly temperature dependent hyperfine
shifts with dispersion over hundreds of ppm [31,32]. Table 2 gives a compilation of
the chemical shifts observed for a representative set of these complexes.

The chemistry summarized in Scheme 6 starts with the dimer, {Fe''(OEPO)},,
which is the iron complex produced by direct metal ion insertion into the free
ligand, H,OEPOH [21,22]. However, this dimer is more conveniently obtained by
coupled oxidation of CIFe™(OEP) with dioxygen in the presence of an excess of
potassium cyanide [33].

The spectroscopic properties of this dimer have been carefully studied [21,22].
The 'H NMR spectrum of {Fe™(OEPO)}, is shown in Fig. 9 [22]. The spectral
pattern is typical of that expected for a high-spin (S = 5/2), five-coordinate iron(III)
complex with very small antiferromagnetic coupling between the two iron centers.
However, spectroscopic features that are influenced by paramagnetic relaxation, the
line widths and T, values for the methylene resonances, show a noticeable variation
which is caused by the presence of two paramagnetic centers in the dimer (see trace
b of Fig. 9). Thus the two broadest methylene resonances (a and a’) arise from
protons that are closest to the iron in the adjacent macrocycle and which undergo
additional relaxation from that paramagnetic center.

The dimeric structure of {Fe'(OEPO)}, remains intact as it undergoes reversible
one-electron oxidation with Ag* to form [{Fe™(OEPO)},]* [34]. The 'H NMR
spectra taken during an oxidative titration reveal that the two dimers are in fast
electron exchange on the NMR time scale in solution and that the product has an
electronic structure in which an electron has been removed from the ligands.
Nevertheless, the unpaired electron in the dimeric cation is delocalized over both
ligands, since only a single set of two meso C—H resonances and one set of eight
resonances for the methylene groups are observed.

The dimer, {Fe™(OEPO)},, also undergoes oxidation with molecular halogens,
but these reactions result in rupture of the axial Fe—O bonds [27]. Addition of one
equivalent of halogen (Cl, or Br,) to the dimer produces five-coordinate

Table 1
UV-vis data for iron octaethyloxophlorin complexes

Compound Amax (1M) Ref.
CIFe'""(OEPOAC) 3882, 506, 642 [22]
{Fe"'(OEPO)}, 3907, 490, 530, 670, 1050 [21,22]
{Fe"'(OEPO)}5 396%, 560, 678 [34]
BrFe"'(OEPO") 406, 514, 683 [27]
Br,Fe'"'(OEPOXx) 3932, 449, 574 [27]
(py),Fe(OEPO) 4252, 606, 649 [23,26,36,40]

4 Soret band.



Table 2
'"H NMR data for iron octaethyloxophlorin complexes

Compound Temperature, Chemical shifts (ppm) Ref.
solvent
Meso Methylene Methyl
CIFe'"(OEP) 25°C, CD,Cl, —56.0 44.5, 40.9 6.7 [22]
BrFe"'(OEPOH)* 25°C, CDCl,4 —71.7, —66.3  53.4, 49.6, 46.2, 44.3, 43.6, 8.7,74,7.1, 15 [22]
{Fe"(OEPO)}, 28°C, CD,Cl, —98.4, —28.0  39.1, 37.1, 33.6, 31.8, 30.0, 28.8, 23.2, 18.0 52,44,4.1, —14 [22]
{Fe""'(OEPO)} 5 CDCl;, DC,CN 251, 243 105, 60, 50, 45, 38, 27, 24, 20 [34]
BrFe'"'(OEPO") 2 25°C, CDCl, 344.2, 232.2 65.5, 61.5, 59.3, 58.5, 2.30, —3.0, —15.1, —21.0 4.80%, 4.60, 2.10 [27]
CIFe'"(OEPO") 25°C, CDCl,4 345.0, 232.7 61.8, 60.9, 58.2, 56.5, —2.2, —4.4, —17.0, —23.9 [27]
Br,Fe'"(OEPOx) 3  24°C, CDCl, 354, 21.8 56.9, 49.9, 44.8, 33.4 6.97, 6.79, 6.14, 6.03  [27]
CLFe"'(OEPOx) 25°C, CDCl,4 239, 12.2 48.4, 42.6, 38.3, 20.0 [27]
(py),Fe(OEPO) 23°C, py —153.9, 111.1 2.5, 2.1, 4.5, 31.6 3.5, 3.0, 238,25 [23,26,36,40]

 Intensity double that of other methyl resonances.

LLE—6¥E (000T) TOZT—00T Smaway Lusuuay) uouvuipi00) / yovg TV

£9¢



364 A.L. Balch / Coordination Chemistry Reviews 200—202 (2000) 349-377

c db C(CHz3)

N

| L A L L L L R N L L B B B

40 20 0 -20 -40 -60 -80 -100 ppm

Fig. 9. The 300 MHz 'H NMR spectrum of {Fe!{(OEPO)}, in chloroform-d solution at 28°C with the
meso resonances designated by m and m'. Insert B shows an expansion of the region of methylene
resonances while insert C shows the region of methyl resonances with selective inversion of resonances
from the diamagnetic material in the sample. Data taken from Balch et al. [22].

{XFe"(OEPO"®)} whose crystallographically determined structure is shown in Fig.
10. The '"H NMR spectrum of {BrFe''(OEPO")} is shown in Fig. 11. The spectrum
reveals a pattern of hyperfine shifts (with the meso resonances far downfield and

Fig. 10. A view of the crystallographically determined structure of {BrFe'"'(OEPO")}-CHCI; with 50%
thermal contours. Note that the chloroform molecule is hydrogen bonded to the meso oxygen atom of
the macrocycle. Taken from Balch et al. [27].
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Fig. 11. The '"H NMR spectrum of {BrFe!'(OEPO")} in chloroform-d solution at 24°C. Insert A shows
an expanded section of the methylene resonances near 60 ppm, while B shows the methyl and methylene
resonances in the 6 to —4 ppm region under inversion recovery conditions that invert resonances of
diamagnetic compounds. Taken from Balch et al. [27].

with four methylene resonances shifted upfield and the four other methylene
resonances shifted downfield) that is consistent with a ligand-based oxidation. The
occurrence of eight methylene resonances is indicative of the five-coordinate struc-
ture which renders the two sides of the porphyrin plane inequivalent and each
methylene group diastereotopic. The magnetic moment, 4.9 uB at 298 K, has been
interpreted in terms of a high-spin (S =5/2) Fe(Ill) center which is antiferromag-
netically coupled to an S =1/2 site on the ligand.

Further oxidation of {Fe"(OEPO)}, or {XFe"(OEPO®)} with dichlorine or
dibromine results in the formation of {X,Fe™(OEPOx)} [27]. The six-coordinate
product has properties that indicate the presence of high-spin Fe(IIl) and a fully
oxidized ligand. The magnetic moment of the complex is 5.8 uB, which is close to
the spin only value expected for such an iron(III) complex. The complex,
{Br,Fe"(OEPOx)}, displays a paramagnetically shifted "H NMR spectrum which
is shown in Fig. 12. This spectrum corresponds to the spectra that have been seen
for six-coordinated Fe(III) complexes of porphyrins [35]. The complex displays an
EPR spectrum that is also typical of high-spin Fe(IIl) with g = 5.9 and 2.0 and with
super hyperfine splitting on the g=2.0 line due to coupling to two equivalent
bromide ligands [27].
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Fig. 12. The 300 MHz 'H NMR spectrum of {Br,Fe'(OEPOx)} in chloroform-d solution at 24°C.
Insert A shows an expanded section of the methyl resonances in the 10—4 ppm region. Taken from Balch
et al. [27].

Dimeric {Fe™(OEPO)}, also undergoes the two reactions, cleavage by acid (HCI
or HBr) and cleavage by base (pyridine) as previously described for such dimers in
Scheme 4 [21-23]. Of these, cleavage by pyridine is particularly important for that
reaction produces, {(py),Fe(OEPO)}, which is a widely used model for the hydroxy-
lated heme formed during the process of heme degradation by heme oxygenase.
Solutions of {(py),Fe(OEPO)} can also be obtained by anaerobic hydrolysis of the
(meso-benzyloxy)octaethylheme, {CIFe"(OEPOC(O)Bz)}, in pyridine solution
[26,36]. Solutions of {(py),Fe(OEPO)} are air sensitive, nevertheless the complex
has been subject to extensive study, initially by Morishima and coworkers. The
complex shows a UV—vis absorption spectrum with a broadened Soret band at 425
nm and a distinctive feature at 649 with a shoulder at 606 nm [26,36]. It is EPR
silent at room temperature but shows an axial spectrum with g =2.31 and 1.75 at
77 K. It has a magnetic moment of 2.4 pB at 23°C in pyridine solution [26,36]. The
'"H NMR spectrum, which is shown in Fig. 13, is unlike that of any other Fe(Il) or
Fe(III) porphyrin complex but is particularly useful in monitoring the reactivity of
this species [26,36]. (An earlier report of the 'TH NMR spectrum of this compound
appears now to have resulted from a mixture of heme oxidation products [37].)
Addition of acids to pyridine solutions of {(py),Fe(OEPO)} produce marked
changes in the '"H NMR spectrum with all resonances experiencing smaller para-
magnetic shifts as seen in Fig. 13 [26,36]. These changes have been interpreted as
resulting from protonation of the oxygen atom in the complex. The electronic
structure of this unusual complex, {(py),Fe(OEPO)}, has been described in terms of
three possible distributions of electrons between the metal and ligand as shown in
Scheme 7 [22,26,39]. The spectroscopic properties of have been interpreted in favor
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Fig. 13. The '"H NMR spectrum of {(py),Fe(OEPO)} in pyridine-ds solution (bottom) and with
methanolic hydrogen chloride added (top) at 23°C. Taken from Morishima et al. [26].

of a principle contribution coming from an Fe''/(OEPO®)*>~ electronic distribution
with the iron in a low-spin (S = 0) state [26,36]. The unusual pattern of resonances
in the 'H NMR spectrum of {(py),Fe(OEPO)} suggests that there is a significant
contribution from a ligand-based radical. The non-Curie behavior observed in the
variable temperature 'H NMR spectrum suggests that there are temperature
dependent changes occurring in the electronic distribution within the complex. The

{(py)2Fe(OEOP)}

Scheme 7. Electronic distributions within {(py),Fe(OEPO)}.
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"H NMR spectrum of this complex has also been interpreted in terms of a low-spin
(d,.d,.)*(d,,)" ground state [28]. However, this interpretation is at odds with the
results of the crystallographic study of the isolated complex (vide infra). Additional
complexes related to {(py),Fe(OEPO)} but with different axial ligands, imidazoles
[36], isocyanides [21], and cyanide ion [33], have also been detected and show 'H
NMR spectra similar to those seen in Fig. 13.

Additionally, the corresponding complex of protoheme (see Scheme 2) with
hydroxylation exclusively at the a-meso site has been prepared and characterized
spectroscopically by Sano and coworkers [39]. This complex is prepared by anaero-
bic hydrolysis of a-(meso-benzyloxy)protoheme in pyridine solution and has been
used to incorporate this intermediate into proteins.

By skilful manipulation, it has been possible to isolate {(py),Fe(OEPO)} in
crystalline form [40]. Fig. 14 shows a drawing of the molecule. The oxygen atom is
not protonated, and the C-O bond length, 1.289(4) A, is consistent with the
presence of keto group. The most remarkable features of the structure are the
Fe—N bond lengths, Fe—N(10), 2.055(2), Fe—N(2), 2.051(2) and Fe—N(3), 2.265(2)

Fig. 14. A drawing of the crystallographically determined structure of {(py),Fe(OEPO)} with 50%
thermal contours. The iron atom is situated at a crystallographic inversion center and the oxygen atom
is disordered. At site O, the oxygen atom occupancy is 0.39, while it is 0.11 at site O’. Taken from Balch
et al. [40].
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A, which indicate that the iron is in a high-spin state in the crystalline solid. Thus,
the solid state structure is inconsistent with the interpretation of the 'H NMR
spectrum in terms of a low-spin (d,.d,.)*d,,)" ground state which is generally
stabilized by a distorted heme plane and a perpendicular arrangement of the axial
pyridine ligands [38]. Note that in the structure shown in Fig. 14, the heme is planar
and the pyridine ligands are parallel to one another. However, the electronic
structure of this complex in the solid state may differ from that present in solution,
and further work in defining the electronic distribution within this unusual complex
and related complexes with different axial ligands is warranted. For example it is
difficult to believe that the cyano complex, [(NC,Fe(OEPO)]?~, which has an 'H
NMR spectrum analogous to that of {(py),Fe(OEPO)} [33], is high-spin.

Electrochemical studies reveal that {(py),Fe(OEPO)} undergoes two reversible,
one-electron transfer processes as outlined in Scheme 8 [40]. Spectroscopic proper-
ties (UV—vis, 424, 608, 648 nm, 'H NMR spectrum) have been obtained for the
oxidized species, [(py),Fe(OEPO)]* but not for the reduced form of the complex.
The 'H NMR spectrum of [(py),Fe(OEPO)]* consists of meso and methylene
resonances that are found in the narrow 5-2 ppm range (at — 20°C), and the
temperature dependence of the spectrum suggest that this even-electron complex
has a diamagnetic ground state with paramagnetic state that is partially populated
[40]. The chemical reactivity of [(py),Fe(OEPO)]* and its role in heme destruction
remain to be determined.

By studying the oxidation of the simple, low-spin heme, (py),Fe'(OEP), by
dioxygen in the presence of hydrazine (as sacrificial reducing agent) at low
temperature (ca. — 30°C), it has been possible to show through 'H NMR studies
that {(py),Fe(OEPO)} and the related complexes, {(py)(N,H,)Fe(OEPO)} and
{(N,H,),Fe(OEPO)}, are intermediates in the coupled oxidation of iron(II) por-
phyrins [41]. Relevant data are shown in Fig. 15. This coupled oxidation process,
which has been widely used as a model for biological heme degradation, yields the
verdoheme, [(py),Fe"(OEOP)|CI [42,43], and the iron complex of octaethylbilin-
dione, {(py),Fe™(OEB)} [44], as seen in Scheme 9. Solutions of {(py),Fe(OEPO)}
in pyridine are very air sensitive. Exposure of pyridine solutions of {(py),Fe-
(OEPO)} to dioxygen results in the direct formation of [(py),Fe''(OEOP)|CI and
{(py),Fe"™(OEB)} without the need for the addition of a reducing agent. As shown
in Scheme 9, there are two stages to the coupled oxidation process. In the first part
the porphyrin undergoes what amounts to hydroxylation of one of the meso carbon
atoms with the formation of {(py),Fe(OEPO)}, {(py)(N,H,Fe(OEPO)}, and
{(N,H,),Fe(OEPO)}, which are in equilibrium with one another in the presence of
hydrazine and pyridine. In the presence of dioxygen, which destroys hydra-
zine through oxidation, these three intermediates are converted into just

-7, -H* o) -e’
{(py)2Fe(OEPO)} =
+e, +H* +e

(py)oFe"(OEPOH)} [(py)2Fe(CEPO)]*

Scheme 8. Redox reactions of {(py),Fe(OEPO)}.
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Fig. 15. 300 MHz '"H NMR spectra from the reaction of {(py),Fe''(OEP)} in dichloromethane-d,/pyri-
dine-ds (6.7/1, v/v) with hydrazine-d, at —30°C. Trace A, immediately after the addition of dioxygen.
Trace B, after 10 min at — 30°C. Trace C, after the NMR tube is shaken for 30 s and placed back in
the — 30°C probe. Trace D, after an additional 20 min has elapsed. Resonances of individual complexes
are labeled: 1, {(py),Fe(OEPO)}; 2, {(py)(N,D,Fe(OEPO)}; 3, {(N,D,),Fe(OEPO)}; and 4,

{(py),Fe'"'(OEB)}. Subscripts m and m’ refer to meso C—H resonances. Taken from St. Claire and Balch
[41].

{(py),Fe(OEPO)}. In the second stage, {(py),Fe(OEPO)} reacts with dioxygen to
yield [(py),Fe"'(OEOP]CI and {(py),Fe'"'(OEB)}. This stage is undoubtedly a multi-
step process that results in the eventual rupture of two C—C bonds and liberation
of carbon monoxide.

7.2. Detection in proteins

Evidence for the involvement of meso-hydroxylated hemes, 1, during heme
catabolism has come from experiments in which the meso-hydroxylated heme is
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Scheme 9. Coupled oxidation of heme.

incorporated into a protein or in which it has been trapped as an intermediate
during heme oxidation. Studies have been conducted with both heme oxygenase
and with myoglobin, which acts as a model protein that provides a structurally
well-defined heme binding pocket. Additionally, the heme in myoglobin undergoes
regiospecific cleavage at the a-meso site to form biliverdin and carbon monoxide
when the protein is treated under coupled oxidation conditions with dioxygen in the
presence of a reductant (ascorbic acid or hydrazine) [45]. Thus, in this stoichiomet-
ric reaction myoglobin mimics the action of heme oxygenase.

The initial evidence for the existence of heme 1 as an intermediate in heme
catabolism came from experiments in which the hydroxylated heme was found to
serve as a substrate for heme oxygenase and produce biliverdin as the product [46].
Subsequently, the four isomeric meso-oxyprotohemes were prepared from the
corresponding (meso-benzyloxy)protoheme isomers after separation [39]. These
individual isomers were then used as substrates for heme oxygenase [47]. Only the
a-isomer was converted to biliverdin IXa, which could be further reduced to
bilirubin [47]. The ability of heme oxygenase to use the iron complex of 1 as a
substrate with the observed specificity presented compelling evidence that the initial
stage of heme catabolism involves hydroxylation of one specific meso site by an
dioxygen derived species

Treatment of heme in heme oxygenase with hydrogen peroxide produces verdo-
heme, and with ethyl hydroperoxide the reaction proceeds regiospecifically to
produce o-(meso-ethoxy)protohemin [48]. This reaction has been interpreted by
Ortiz de Montellano and co-workers to indicate that the initial stage of the heme
oxygenase reaction proceeds by electrophilic or radical addition of the distal oxygen
of an iron-bound peroxide to the a-meso site of the porphyrin.
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Anaerobic addition of a-(hydroxy)protoheme to heme oxygenase and to apomyo-
globin has allowed the direct spectral observation of this modified heme within the
respective protein cavities [49]. This has lead to the characterization of a ferric,
a-oxygenated form of heme oxygenase with a UV—vis spectrum with 4.,, of 406
nm (and a featureless visible region) with a rhombic EPR spectrum that shows
g=06.08, 5.73, and 2.004. These spectra have been analyzed in favor of the existence
of a five-coordinate, high-spin Fe(IIl) center in this protein-bound intermediate.
Suitable models for such a five-coordinate high-spin Fe(III) complex of the meso-
hydroxylated heme 1 are currently unavailable. Resonance Raman spectra have
also been observed for the ferric, a-oxygenated form of heme oxygenase that are
quite different from typical heme protein Raman spectra. Since these resonance
Raman spectra do not change upon going from H,O to D,0, it appears that the
meso oxygen atom does not bear a proton in this redox state. Dithionite reduction
of this intermediate form results in spectral changes (UV-vis, Soret band at 432
nm, Raman spectra characteristic of heme complexes) that are indicative of the
formation of a heme-like penta-coordinate, high-spin Fe(II) species. The resonance
Raman spectra show H,O/D,O changes that are consistent with protonation of the
meso oxygen atom upon reduction. This state of the protein undergoes conversion
to verdoheme when treated with dioxygen and addition of carbon monoxide to
produce a UV—vis spectrum with a broadened Soret band at 410 nm.

Similar UV-vis and resonance Raman spectral data have been obtained by
treating protoheme in heme oxygenase with hydrogen peroxide under anaerobic
conditions [50]. This set of experiments provides direct evidence that the a-(meso-
hydroxy)protoheme is formed during functioning of heme oxygenase. However, this
experiment also produces an EPR resonance at g =2.008 that is not observed when
heme oxygenase binds a-(hydroxy)protoheme. The resonance has been attributed to
a ‘ferrous n neutral radical species’ [50]. The intensity of this feature in the spectrum
is enhanced by the addition of carbon monoxide, but the resonance itself is
unchanged. Further characterization of the species responsible for this EPR signal
appears warranted.

A bacterial heme oxygenase has been found to operate in a similar manner to
that of mammalian heme oxygenase [51].

The conversion of a-(meso-hydroxy)protoheme to verdoheme in heme oxygenase
is a chemically complex process that involves cleavage of two carbon—carbon bonds
and release of carbon monoxide. Biochemically, the process has become the subject
of controversy [49,50,52,53]. At issue are the questions of whether the five-coordi-
nate, high-spin Fe(IIl) a-(meso-hydroxy)protoheme complex of heme oxygenase
requires additional electrons before reacting with dioxygen to yield verdoheme and
what is the redox state of the iron in the verdoheme that is produced. Ikeda-Saito
and co-workers found that the ferric hydroxyheme in heme oxygenase required
both dioxygen and one electron to form verdoheme. However, Ortiz de Montellano
and coworkers reported that the Fe(IIl) a-(meso-hydroxy)protoheme complex of
heme oxygenase reacts directly with dioxygen without the need for reducing
equivalents to yield the Fe(III) redox state of verdoheme [50]. Noguchi and
coworkers report that the Fe(IIl) a-(meso-hydroxy)protoheme complex of heme
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oxygenase is converted to the verdoheme by reaction with dioxygen again without
the need for additional reducing agent but that the verdoheme so produced is on
the Fe(Il) redox state [52]. Recently, Migita and coworkers have reported that
five-coordinate, high-spin Fe(Ill) a-(meso-hydroxy)protoheme complex can un-
dergo an oxidation with either dioxygen or [hexachloroiridium(IV)]?~ to yield a
more highly oxidized form with a modest shift in the Soret band from 405 to 401
nm [53]. Under these conditions oxidation to form verdoheme is unproductive. The
behavior of this five-coordinate protein-bound system appears to be paralleling the
behavior already seen in the six-coordinate model compounds shown in Scheme 8§
with three redox-linked oxidation states of the heme complex. However, the details
surrounding the sequence of redox transformations necessary to convert o-(meso-
hydroxy)protoheme complex of heme oxygenase into verdoheme remain to be
satisfactorily resolved.

Ikeda-Saito, Hoffman and co-workers have conducted a series of EPR studies on
the low temperature (77 K) reduction of the diamagnetic, dioxygen complexes of
heme oxygenase and of hemoglobin B-chains [54]. In both cases a low-spin Fe(III)
heme is produced with g =2.37, 2.19, and 1.93 (at 77 K) for the intermediate bound
to heme oxygenase. Proton ENDOR spectra have detected the presence of a an
exchangeable hydrogen in this intermediate. These spectral characteristics have
been assigned to an end-on bound Fe(Ill) peroxo species which is hydrogen
bonded. Upon warming this intermediate above 200 K, its EPR spectrum disap-
pears and is replaced by a high-spin Fe(IIl) spectrum which has been identified as
resulting from the formation of the high-spin Fe(IIl) o-(meso-hydroxy)protoheme
complex of heme oxygenase. Thus, the hydroperoxy Fe(IIT) heme complex of heme
oxygenase self-hydroxylates.

8. Conclusions

The results described here show that there is a rich coordination chemistry
associated with the meso-hydroxylated porphyrins and that these complexes have a
direct relevance to the process of heme catabolism. The modified heme 1 is
unusually susceptible to oxidation, but several paths of oxidative reactivity have
been observed. By studying the reactivity of this macrocycle toward a variety of
different transition metals, it has been possible to sort out reactivity that is metal
dependent from that which is intrinsically ligand based. Thus, oxidation of the zinc
and nickel complexes, {(py)Zn"(OEPOHpy)} and {Ni'"(OEPOH)}, produce rela-
tively stable free radicals in which the odd electron is largely delocalized on the
tetrapyrrole macrocycle. These stable odd-electron complexes show reactivity that is
typical of radicals: coupling to yield a carbon—carbon bonded dimer as seen in
Scheme 5 and Fig. 8§ and reactivity toward dioxygen to yield oxygenation at meso
sites as seen again in Scheme 5. In these transformations, reactivity is directed, as
expected, to the sites of highest spin density as seen in the molecular orbital shown
in Fig. 7. Additionally it is important to point out the difference in dimerization
found for complexes of 1 and the dimerization of related porphyrin radicals
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observed by Scheidt and coworkers. While dimerization of the nickel complex,
{(py),Ni''(OEPO")}, yields {Ni'(OEPO),} with a definite C—C bond; self associa-
tion of porphyrin radicals, e.g. [Mg"(OEP*)]* [55], [IM"(OEP®)]™ (M = Ni, Cu) [56],
[(H,0)Zn"(OEP*)]* [57], and [CIFe™(OEP*)]* [58], occurs in a face-to-face fashion
to produce dimers, which lack any covalent link between the two components.
Moreover, these radicals also associate with the corresponding neutral porphyrin
complexes to form mixed-valence species, €. g. [Pd"(OEP*/2)],(ClO,) [59]. This type
of association has not been observed with metal complexes of 1.

The iron complexes obtained from 1 show very different behavior. Although
there is strong physical evidence from spectroscopic studies that coordinated free
radical forms are significant contributors to the electronic structure of some of
these iron complexes, the intrinsic reactivity of these complexes differs from that
shown in Scheme 5 for more ligand-based free radicals. Thus, oxidation of
{(py),Fe(OEPO)} occurs at the carbon atoms immediately adjacent to the oxy-
genated meso carbon atom and produces verdoheme and iron biliverdin as seen in
Scheme 9. In regard to the further oxidation and ring opening of iron complexes of
1, it is also clear that the state of the meso oxygenated portion is crucial. When that
oxygen is bonded to another group as it is in {Fe"(OEPO)},, {CIFe"(OEPOC-
(O)Bz)}, and {CIFe™(OEPOH)}, the complexes are stable to oxidation by dioxy-
gen. However, the deprotonated complex, {(py),Fe(OEPO)}, which is at the same
overall oxidation level as the three complexes — {Fe™(OEPO)},, {CIFe™(OEPOC-
(O)Bz)}, and {CIFe™(OEPOH)} — is highly susceptible to oxidation and ring
opening by dioxygen.

A number of issues regarding the formation and reactivity of the o-(meso-hy-
droxy)protoheme complex of heme oxygenase remain to be understood. Model
compounds for the five-coordinate forms that are present in the protein environ-
ment are currently unavailable. This situation occurs because of the stability of the
dimer, {Fe(OEPO)},, which can only be cleaved by adding an excess of an
appropriate axial ligand such as pyridine or imidazole and six-coordinate complexes
result.

The factors that result in the regioselectivity of the initial protoheme hydroxyla-
tion and the exclusive formation of the a-meso isomer remain to be fully explained.
Specificity has been suggested to be a consequence of the ability of the heme
binding site to orient the heme-bound dioxygen toward the a-meso site [60,61]. It is
expected that as more information of the structure and structural dynamics of the
heme binding site within heme oxygenase become available, this issue may be
clarified [62—64]. Recently, the crystal structure of human heme oxygenase-1 with
the substrate (heme) bound has been reported [65]. The heme is sandwiched in
between two helical protein segments with the proximal helix providing histidine 25
as an axial ligand. There are two molecules of the heme/heme oxygenase complex
in the asymmetric unit. One of these molecules offers more confinement of the heme
with the distal helix restricting access to the B-, y- and d-meso carbon atoms while
the other molecule provides less steric constraint with both the o- and d-meso
carbon atoms accessible to attack. There are no specific basic or acidic residues in
proximity to the a-meso carbon to participate in the meso-hydroxylation step.
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While the crystal structure does support the notion of steric control of the
regiochemistry of the initial hydroxylation, electronic factors may also play a role
in directing this step, especially with non-natural heme substrates.

The process of dioxygen activation that results in the conversion of the meso-hy-
droxylated hemes into verdoheme and biliverdin is also a complex, multi-step
process that requires opening of two carbon—carbon bonds. The chemical processes
involved have received almost no study, although the possibility that the process
occurs stepwise with the production of a formylbiliverdin intermediate in which
only one of the carbon—carbon bonds broken has been considered [66]. It has been
shown that formylbiliverdin complexes can be oxidatively transformed into verdo-
heme-type complexes [66].
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