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To examine possible models for the g = 2.006 resonance seen when the hydroxylated heme—heme oxygenase
complex in the Fe(lll) state is treated with CO, the reactivities of CO and reducing agents with (py),Fe"(OEPO)
and {Fe"(OEPQ)}, (OEPOQ is the trianion of octaethyl-meso-hydroxyporphyrin) have been examined. A pyridine
solution of (py),Fe"(OEPO) reacts in a matter of minutes with zinc amalgam (or with hydrazine) under an atmosphere
of dioxygen-free dinitrogen to produce bright-red (py).Fe"(OEPOH)-2py-0.33H,0, which has been isolated in crystalline
form. The *H NMR spectrum of (py),Fe"(OEPOH) in a pyridine-ds solution is indicative of the presence of a diamagnetic
compound, and no EPR resonance was observed for this compound. Treatment of a solution of (py),Fe"(OEPOH)
in pyridine-ds with carbon monoxide produces spectral changes after a 30 s exposure that are indicative of the
formation of diamagnetic (OC)(py)Fe"(OEPOH). Treatment of a green pyridine solution of (py),Fe"(OEPO) with
carbon monoxide reveals a slow color change to deep red over a 16 h period. Although a resonance at g = 2.006
was observed in the EPR spectrum of the sample during the reaction, the isolated product is EPR silent. The
spectroscopic features of the final solution are identical to those of a solution formed by treating (py).Fe"(OEPOH)
with carbon monoxide. Addition of hydrazine to solutions of (OC)(py)Fe"(OEPOH) produces red, diamagnetic (OC)-
(N2H4)Fe'(OEPOH)-py in crystalline form. The X-ray crystal structures of (py).Fe'(OEPOH)-2py-0.33H,0 and (OC)-
(N2H4)Fe'(OEPOH)-py have been determined. Solutions of diamagnetic (OC)(N,H4)Fe'(OEPOH)-py and (OC)(py)-
Fe'(OEPOH) are extremely air sensitive and are immediately converted in a pyridine solution into paramagnetic
(py)Fe"(OEPO) in the presence of dioxygen.

Introduction plex contains a high-spin iron(lll) site which produces EPR
This Article concerns model studies relevant to two '€Sonances &= 6 and 2. Addition of carbon monoxide to

unresolved issues in the operation of heme oxygenase. Heméhe sample producing such a spectrum results in the formation

oxygenase is a protein that binds unwanted heme and® N€W: p;romi_nent free-radical-like resonancgat 2.008'
catalyzes its conversion into biliverdin, carbon monoxide, °F 2.004> Similar observations have been made for the axial

and ionic iron through oxidation that involves three dioxygen !l9and mutants of mitochondrial cytochrorbg which have
molecules:2 As seen in Scheme 1, several intermediates P€€N hydroxylated with hydrogen peroxide and subsequently

have been detected during the functioning of heme oxygen-{réatéd with carbon monoxide, where a resonancg at
ase. 2.006 is observetlThe species responsible for te= 2.008,

The work reported here focuses on the step where theZ.OOG, or 2.004 resonance is considered to be the ferrous

hydroxylated heme undergoes further oxidation to form form of the hydroxylated heme in a radical form. In this
verdoheme. The hydroxylated herleeme oxygenase com- complex, the Fe(ll) state is believed to be stabilized by
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Scheme 1. Heme Oxygenase Activity
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Scheme 2 genase requires additional electrons before reacting with

{Fe"(OEPO)}, (xylyINC),Fe'(OEPO -)

L = xylyINC

binding to carbon monoxide. However, no model complex
involving carbon monoxide and an appropriately modified

dioxygen to yield verdoheme or whether that intermediate
reacts directly with dioxygen without an additional reducing
agent. Thus, Ikeda-Saito and co-workers reported that the
ferric hydroxyheme-heme oxygenase complex required both
dioxygen and one electron to produce verdohémmn
contrast, Ortiz de Montellano and co-workers found that the
Fe(lll) a-(mesehydroxy)heme-heme oxygenase complex
reacts directly with dioxygen without the need for reducing
equivalents to form the Fe(lll) form of verdoherhPalmer,
Noguchi, and co-workers report that the Fe(ld)(mese
hydroxy)heme complex of heme oxygenase is converted to
verdoheme by reaction with dioxygen, again, without the
need for an additional reducing agémiowever, they found
that verdoheme produced in this process is formed in the
Fe(ll) state. Migita and co-workers noted that the five-

heme has yet been prepared. The closest available modegoordinate, high-spin Fe(llf-(mesehydroxy)heme-heme

for the form producing theg = 2.008, 2.006, or 2.004
resonance is (xylyINGF€'(OEPG),” which was prepared
from the previously characteriz§¢&e" (OEPQ},2° complex,

as shown in Scheme 2. The EPR spectrum of (xylylRFe')
(OEPQ) consists of a narrow line a = 2.008, while its
geometric structure is entirely consistent with a low-spin
Fe(ll) state.

oxygenase complex can undergo oxidation with either
dioxygen or [hexachloroiridium(I\V§T to yield a more highly
oxidized form, with a modest shift in the Soret band from
405 to 401 nnt! Under these conditions, oxidation to form
verdoheme is unproductive.

Here, we present results involving the addition of carbon
monoxide to iron complexes of octaethykesehydroxyheme

The second unresolved issue involves the conversion ofand examine the reactivity of iron(ll) complexes of this

a-(mesehydroxy)heme to verdoheme. This step is a chemi-
cally complex process that involves cleavage of two carbon

ligand toward dioxygen and diiodine as oxidants.

carbon bonds and the eventual release of carbon monoxideResults

The unresolved question is whether the five-coordinate, high-
spin Fe(lll) a-(mesehydroxy)heme complex of heme oxy-
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Reactions of meso-Hydroxyhemes with CO and Reducing Agents

Scheme 3

{Fe'(OEPO)},

NoH4 =L
(OC)(NoH4)Fe'(OEPOH)

(oc)(py)Fe'(o

tions described here are summarized in Scheme 3. The
complexes of the meso-hydroxylated porphyrif&e" -
(OEPQ}, and (py)Fe'(OEPO), have been previously
isolated and characterized by X-ray crystallography and
NMR spectroscop§1* Complexes (pyFe' (OEPOH), (OC)-
(py)Fe'(OEPOH), and (OC)(bH,4)Fe'(OEPOH) are new,

and their preparations and characterizations are reported here.

Dissolution of a sample ofFe"(OEPO}; in a pyridine
solution produces (pyfre" (OEPO), which reacts in a matter
of minutes with zinc amalgam under an atmosphere of
dioxygen-free dinitrogen to produce a bright-red solution.
Air-sensitive, red crystals of (pyfe'(OEPOH)2py-0.33H0
have been isolated from this solution. The BY¥s absorp-
tion spectra of this complex and of its precursor, §pg) -
(OEPO), are shown in Figure 1. The spectrum of {pg)-
(OEPOH) is similar to that of (pyfFe'(OEP)}? and is
consistent with the presence of a low-spl® € 0), Six-
coordinate iron(ll) porphyrin. ThéH NMR spectrum of
(py)F€'(OEPOH) in a pyridineds solution is shown in
Figure 2A. The spectrum is indicative of the presence of a
diamagnetic compound. The OH resonance is readily de-
tected at 11.85 ppm, and there are tmeseH resonances
in a 2:1 intensity ratio at 9.85 and 9.80 ppm. The methylene
protons are observed at 4.36 and 3.95 ppm, while the methyl

+py
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Figure 1. UV—vis spectra recorded under dioxygen-free conditions of
(py)Fe'" (OEPO) (green trace); (pyfje'(OEPOH) (red trace); and (OC)-
(py)F€e'(OEPOH) (blue trace).

occurs, the intensity of the signal gt= 2.31 and 1.78
decreases and a low-intensity free-radical signgl=at2.003
develops. However, isolated samples of (g (OEPOH)
2py-0.33H,0 show no EPR spectra. Thus, thé NMR and
EPR results for isolated (pyg€e'(OEPOH)2py-0.33H0 are
consistent with the presence of a low-sp&= 0) iron(ll)
complex. The origin of thg = 2.003 resonance in the EPR
spectrum remains unidentified.

The reduction of (pyFe"(OEPO) to form (py)Fe'-

protons produce three resonances at 2.06, 1.02, and 1.90 pprfOEPOH) can also be accomplished by using hydrazine as

The reduction of (pyF€" (OEPO) with zinc amalgam has
also been monitored by EPR spectroscopy. As reduction

(12) Bonnett, R.; Dimsdale, M. J. Chem. Soc¢Perkin Trans. 11992
2540.

the reducing agent. Samples of (g58'(OEPOH) prepared

by either route have identical spectroscopic properties.
The reactivities of (pyFe" (OEPO) and (pyfF€'(OEPOH)

toward carbon monoxide have been examined. Treatment

of a solution of (pyjFe!(OEPOH) in pyridineds with carbon

Inorganic Chemistry, Vol. 43, No. 20, 2004 6359
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B Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for
(py)2F€'(OEPOH)2py-0.33H,0 (molecules 1 and 2) and
(OC)(NzH4)Fe' (OEPOH)py

molecule 1 molecule 2 (OC)@Nl4)Fe'(OEPOH)py
Bond Lengths

m

Fe—N1 1.997(4)  2.002(4) 2.013(3)
Fe—N2 1.992(4)  1.991(4) 2.015(3)
Fe—N3 2.017(4)  2.004(4) 2.012(3)
Fe—N4 2.006(3)
Fe—N5 2.069(3)
Fe—C37 1.767(4)
C37-02 1.153(4)
C1-05, 1.395(16)  1.403(18) 1.429(6)
C1-01
C10-02, 1.292(13)  1.377(11) 1.454(12)
C5-01B
Bond Angles
. - : N1-Fe-N2  89.19(16)  89.56(16) 88.84(12)
12,0 8.0 40 N1-Fe-N3  88.66(16)  89.20(16) 174.73(13)
Figure 2. IH NMR spectrum of a pyridings solution of (py}Fe'- N1-Fe-N4 91.09(13)
o ' N1-Fe-N5 88.64(12)
(OEPOH) (A) before and (B) after the addition of dioxygen. N1—Fe—C37 92.87(15)

) N2—Fe-N3  91.03(16) 91.42(17) 90.67(12)
monoxide produces spectral changes after a 30 s exposuren2—Fe—N4 176.77(13)
that are indicative of the formation of diamagnetic (OC)- N2—Fe-C37 91.83(15)
(py)Fé(OEPOH). The UV-vi trum of the dark-red  No Fo N ge.11013)
py). (_ ). 'he UV-vis spectrum of the dark-re N3—Fe_N5 86.10(12)
solution is shown in Figure 1 and is consistent with the N3—-Fe-c37 92.38(15)
formation of a carbonyl complex. Théd NMR spectrum N4—Fe-N5 88.68(13)
of a solution of (OC)(py)PHOEPOH) sh OH Ni-FeC37 91.40(16)

PY)PH( ) shows an N5—Fe-C37 178.48(16)
resonance at 12.6 ppm, meso resonances at 9.92 and 9.85e-c37-02 179.1(4)
ppm, methylene resonances at 4.30 and 3.90 ppm, and methyFe-N5—N6 120.9(3)

resonances at 2.06, 1.92, and 1.90 ppm at 298 K. o o )
The reaction of carbon monoxide with (pifg" (OEPO) are caused by the positioning of the axial ligand protons in
requires a longer period of time. Treatment of a green & 'égion where the ring current of the porphyrin ligand
pyridine solution of (py)Fe" (OEPO) with carbon monoxide ~ Produces upfield shifts. Thus, théd NMR spectrum is
reveals a slow color change to deep red over a 16 h period_lndlcatl\(e of the formation of a diamagnetic iron(Il) complex.
However, the spectroscopic features of the final solution are 1hereé is no EPR spectrum deltected from an isolated
identical to those of a solution formed by treating ¢&g'- crystalline sample of (O.C)(fﬂ"{l)':é (OEPOH?F’V-
(OEPOH) with carbon monoxide. This reaction has also been  Single-Crystal X-ray Diffraction of (py) ;Fe! (OEPOH)-
followed by observing the EPR spectrum of the solution. 2PY-0.33H0. The complex crystallizes in the triclinic space
During the reaction, the EPR spectrum of &g (OEPO) groupP1. There are two half-molecules of the complex in
slowly vanishes while a relatively weak signal develops at the asymmetric unit. The iron atom in each molecule is
g = 2.008. located at a center of symmetry. Selected interatomic
Solutions of (OC)(py)P¥OEPOH) are extremely air distances and angles are given in Table 1. Crystal data are
sensitive. To isolate the carbon monoxide adduct in suitable 91ven in Table 2. Figure 3 shows the structure of one of the
crystalline form, it was necessary to add a reducing agent, COmplexes (molecule 2). The iron is, as expected, six-
hydrazine, to the sample to guard against oxidation. Under coordinate. The neighboring water molecule with a fractional
these conditions, hydrazine replaces pyridine as the axialoccupancy of 0.33 is hydrogen bonded to tmeseOH
ligand and it was possible to isolate the product, (OGH) group. The structure of mplecule 1 is similar to that qf
Fé'(OEPOH)py, in crystalline form. The infrared spectrum ~Molecule 2, as the data in Table 1 show. However, in
of the isolated crystals of (OC)¢N.)Fe' (OEPOH)py shows molecule 1, there is no hydrogen bonding from these
av(CO) at 1967 cm'. For comparison, (OC)(py)EETPP) OH group to a water molecule.
has av(CO) at 1980 cmt.23 TheH NMR spectrum of (OC)- In both molecules, the oxygen atom is disordered equally
(NoH.)Fe!'(OEPOH)py in tolueneel; (recorded at 203 K to  over the four meso positions. This type of disorder is
minimize axial ligand exchange) shows the OH resonance common in derivatives of the octaethylporphyrin that have
at 12.15 ppm. There are twmeseH resonances in a 2:1 & small substituent attached to omesecarbon atom. For
intensity ratio at 9.72 and 9.79 ppm. The methylene protons €xample, the position of theneseoxygen in (py)Fe!-
are observed at 3.85 and 3.77 ppm, while the methyl protons(OEPO) is disordereH. Related cases of disorder are seen
produce resonances at 2.17 and 1.81 ppm. The coordinated CIFe" (meseNC-OEP)}* Zn''(OEPG),** and (1-Melm)-
hydrazine protons produce two equally intense resonances : : ———
at—3.50 and—3.97 ppm. The positions of these resonances (14 Baich. ébéiéggﬂ‘gr*z%b.Latos'GWSk" L.; Noll, B. C.J. Am.

(15) Kalish, H.; Camp, J. E.; Steeh, M.; Latos-Graghski, L.; Olmstead,
(13) Peng, S.-M.; Ibers, J. Al. Am. Chem. S0d.976 98, 8032. M. M.; Balch, A. L. Inorg. Chem 2002 41, 989.
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Table 2. Crystal Data and Data Collection Parameters

\
(py)2Fe'(OEPOH) A ,
2py-0.33H0 (OC)(NH,)Fe!(OEPOH)py l l

formula GseHe2.67€NsO1.33 CuoHssFeNO,
formula weight 925.02 743.76 o1w
color and habit red plate red plate Q I N53 \
crystal system triclinic triclinic A \
T(K) 200) o12) N £ 125 2
space group =
a(A 13.2142(16) 10.6806(15) 052%——ic— g i ;
b (A) 15.1619(18) 13.4729(19) — 5:—-—- ———
c(A) 15.3635(19) 13.869(2) i’
o (deg) 106.478(2) 78.066(3) l
8 (deg) 99.010(2) 76.444(3) \ }\N53A I
y (deg) 110.242(2) 86.994(3)
V (A3 2656.1(6) 1898.1(5) I
radlatlon Mo Ko, 0.71073 0.71073 I

A (A /
z 2 2 p:
dearea (g CNT3) 1.157 1.301
w (mm-L) 0.329 0.443 B I 0
range of transm 0.88-0.98 0.84-1.00

factors
no. of unique data 9710 8631 C55 I
no. of restraints 0 6
no. of params 581 498 / NN \
refined

R12 0.078 0.067 N52 N51 /
WR2® 0.235 0.201

Cce60 /

0520-""
/m Y\

afFor data withl > 20(1). R1L = S||Fo| — |F¢||/S|Fol. P For all data.
WR2 = \/Z[W(Foz - Fcz)z]/Z[W(Foz)z]-

Fe''(OEPO)? The presence of external hydrogen bonding
to themeseOH group can produce situations in which the

position of this hydroxyl group is fixed, as is the case in \/\/ \/
(py)Zn' (OEPOH--py).16 However, the hydrogen bonding of C55A
molecule 2 to the adjacent water molecule is not sufficient ¥ Ie

in the present case to produce ordering of the location of
Figure 3. (A) Perspective view of molecule 2 of (pfe' (OEPOH)2py-

the meseOH groups in this crystal.
Si th mblex re both centrosymmetric. the plane 0.33H:0 showing 30% thermal contours. Only one of the four sites for the
Ince the complexes a y ’ p smeseoxygen atom is shown. This site has a fractional occupancy of 0.29.

of the two axial ligands are rigorously parallel to one another. The site of the water molecule with 0.33 occupancy is also shown. The
As part B of Figure 3 shows, these ligands are staggered©52:*O1W bond distance is 2.71(2) A. (B) View of the same molecule
looking down on the porphyrin plane and showing the relative orientations
with respect to the in-plane FN bonds, with angles  ine'two axial ligands.
between the plane of the axial ligands and the adjacenNrFe
bond of 40.4 in molecule 1 and 43%3in molecule 2. This 1.992(4) A, respectively. The axial F&3 distance is
orientation of the axial ligand planes is consistent with prior slightly longer at 2.017(4) A. These distances are similar to
observations of the locations of axial heterocyclic amines in those observed for other low-spin iron(ll) porphyriid?
low-spin, iron(ll) porphyring”*Since themeseOH groups The porphyrin macrocycles in both molecules of ¢g)-
are disordered in four sites, the positioning of the planes of (OEPOH)2py-0.33H0 are nearly planar. Figure 4 shows
the axial ligands does not appear to be correlated with thethe displacements of the porphyrin core atoms from the plane
location of themeseOH group. The orientation of the axial  of the macrocycle. The largest out-of-plane displacement of
ligands in (py)Fe'(OEPOH)2py-0.33H0 can also be  any of the core atoms is only 0.036 A for C8 in molecule 1
compared with the ligand orientation in (plg"(OEPO). and 0.065 A for C58 in molecule 2.
In the latter case, the ligands are required by the crystal- Sjngle-Crystal X-ray Diffraction of (OC)(N H.)Fe'-
lographic center of symmetry to be parallel, but they eclipse (OEPOH)-py. The complex crystallizes with one molecule
the Fe-N bonds so that the angle between the plane of the jn the asymmetric unit with no crystallographically imposed
pyridine ligand and the adjacent +8l bond is only 13.3 symmetry. Figure 5 shows a drawing of the six-coordinate

The O-C5 distance in molecule 1 is 1.395(16) A, a jron complex and the adjacent pyridine ligand to which it is
distance that is indicative of a-€0 single bond. However,  hydrogen bonded through theeseOH group. Bond dis-
in molecule 2 the C2010 distance is 1292(13) A tances and ang|es are given in Table 1.

The Fe-N1 and Fe-N2 distances, which are the in-plane  The structure of (OC)(bH.)F€'(OEPOH)py is similar to
distances to the porphyrin nitrogen atoms, are 1.997(4) andhat of the porphyrin complex (OC)(py)E@PP) reported
earlier!® It is also related to the macrocyclic complexes,
(OC)(py)Fé(Cz2H22Nq) and (OC)(NH,)F€'(CoH22N4), whose

(16) Balch, A. L.; Noll, B. C.; Zovinka, E. PJ. Am. Chem. Sod992
114, 3380.

(17) Safo, M. K.; Nesset, M. J. M.; Walker, F. A.; Debrunner, P. G.; structures are shown in Schemé®4.
(18) gg?g'd,\t,’l_vl\i'..RSJc'hAe?a't CVK',IG”F}. .583327’ Glflgl-"l’lgfga’.séhem.1990 29 The in-plane FeN bond distances to the macrocycle fall

626. in a narrow range, 2.006(32.015(3) A, and are similar in
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10 A Scheme 4
Me AN Me
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AU ZE N (OC)py)Fe"(CorHaoNa); L = py

-10 (OC)(NzHg)Fe"(CooHzoNy); L = NoHg
201 ¢
C37 bond length, 1.767(4) A, is similar to the corresponding
1ol % distances in (OC)(py)PéTPP) [1.77(2) AJL3 (OC)(py)Fé-
(C22H22N4) [1730(3) A],lg and (OC)(NH4)Fé|(C22H22N4)
] A [1.751(5) A]2° The Fe-C37—02 bond angle [179.2(3)is
0 nearly linear and similar to those in (OC)(pyY@2:H2:N,4)
1 [1782(3)’]19 and (OC)(NH4)FéI(C22H22N4) [1776(5?]19
10 The Fe-N5 distance is 2.069(3) A and is longer than the

in-plane Fe-N distances. For comparison, the-f¢ distance
in (OC)(NzHa)Fe'(Co2H2aN,) is 2.122(5) A This lengthen-
ing of the axial Fe-N distance can be attributed to the strong
FiguLe 4. DiagrameshOWring the Otlt-of-pflaﬂe diSPrllaCfen?ents ?f tTe trans effect of the coordinated carbon monoxide. The Fe
EO(;E) ym ‘;o(rg)ag?’F;y;Foé’T‘(gépnéf)’;nggé’wtoeaﬁzr’;’Or)’zgc‘)’(r&ifc“ es N5—N6 angle is 120.9(3) which is similar to the corre-
Fel(OEPOH)py (C) in units of 0.01 A. The position of the iron atoms is ~ sponding angle [121.3(3)in (OC)(NzHz)Fe'(CazH22N,).1°
shown by an asterisk. Due to the disorder, the position ofleseOH As seen in Figure 4, the porphyrin is slightly distorted
group s not denoted. from planarity. The iron ion is displaced by 0.106 A from
the plane of the porphyrin toward the carbon monoxide
ligand.

Although hydrogen bonding to the nearby pyridine ligand
produces substantial ordering of the location of these
OH group, there is a minor OH site with a 0.28 fractional
occupancy, which is shown in part B of Figure 5. There is
also disorder in the position of the hydrazine ligand. The
minor site with a 0.30 fractional occupancy is also shown
in part B of Figure 5. Although the minor sites of theese
OH group and the hydrazine nitrogen have similar occupan-
cies, there may be no actual correlation between the
occupancy of these two sites, as implied by Figure 5. The
two meseC—O bond distances are consistent with a single
bond between carbon and oxygen. In gig'(OEPO),
where there is no hydrogen attached tortreseO, the C-O
bond is shorter [1.289(4) A] at the major site and the minor
site [1.340(13) Ap4

Oxidation Reactions.Solutions of (py)Fe'(OEPOH) and

I~ (CO)(N;H4)Fe'(OEPOH) are extremely sensitive to oxida-
\ /; N5 tion. The reactions that occur upon addition of dioxygen or
NGB / \ diiodine are summarized in Scheme 5.

When dioxygen is added to a solution of (gyg'-

Figure 5. Perspective view of (OC)(M)Fe'(OEPOH)py showing 30% (OEPOH), the' NMR spectrum immediately changes, as

thermal contours. The view in A shows the major form with partially SNOWN in Figure 2. The resonances of diamagnetickig)) _
occupied positions for O1 (0.72 occupancy) and N6 (0.70 occupancy) and (OEPOH) vanish and are replaced by those of paramagnetic

the hydrogen bonding between O1 and the adjacent pyridine with the N7 1 1 I
-01 bond distance of 2.791(6) A. The view in B shows the minor form (py)F€"(OEPO). The'H NMR spectrum of (pyfe

with the alternate locations of O1B (0.28 occupancy) and NeB (0.30 (OEPO) has been reported and thoroughly analyzed previ-
occupancy).

Iength to those of the two molecules of (WéI(OEPOH) (19) Goedken, V. L.; Peng, S.-M.; Molin-Norris, J.; Park,JY Am. Chem.
2py-0.33H0 and to other Fe(ll) porphyring:.’® The Fe- Soc.1976 98, 8391.
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Scheme 5

co
N,H,
Py
(py);Fe"(OEPOH) NoH; =L
(OC)(N;H,)Fe"(OEPOH)
toluene
O Py ©: py I chll:)roform

or
dichloromethane

0, | PY

(py).Fe"(OETTriP)

[CIFe"(OETriP)

ously?°-22 The conversion of (pyJFe'(OEPOH) into (py3-
Fe''(OEPO) can also be accomplished by the addition of
diiodine. Similar'H NMR spectral changes accompany the
diiodine oxidation. Solutions of (pyfy€" (OEPO) in pyridine

are also sensitive to prolonged exposure to dioxygen, as
shown previously?® The next step in the reaction is the
slower formation of a mixture of the diamagnetic verdoheme
[FE'(OEOP)] and iron bhiliverdin complex (pyl€" (OEB),

(20) Morishima, I.; Fujii, H.; Shiro, YJ. Am. Chem. S04986 108 3858.

which are also air sensitive, and these are subsequently
converted into the tripyrrole complex, (pie(tripyrrole), as
reported earlief?

Solutions of (OC)(NH4)F€e'(OEPOH)py in pyridine are
also sensitive to dioxygen. Exposure to dioxygen produces
(py):F€'"(OEPO), as shown by changes in th¢ NMR
spectrum of the sample. This oxidation has also been
monitored by EPR. During the reaction, no free-radical-like
signal appeared in the vicinity af = 2.006. In contrast,
Masuoka and Itano did detect an EPR resonange=a2.008
during the exposure of a sample of (" (OEPO) to
dioxygen?* However, the intensity of that resonance was
low and estimated to represent about one-hundredth of that
of the (py)Fée"(OEPO) present. Addition of diiodine to a
solution of (OC)(NH,)Fd'(OEPOH)py in toluene, benzene,
chloroform, or dichloromethane takes a different course of
reaction. This reaction has been monitored by NMR
spectroscopy and cleanly produces the dimgFg"-
(OEPO},. Again, when the reaction was monitored by EPR
spectroscopy, no resonance ngax 2.006 was detected.

Discussion

This work has resulted in the isolation of two low-spin
iron(Il) complexes of meso-hydroxylated octaethylporphyrin.
Both are extremely sensitive to dioxygen and are converted
to the sequence of the heme cleavage products shown in
Scheme 5. For these oxidations, which involve the simple
heme itself in a strongly coordinating environment (pyridine
solution), there is no need for additional reducing equivalents.
The iron(Il) hemes, (pyFe'(OEPOH) and (OC)(BH.)Fe'-
(OEPOHY)py, react directly with dioxygen to begin the
process of heme ring opening. While this new information
does not resolve the controversy surrounding the need of
reducing equivalents after the initial stage of heme hydroxyl-
ation in heme oxygenase, it does establish the fundamental
fact that low-spin iron(ll) complexes of the hydroxylated
heme are intrinsically reactive toward dioxygen. The initial
product of that oxidation in pyridine solution is (pig"-
(OEPOQ), and this complex readily undergoes additional
oxidative cleavage, as shown in Scheme 5.

The species responsible for the EPR resonanag =at
2.006 seen when heme oxygenase and related proteins are
treated with carbon monoxide has not been identified in the
experiments reported here. The two new complexes isolated
here, (py)Fée'(OEPOH)2py-0.33H0 and (OC)(NH,)Fe'-
(OEPOHY)py, are normal diamagnetic iron(Ill) complexes,
which do not show any EPR resonance. A relatively weak
signal atg = 2.008 does appear when carbon monoxide
reacts with (pyjF€" (OEPQO) as noted above, but the species
responsible for this resonance appears to be a minor
component that we have not been able to isolate. Addition-
ally, the reduction of (pyf€e" (OEPO) with zinc amalgam

(21) Morishima, I.; Shiro, Y.; Hiroshi, Flnorg. Chem.1995 34, 1528.

(22) Kalish, H.; Camp, J. E.; Stepien, M.; Latos-Gmagki, L.; Balch, A.
L. J. Am. Chem. So@001, 123 11719.

(23) Rath, S. P.; Olmstead, M. M.; Latos-Gyasgki, L.; Balch, A. L.J.
Am. Chem. So@003 125, 12678.

(24) Masuoka, N.; Itano, H. ABiochemistryl987, 26, 3672.
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in the absence of carbon monoxide produces a weak free-heme-binding pocket and the steric constraints that the
radical signal ag = 2.003; the species responsible for this protein imposes.

resonance has not been isolated, and it also appears to be a

minor component in the reaction mixture. It also should be Experimental Section

noted that radical-like EPR resonances have been observed

at g = 2.004 and 2.0012 during the oxygenation of
a-oxyprotoheme IX that is incorporated into apomyoglaotsin.

No carbon monoxide was added to the sample during thatWith potassium hydroxide under a dinitrogen atmosphere. All of

study. Finally, a resonancegt= 2.008 was detected during o sovents used were carefully degassed by five freeze/pump!
the treatment of (pyfe" (OEPO) with dioxyger?? but we thaw cycles prior to use.

were unable to reproduce this observation. Thus, the complex Preparation of (py),Fe!(OEPOH)-2py-0.33H,0. Under an

or complexes responsible for the free-radical-ike EPR 4imosphere of purified dinitrogen in a glovebox, 50 mg (0.043
resonances in thg= 2.008-2.001 range that are produced mmol) of { Fé" (OEPO}, was dissolved in 5 mL of dry pyridine
during reactions of meso-oxygenated hemes remain elusiveand 60QuL (10.8 mmol) of degassed hydrazine (95% isgO was
entities. We have shown that the well-characterized complexadded. The solution color immediately turned red. Afidrexane
(xylyINC),F€e'(OEPG), which has been isolated in pure was carefully layered over the sample solution, red crystals, suitable
crystalline form and characterized by X-ray crystallography, for X-ray crystallography, grew in #8 days. Yield: 40.1 mg
does produce an EPR resonancg &t 2.008. This complex  (50%).
represents one case in which the ligand radical form of the Preparation of (OC)(N:H,)Fe' (OEPOH)-py. Under an atmo-
macrocycle is stabilized by having axial ligands present that Sphere of purified dinitrogen in a glovebox, 50 mg (0.043 mmol)
favor the Fe(ll) oxidation state. Carbon monoxide is similar ©f {F€"(OEPO} was dissolved in 5 mL of dry pyridine and 500
to isocyanide in many respects. However, hemes with two #L (9:0 mmol) of degassed hydrazine (95% in water) was added.
axial carbon monoxide ligands, which would be needed to The solution color |mmed_|ately turned red. Carbon mqnomde was
produce an analogue of (lyINGE(OEPO), are not bl i aul e S0 o0 ey, the
particularly stab!é? It ,'S possible that the speges responsible black crystals suitable for X-ray crystallographic work grew. These
for 'the free-radical-like EPR resonances in the= 2.006 were collected by filtration and dried. Yield: 33 mg (52%).
region, produced by tr_eatlng the hydroxylate_d hertheme Preparation of (OC)(py)Fe! (OEPOH). Method 1. A 2 mmol,
oxygenase comp_lex Wlth ca_\rbon monOX|d_e, |r_1v0Ive carb_on pink-red solution of FOEPOH)(py} in pyridineds was placed
monoxide in conjunction with another axial ligand that is in the NMR tube in a dry dinitrogen atmosphere and the tube sealed
not present in the model systems utilized in the studies with a rubber septum. Carbon monoxide was passed through the
reported here. Alternately, that resonance may arise from asolution for 30 s at 22C. The sample was shaken for another 30
non-heme site. Further information quantifying the intensity s. A dark-red solution was obtained, which was usedfbNMR
of these EPR resonances in ifpe= 2.006 region found for ~ spectroscopic observation.
the samples of heme oxygenase would be valuable for Method 2. A 50 mg (0.043 mmol) sample dfFe"(OEPQO},
evaluating their significance. was dissolved in 20 mL of degassed pyridine under a dinitrogen
The Fe-C37—02 bond angle in (OC)(M4)Fe'(OEPOH) atmosphere and stirred in a stream of dry CO that was passed
py [179.2(3}] is nearly linear, as are other isolated model thrqugh the sglution for 5 min. The sampl_e was se_aled and kept in
complexes containing low-spin FeCO units!319 For a dln_ltrogen-fllled glovebox for 16 h. During this time, the green _
comparison, the crystal structures of heme oxygenases Withsolutlon turned deep red. _The sample was gvaporated to dryness in
carbon monoxide bound to normal heme (not hydroxylated Z;Zgﬁ?s'cgsii i?};‘;ﬁ;g;ﬁgi product was isolated and used for
heme as studied here) have revealed that theG:in “'T"t X-ray Data Collection. Crystals of the two complexes were
is bent to 170 for heme oxygenase fronNeisseriae

N . . obtained directly from the preparations as described above. The
menigitidis with only 0.050 site occupancy for COand crystals were cooled in dry ice to minimize solvent loss, im-

158 for rat heme oxygenase?1 Such bending of the Fe mediately coated with a light hydrocarbon oil, and mounted in the
C—O unitis also seen in the carbon monoxide-bound heme gg K dinitrogen stream of a Bruker SMART 1000 diffractometer
in myoglobin#? which has a heme binding site that is similar - equipped with a CRYO Industries low-temperature apparatus.
to that in heme oxygenase and in heme model complexesintensity data were collected using graphite monochromated Mo
where steric constraints force theF&@—0O unit to bend?-32 Ko radiation. Crystal data are given in Table 2.

Thus, the observed bending of the-f&—0O unit in the heme Solution and Structure Refinement. Scattering factors and
oxygenase structures can be attributed to the nature of thecorrections for anomalous dispersion were taken from a standard
source3* An absorption correction was appliédThe solution of

(25) Sano, S.; Sano, T.; Morishima, I.; Shiro, Y.; Maeda,PYoc. Natl. the structure was obtained by direct methods using SHELXS-97
Acad. Sci. U.S.A1986 83, 531.
(26) Wayland, B. B.; Mehne, L. F.; Swartz, J. Am. Chem. Sod 978

Materials. Iron(lll) octaethylporphyrin chloride was purchased
from Mid Century. Samples dfFée"(OEPO}, were prepared by
an established roufé Pyridineds was used after further distillation

100 2379. (30) Kim, K.; Fettinger, J.; Sessler, J.; Cyr, M.; Hugdabhl, J.; Collman, J.
(27) Friedman, J.; Lad, L.; Deshmukh, R.; Li, H.; Wilks, A.; Poulos, T. L. P.; Ibers, J. AJ. Am. Chem. Sod 989 111, 403.
J. Biol. Chem 2003 278 34654. (31) Kim, K.; Ibers, J. AJ. Am. Chem. Sod 991, 113,6077.
(28) Sugishima, M.; Sakamoto, H.; Noguchi, M.; FukuyamaBkKchem- (32) Slebodnick, C.; Duval, M. L.; Ibers, J. Anorg. Chem 1996 35,
istry 2003 42, 9898. 3607.
(29) Vojtéchovskyn J.; Chu, J.; Berendzen, J.; Sweet, R. M.; Schlichting, (33) Balch, A. L.; Koerner, R.; Latos-Graiaski, L.; Lewis, J. E.; St. Claire,
|. Biophys. J1999 77, 2153. T. N.; Zovinka, E. PInorg. Chem.1997 36, 3892.
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and subsequent cycles of least-squares refinemenfE2owith Instruments variable-temperature liquid-helium cryostat. The mi-

SHELXL-97. crowave frequency was measured by using a calibrated cavity
Instrumentation. 'H NMR spectra were recorded on a Bruker resonator, and the magnetic field intensity was checked using solid

Avance 500 FT spectrometéH{frequency is 500.1100 MHz). The  DPPH as a standard.

spectra were recorded over a 100 kHz bandwidth with 32K data

points and a %ts 90 pulse. For a typical spectrum between 500 Acknowledgment. We thank the NIH (Grant GM-26226,
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