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Biological heme degradation catalyzed by heme oxygenases
(HO) is the source of bile pigments as well as endogenous
carbon monoxide, a putative second neural messenger.!? The
major events occurring in HO-dependent transformations are
O, binding and activation at the heme iron, followed by
hydroxylation at the porphyrin meso position to form an
a-hydroxyprotoheme, which then reacts with a second mole of
0O; to give verdoheme with concomitant elimination of the meso
carbon as CO. Finally verdoheme reacts with a third molecule
of O, to form biliverdin. While recent characterization of HO3#
and model studies based on coupled oxidation3~8 have shed
much light on the first and last stages of this process,
mechanistic description for the conversion of meso-hydroxy-
heme to verdoheme remains poorly defined. Sano and co-
workers” have demonstrated that this conversion can occur
spontaneously in solution without enzyme. The driving force
is suggested to arise from the facile formation of an oxophlorin
radical that promotes oxygen attack at a porphyrin ring carbon.
However, without additional evidence, little is certain about how
the oxygenation and the elimination of CO actually happen. It
would be of great value if a parallel of this reaction could be
found. We here report such an example.

During the course of our study of H-bonding effects on
heme—oxygen binding, we synthesized a naphthoic acid por-
phyrin 1° and observed a curious reaction which bears much
similarity to the verdoheme formation. When Co(II) complex
1a was exposed to air in CH,Cl,, the color quickly changed
from red to green in less than 1 min. The green product, after
being isolated by chromatography, has a molecular ion of 538
(by FAB-MS) consistent with the oxaporphyrin cation 2. The
absorption spectral features of 2 are solvent dependent (Figure
1). Even though 2 may become Co(IIl) in air, the observation
that an EPR-active material can be obtained initially without
any reducing agent present during the entire process argues that
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Figure 1. Absorption spectra of the paramagnetic oxaporphyrin 2
(---) in 5% MeOH/CH:Cl; and (—) after being dried in air and
dissolved in CH;Cl,. Both spectra share the distinctive features of
verdoheme. The 670-nm spectrum, based on its similarity to a
structurally characterized Co(IIT) oxaporphyrin'® and its diminished spin
concentration (10—15% by EPR), belongs to cobaltic species.

1a M = Co(ll)
1b M = Zn()

1e M =Cu(l) 3
1d M = Fa(lil)

a cobaltous complex must be the immediate product. The
oxaporphyrin macrocycle can be readily hydrolyzed by acid or
base to give the metal-free biliverdin 3.1! It is remarkable that
this conversion of 1a to 2 is rapid, regiospecific, and quantita-
tive.!? The only other product is 1,8-naphthaldehydic acid,
which can be isolated if due precaution is exercised to prevent
its oxidation by air into 1,8-naphthalic anhydride.!> Formation
of the oxaporphyrin 2 requires a 1:1 ratio of Oj:1a, and the
source of oxygen in 2 is molecular oxygen; quantitative
incorporation of 180 occurs if 130, gas is used to react with 1a.
The reaction needs water to be present, but H;!30 is not
incorporated into 2. Under scrupulously anhydrous conditions,
the reaction does not proceed to completion; it stops at a stage
exhibiting a brownish color (Anax 435, 569, 673, and 760 nm).
At this point, the solution can be deaerated, and upon addition
of O,-free water, 2 is again obtained. Field desorption mass
spectra of the intermediate indicate that its molecular ion is
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Table 1. Cyclic Voltammetric Data of 1 and Corresponding
Methyl Ester Derivatives®?

first oxidation, second oxidation,
compound En, V E°,V

Co (1a) 0.96 (Co**2* at 0.61 V)

Zn (1b) 0.80

Cu (1¢) 0.86

Co (1aMeester)  0.81 (Co®*2* at 0.60 V) 1.12
Zn (1b Me ester) 0.63 0.94
Cu (1c Me ester) 0.65 1.08

4 Conditions: solvent, dichloromethane; supporting electrolyte, tet-
rabutylammonium perchlorate; working electrode, platinum; reference
electrode, SCE; solute concentration, ~107% M; temperature, 298 K.
bE°e = 0.5(Epa + Eypc), where Eyp, and E;, are anodic and cathodic peak
potentials, respectively; scan rate at 100 mV s,

equivalent to an dioxygen adduct of the parent compound, with
a structure much less symmetrical than 1a, as shown by NMR.14

Porphyrin 1 is sterically congested, and the carboxylic group
is found to lie parallel to the porphyrin plane in the X-ray
structure.’> There is a tendency for the carboxylate to attack at
the porphyrin meso carbon to give a naphthalein-type lactone
4. The lactonization is accompanied and facilitated by oxida-
tion. For example, a CH,;Cl, solution of 1b exposed to air
quickly develops an intense EPR g = 2 signal, quite similar to
that found with oxophlorin.!® Furthermore, electrochemical
studies of various metal complexes (1a—d) indicate that they
undergo a reversible two-electron oxidation at potentials dif-
fering from the onset of the typical porphyrin cation radical
formation (Table 1). Blocking the carboxylic acid by esterifi-
cation restores the normal two one-electron oxidation reactions.
The observed behavior is analogous to that of the meso-(o-
anilido)porphyrins reported by Savéant and co-workers, who
demonstrated a two-electron oxidation product to be an oxazine
ring § formed upon condensation of a meso carbon of the
porphyrin dication with the oxygen of the amide group.!” The
two-electron oxidation products of our naphthoic acid porphyrin
complexes also display an isoporphyrin-like spectrum.

Given these observations, we interpret the spontaneous
degradation of 1a in Scheme 1. The acid proton dramatically
enhances O3 binding to the Co(II) porphyrin by H-bonding to
or protonation of the cobaltic superoxide adduct. This is quickly
followed by the lactonization occurring at the meso carbon
imparting a radical nature to the macrocycle. This species with
unpaired spin density at the porphyrin ring skeleton could then
react with O, or, more likely, with the cobalt-bound hydroperoxy
radical (vide infra). Eventually, in the presence of H,0O, the
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meso carbon is eliminated as part of the leaving naphthaldehydic
acid. The mechanism for the final steps is unknown, but the
overall sequence is electron-neutral, and there is no need for
oxidizing or reducing equivalents.

In comparison with the meso-hydroxyheme, the close simi-
larities between the two systems become immediately obvious.
In both cases it is the propensity of forming a phlorin radical!®
that brings about an intramolecular, net two-electron reduction
of dioxygen. Both sequences are electronically self-sufficient
to account for their spontaneity and high yields. Furthermore,
the same regiochemistry observed here is important. MO
calculations of an oxophlorin radical have predicted the highest
spin density on the y-meso position opposite to the oxy group!®
and therefore would render a direct reaction between molecular
oxygen and the phlorin radical unlikely. The fact that specific
cleavage of the substituted meso carbon occurs in both Fe and
Co systems would argue for a specific role of the substituent
(hydroxy or naphthoic acid) in directing the incoming attack—
possibly by a 1,3-sigmatropic shift of the metal-bound hydro-
peroxy group already tilting toward the substituent via H-bond-
ing. In the hydroxyheme system, internal electron transfer to
the coordinated O, and the irreversible formation of a carbon-
bound peroxy adduct occur relatively fast. In the naphthoic
acid system, multiple energy barriers have been added to the
sequence, and the internal redox reaction is now coupled to the
lactonization, which could be rate-limiting. If the Co(II) in 1a
is replaced by Fe(Il), other autoxidation pathways (e.g., #4-peroxo
dimer formation between two molecules) for the heme iron
become so competitive that only the Fe(Ill) complex 1d is
obtained with no degradation of the macrocycle. Likewise, any
condition that normally catalyzes Co(II) porphyrin autoxidation
would prevent the ring degradation even for la. Thus,
noncoordinating solvents (e.g., CH;Cl, and benzene) provide
the best environment for generating 2, while in DMF or solvents
containing nitrogen donors, reversible O, binding can still be
observed at subzero temperatures,® as low temperature retards
both cobaltous ion oxidation and the lactonization.

The discovery of the cobalt model reaction for heme
degradation firmly establishes the importance of the macrocycle
as donor for activating both O; and the ring during verdoheme
formation, and the additional requirement of H,O in the cobalt
system may provide a much needed window to reveal how the
meso carbon is eliminated from the porphyrin ring.
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