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As models for a reaction intermediate in the catalytic cycle of dissimilatory nitrite reductases, we have examined
one-electron oxidation of nitrosyl—iron(II) complexes of octaethylporphyrin (OEP, 1a), oxooctaethylchlorin
(0x0-OEC, 1b), and dioxooctaethylisobacteriochlorin (dioxo-OEiBC, 1¢). While (OEP)Fe!'(NO) 2a is obtained
in the oxidation of 1a, the oxidation products of 1b and 1c afford absorption spectra characteristic of chlorin
and isobacteriochlorin s-cation radicals. The formation of the s-cation radical complexes (2b and 2¢) is con-
firmed by a variety of methods including electronic absorption, ESR, NMR, and IR spectroscopies. The
presence of NO in 2b and 2c as the fifth ligand is evidenced by the observation of visyg bands at 1686 and 1699
cm™', respectively. These results are rationalized by the stabilization of the iron d orbital levels in 2b and 2c.
Sixth-ligand effects on the electronic structures of the oxidation products (2a~c) have also been investigated.
Ligation of N-methylimidazole (¥-Melm) to 2b and 2c¢ causes valence isomerization to give Fell(NO™)-
(N-Melm) complexes (3b and 3c) as well as (OEP)Fel(NO*)(N-Melm) (3a). Although the six-coordinated
imidazole adducts (3a—c) are formulated as Fe''(NO™)(N-Melm), the oxo derivatives (3b and 3c) readily release
the NO ligand in the presence of an additional 1 mol equiv of N-Melm; 3a is relatively stable under the same

condition.

Introduction

Cytochrome cd; is dissimilatory nitrite reductase found in a
variety of denitrifying bacteria including Pseudomonas aerugi-
nosa,' Paracoccus denitrificants,® and Thiobacillus denitrifi-
cants.> The enzyme catalyzes single-electron reduction of nitrite
to nitric oxide (predominantly) or further reduction to nitrous
oxide (under appropriate conditions) by utilizing cytochrome
¢ssy and azurin as electron donors.* The enzyme consists of
two subunits, each of which contains hemes ¢ and d; as
prosthetic groups,* while heme d; has been identified as the
preferential site for ligand binding and for catalysis.> The
structure of heme & has been proposed® to be iron dioxoiso-
bacteriochlorin:
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Although introduction of oxo groups to the macrocycle
periphery was reported to significantly change the redox
properties of isobacteriochlorin (IBC) and make the oxo
derivatives more akin to porphyrins,’ effects of the dioxo-iBC
macrocycle (heme d;) on the enzyme function have been unclear
and remained open to further studies.

During the reduction of NO,~ to NO, a nitrosyl complex
[Fe(NO)]* formed by dehydration of NO,™ has been postulated
as a reaction intermediate.®® Further, the [Fe(NO)]* complex
is also suggested as a nitrosyl donor in enzymatic nitrosyl
transfer (nitrosation) between NO,~ and N-nucleophiles or H,O
as well as the reaction intermediate in the reduction of NO,~
to NO.8b
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On the basis of these observations, a possible catalytic cycle of
the nitrite reduction has been proposed® as shown in Scheme
1. Three valence isomers are available for the [Fe(NO)]" state,
i.e., the Fe!lNO) m-cation radical, Fe''(NO), and Fe!'(NO™)
(formally equivalent to Fe'(NQ)).> The last two isomers are
in a diamagnetic state, while the Fe''(NO) z-cation radical
exhibits a paramagnetic behavior.* Thus, the electronic con-
figuration of the [Fe(NO)]™ state is considered to largely affect
properties and reactivities of the intermediate and play an
important role in the reduction of NO,™ to NO. It is therefore
of interest to determine and characterize the [Fe(NO)]™ inter-
mediate of heme d; in comparison with protoheme IX by using
synthetic model complexes. Although nitrite-bound complexes
of synthetic models are not stable'® to examine its transformation
to an intermediate, [Fe(NO)]*, the same intermediate can be
prepared alternatively by one-electron oxidation of a stable
nitrosyl—iron(Il) complex. In our preliminary report, we have
described successful preparation of Fe'lNO) s-cation radical
complexes by oxidation of the nitrosyl—iron(II) complexes of
oxooctaethylchlorin (0x0-OEC) and dioxooctaethylisobacterio-
chlorin (dioxo-OEiBC).!"

Previously, Johnson et al. proposed that heme d; is coordi-
nated by the nitrogenous ligand (possibly a histidine residue)
on the basis of ESR spectra of NO-bound heme d; in
Pseudomonas nitrite reductase.'? Further, the resting state of
heme d; complex is suggested to be ligated by two histidine
residues, which shows ESR spectra having g values of 2.51,
2.43, and 1.71.!3 To understand the details of the [Fe(NO)]*™
intermediate and evaluate the influence of protein environment,
it is very important to examine axial ligation effects on the
structure and reactivity of the intermediate.

In this paper, we report chemical one-electron oxidation of
(OEP)Fell(NO)'* (1a), (0x0-OEC)Fe'NO) (1b), and (dioxo-
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OEiBC)Fe!'(NO) (1¢) to prepare the oxidation products (2a—

la 1b 1c

¢) whose formal description is [Fe(NO)]*. On the basis of
electronic absorption, ESR, NMR, and IR spectroscopies, it is
shown that the electronic structure of 2b and 2c¢ is the Fel!{(NO)
st-cation radical with a bent Fe—NO bond, while that of 2a is
an Fe!"(NO) complex having a linear Fe—NO bond. Further-
more, ligation of N-methylimidazole (N-MeIm) to 2b and 2¢c
brings about valence isomerization to afford Fe'(NO™)(N-Melm)
complexes (3b and 3c). That 3b and 3c readily release the NO
ligand bound to the iron in the presence of additional N-Melm
is suggestive of the roles of the heme d, prosthetic group and
the distal histidine residue.

Experimental Section

Chemicals. Dichloromethane and n-hexane were refluxed over
CaH,, distilled under a nitrogen atmosphere, and then disgassed by
repeated freeze—pump—thaw cycles. Sliver hexafluoroantimonate
(Aldrich), N-methylimidazole (Aldrich), and tetra-n-buthylammonium
iodide (Nacalai Tesque) were used without further purification.
Ethanethiol (Tokyo Kasei) and dry methanol (Wako) were used as
received. Nitric oxide (99.5%), obtained from Teisan, was passed
through a KOH column to remove higher nitrogen oxides. Gaseous
I5NO was generated by a reaction of Na!’NO, (99% enrichment, Icon)
with an ascorbic acid aqueous solution and passed through the KOH
column.

Spectral Measurements. Samples for all spectral measurements
were prepared in a glovebox under a nitrogen atmosphere and sealed
completely. UV—visible spectra were recorded on a Shimadzu UV-
1200 spectrometer. FT-IR spectra of dichloromethane solutions in
demountable cells with NaCl windows were recorded on a Bio-Rad
FTS-30 spectrometer at 2.0 cm™' resolution. Proton and deuterium
NMR spectra were determined at 500 and 76.8 MHz, respectively, on
a GE Omega 500 spectrometer at 298 K. Chemical shifts are relative
to a solvent signal (CH,Cl,, 6 = 5.32 ppm), and downfield shifts are
given a positive sign. ESR spectra at 77 and 298 K were both obtained
on a JEOL PE-2X spectrometer operated at X-band frequencies.

Cyclic voltammetric measurements were performed on a Yanagimoto
polarographic analyzer P-1100. A three-electrode system was used,
consisting of working and counter electrodes of platinum wires and a
saturated calomel electrode (SCE) as reference. Sample concentration
for cyclic voltammetric studies was 1.0 mM in dichloromethane
containing 0.1 M tetra-n-buthylammonium perchlorate as a supporting
electrolyte. Scan rates were 20 mV/s.

Synthesis of Nitrosyl—Iron(II) Complexes. Free-base forms of
0x0-OEC (H;-0x0-OEC) and dioxo-OEiBC (Hz-dioxo-OEiBC) were
obtained by published procedures.!* Deuterium was introduced to the
meso positions of the free-base form of OEP (H,OEP) by using the
D,S0s—D,0 method to produce H;OEP-d..'® Hz-0x0-OEC-d,; and H,-
dioxo-OEiBC-d, were prepared from H;OEP-ds.'5 Selective deuteration
at the a-positions of H»>-0x0-OEC and H,-dioxo-OEiBC were completed
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by the reaction with D,SO4—D;0."° The sites and percentage of
deuteration were established by H-NMR spectra. Iron was inserted
into the free-bases by an acetic acid method.'®

[(OEP)Fe"],0 and [(0x0-OEC)Fe",0 were reduced by ethanethiol
(2 mL) in CH,Cl,, and degassed by freeze—pump—thaw cycles. Then,
nitric oxide (1 atm) was introduced to the solution, and the resultant
solution cell was kept under 1 atm of NO atmosphere for 1 h with
stirring at room temperature. After the solvent evaporated in vacuo,
the residue was completely dried under continuous high vacuum. A
nitrosyl—iron(II) complex of dioxo-OEiBC (1c) was prepared in a
similar manner, except that the reaction was carried out in dry methanol
solution without ethanethiol. Zinc(II) complexes of oxo-OEC and
dioxo-OEiBC were synthesized by a literature procedure.'”

UV—vis (CHCL) [Amax (6, mM)]: 1a, 388 (70.0), 479 (7.8), 529
(7.9), 554 (7.3); 1b, 404 (51.2), 487 (8.5), 623 (11.7); 1c, 380 (35.6),
507 (9.0), 613 (11.2).

Oxidation of Nitrosyl—Iron(II) Complexes (1a—c). In a glovebox,
(0x0-OEC)Fel'(NO) (1b) or (dioxo-OEiBC)Fe!(NO) (1¢) was dissolved
in CH,Cl, (I mL), and a CH,Cl, solution (0.1 mL) of silver
hexafluoroantimonate (AgSbFs, 1 equiv) was added dropwise as an
oxidizing reagent. The solution turned from green to yellowish brown.
The resultant solution was filtered to remove silver, 20 mL of n-hexane
was slowly introduced into the filtrate, and the mixture was left at room
temperature for 30 min. After decantation, the residual precipitate
(2b,¢) was dried in vacuo and used for NMR measurements, Oxidation
of 1a was carried out in a similar manner to give a pink solution of the
product 2a.

Oxidation of Zinc(II) Complexes of Oxo-OEC and Dioxo-OEiBC.
To a CHxCl; solution (0.5 mL) containing 1.9 mg of Zn"(dioxo-OEiBC)
was added 1 equiv of AgSbFs as a CH,Cl, solution. During the
reaction, the blue solution turned brown. The reaction was monitored
by electronic absorption spectroscopy. The resultant solution was
filtered to remove silver and used for IR spectral measurements.

Imidazole Adducts (3) of the Oxidation Products. One equivlent
of N-methylimidazole (NV-Melm) in CH,Cl, was introduced into a CH,-
Cl, solution containing 2.5 mg of 2 at room temperature. The resultant
solution (3) was used for spectral measurements.

Results

Oxidation Potentials of Nitrosyl—Iron(II) Complexes (1a—
¢). The first oxidation potentials for nitrosyl—iron(Il) complexes
of OEP (1a), oxo-OEC (1b), and dioxo-OEiBC (1c) were
examined by cyclic voltammetry. The FelINO complexes
exhibit reversible oxidation at 0.65 (1a), 0.76 (1b), and 0.74
(1¢) V vs SCE in dichloromethane. While the oxidation
potential of 1c is nearly identical with that of 1b, these values
are ~100 mV positively shifted from that of 1a. Since the free-
base forms of oxo derivatives show the first ring oxidation
potentials being very similar to that of the parent porphyrin (Ho-
OEP),’ the oxidation site (metal vs macrocycle ring) of 1b and
1c would be different from that of 1a.

Chemical Oxidation of the Nitrosyl—Iron(II) Complexes
(la—c). Chemical oxidation of 1a—c was performed with silver
hexafluoroantimonate (AgSbFg) in dichloromethane under an
argon atmosphere. The oxidation of 1a is accompanied by a
blue shift of the Soret band and the appearance of an intense
band around 550 nm to give a new species 2a as shown in
Figure 1A. The absorption spectral features of 2a are similar
to previous results obtained by electrochemical oxidation,?0-%6
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Figure 1. Electronic absorption spectral changes upon aliquot addition
of silver hexafluoroantimonate (AgSbFe) (0.2 equiv each) to dichlo-
romethane solutions of 1: {A] 1a (2.5 x 107> M); [B] 1b (1.8 x 1073
M); [C] 1e (1.2 x 1075 M).

while the Soret band of 2a is rather blue-shifted. The oxidation
products of 1b and 1c give absorption spectra characteristic of
chlorin and isobacteriochlorin sz-cation radicals,’®<?!~24 in which
loss of the ~600-nm band and appearance of a broad band
stretching into the near-infrared region are observed (Figure
1B,C). Reduction of the oxidation products (2a—c) by an excess
amount of tetra-n-butylammonium iodide ((TBA)I) reproduces
the absorption spectra of 1a—c, indicating that the NO ligands
remain during the redox process. The absorption spectral
behaviors suggest that 2b and 2¢ are Fe'NO z-cation radical
complexes, while the Fel™NO formulation for 2a is apparent.

We also examined the oxidation reactions by ESR spectros-
copy. The parent nitrosyl—iron(Il) complexes (1a—c) exhibit
typical three-line ESR spectra (g = 2.05 with ay = 16.9 G and
g = 2.05 with ay = 17.5 for 1b and 1le, respectively) in

(23) Hanson, L. K.; Chang, C. K.; Davis, M. S.; Fajer, J. J. Am. Chem.
Soc. 1981, 103, 663.

(24) Ozawa, S.; Watanabe, Y.; Morishima, L. Inorg. Chem. 1992, 31, 4042.
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116, 9141.
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Table 1. IR Spectral Characteristics for Nitrosyl—Iron and Zinc(II) Complexes of OEP, Ox0-OEC, and Dioxo-OEiBC”

vNo (em™) veo (em™h)
complex OEP oxo-OEC dioxo-OEiBC 0x0-OEC dioxo-OEiBC
Fe'NO (1) 1664 1679 (1648)° —b (1663)° 17114 17154
[FeNO]* (2) 1853 —b (1686)° —b (1699)° 17364 17414
[Fe(NO}N-MeIm)]* (3) 1914 1916 (1880)° 1916 (1879)¢ 1719 1723
Zn! 1705 1711
Zn" sr-cation radical 1732 1734, 1755

4 In CH,Cl, with NaCl windows (2-cm™! resolution). ® NO bands are not available due to overlapping with CO bands. ¢ The numbers in parentheses
indicate the values for the '*NO derivative. ¢ The values obtained for the 'SNO derivative.
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Figure 2. IR spectral changes upon the reaction of nitrosyl—iron complexes 1 and AgSbFs to form 2 in dichloromethane: [A] 1a to 2a; [B] 1b
to 2b; [C] 1c to 2¢. Spectra of the corresponding *NO derivatives are shown by dashed lines.

dichloromethane at room temperature. Upon oxidation, the ESR
signals for 1a—c decreased in intensity and finally disappeared
when 1 equiv of AgSbFs was added. Complete recovery of
la—c by (TBA)I reduction of 2a—c, confirmed by the EPR
spectra, is consistent with UV —vis spectroscopic observation.
The failure to detect ESR signals for 2a—c even at 77 K is
possibly attributed to 2a—c¢ being in a diamagnetic state or to
an Fel!(NO) m-cation radical which exhibits enhanced electron
spin relaxation caused by NO spin—z radical spin interaction
as reported before.?¢

IR and 2H-NMR Spectra of the Oxidation Products (2a—
¢). To gain further insight into the molecular and electronic
structures of the oxidation products, we examined IR spectra
of 2a—c in dichloromethane at room temperature. Upon
oxidation of 1a, a vi4no band observed at 1664 cm™! experiences
a large upshift to 1853 cm™' indicating the formation of 2a as
illustrated in Figure 2A, which unambiguously demonstrates the
coordination of NO to the iron of 2a. Almost identical NO
stretching frequencies for la and 2a were reported in the
electrochemical oxidation of 1a.2% Therefore, the large upshift
(Av = 189 cm™") of the vi4yo band is readily attributed to metal-
centered oxidation of 1a to give the Fe™(NO) complex (2a)
having a linear Fe—NO bond already characterized by Scheidt
et al.?% Recently, very similar spectroscopic behavior of NO
stretching bands upon the redox process was reported for
nitrosyl—iron corrole complexes.?

IR spectra of 2b and 2¢ are much more complex owing to
the presence of vco bands in the same region as shown in Figure

2B,C. Identification of the vno bands was made by employing
15NO derivatives (Figure 2, dashed lines). The oxidation of 1b
to 2b is accompanied by a small upshift of the visyo band from
1648 to 1686 cm™!. A similar upshift is also observed for the
oxidation of 1¢ to 2¢; i.e., the visyo band at 1663 cm™! shifts to
1699 cm™!, in contrast to the large oxidation-induced upshift
of the vno band of the OEP complex (1a to 2a). These bands
for 2b and 2¢ fall within the range of N—Q vibrations for Fell-
(NO) and Fell(NO) s-cation radical complexes with bent Fe—
NO bonds, rather than that for Fel(NQ) complexes bearing
linear Fe—NO bonds.?*¢20:26 On the other hand, large upshifts
of the vco bands (Av = 25 cm™!) of 2b and 2¢ during the
oxidation indicates the sr-cation radical formation (see discus-
sion). However, broad ving and visyo bands for 2b are also
observed around 1820 and 1788 cm™!, respectively. These
upshifts of the N—O stretching mode are almost identical to
that observed for the (OEP)Fe'(NO) complex, implying the
involvement of Fe'(NO) as a minor component of 2b.
Further support for the formation of the m-cation radicals in
the oxidation of 1b and l¢ was obtained by deuterium
paramagnetic NMR. While four meso-deuterium resonances
in 2a appear at 6.0 ppm (diamagnetic region), those for 2b and
2¢ were observed in the paramagnetic shift region at 15.3 (a-
position), 22.7, 24.6, and 27.7 ppm and at 32.3, 37.3 (a-
position), 62.4, and 67.2 ppm, respectively (Figure 3, Table 2).
Assignment of deuterium resonances of the a-positions was
confirmed by employing selectively deuterated complexes (see
Experimental Section). Quite similar hyperfine-shifted NMR
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Figure 3. 23 °C 2H-NMR spectra of 2, in which the meso positions are selectively deuterated: [A] 2a (1.5 x 107> M); {B] 2b (2.6 x 1072 M);

[C} 2¢ (5.7 x 1073 M).

Table 2. Deuterium-NMR Results for the Meso Protons of Iron
Complexes of OEP, Oxo-OEC, and Dioxo-OEiBC

chem shift of meso protons (ppm)

complex OEP 0x0-OEC dioxo-OEiBC
FelINO =0.5 —03,~-1.7, 0.7, —1.1,
-2.2,-53 -4.7,-7.5
[FeNO}* 6.0 277, 24.6, 67.2,62.4,
227,153 37.3,323
[Fe(NO)(N-Melm)]* 84 9.9,79.1 9.4,78.5°
[Fe(N-Melm)]* 1.3 5.8,4.0,73.5 14.3, 2.8,
2.1,-20

# Overlapped signal.

resonances upon the formation of the sz-cation radicals of
ferrous—NO complexes were observed for (OEC)*tFe!l(NO) and
(OEiBC)**Fe!{(NO).%!4 Enhanced electron spin relaxation
facilitates the observation of hyperfine-shifted NMR resonances.

On the basts of these spectroscopic results, we conclude that
the one-electron-oxidation products of 1b and 1c are the Fe!l-
(NOQ) s-cation radical complexes (2b,¢) with the bent Fe—NO
bonds, contrary to the Fe''(NO) formulation for 2a.

IR Spectra of 7-Cation Radicals of (Ox0-OEC)Zn! and
(Dioxo-OEiBC)Zn!l. Effects of the sr~cation radical formation
on the C—O stretching frequency have been examined by
employing zinc(II) complexes of oxo-OEC and dioxo-OEiBC.
Oxidation of the zinc(Il) complexes by 1 equiv of AgSbFs
affords the corresponding sr-cation radicals with concomitant

large upshifts of vco bands as depicted in Figure 4. For
example, the ¥co band at 1707 cm™' for (oxo-OEC)Zn(ID) is
upshifted to 1734 cm™! due to the 7-cation radical formation
(Figure 4A). A similar upshift of the vco band is also observed
upon the oxidation of (dioxo-OEiBC)Zn!, while the 7-cation
radical exhibits two vcp bands (Figure 4B). These results
provide further support for the electronic structures of 2b and
2c¢ being the Fe''(NO) 7-cation radicals.

Ligand Effects on the Oxidation Products (2a—c). In order
to examine axial ligation effects on the electronic configuration
of 2a—c, reactions of N-methylimidazole (N-Melm) with 2a—c
were carried out at room temperature. Aliquot addition of
N-MeIm to a methylene chloride solution of 2a causes isosbestic
UV —vis spectral changes to afford a new complex (3a). As
depicted in Figure SA, the complete formation of 3a requires
the stoichiometric amount of N-MeIm. That the addition of 1
equiv of N-Melm to the solution of 2b and 2¢ gives the entirely
new spectra of 3b and 3c, respectively, with recovery of the
characteristic absorption at ~600 nm (Figure 5B,C) suggests
remarkable changes of the electronic states of the macrocycles
in 3b and 3c, i.e., loses of the m-cation radical character,>
consistent with the appearance of all meso-deuterium resonances
of 3 in the diamagnetic region (Table 2).

Finally, conclusive evidence for the ligation of imidazole
without loss of the NO ligand in 3a—c is obtained by IR spectral
measurements. The IR spectrum of 3a shows an intense band
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Figure 4. IR spectral changes upon oxidation of zinc(II) complexes of 0xo-OEC and dioxo-OEiBC to their 7-cation radicals in dichloromethane.

at 1914 cm™! readily assignable to the N—O stretching mode
(Figure 6A), since a nearly identical value of 1917 cm™' was
obtained for the one-electron-oxidation product of the (OEP)-
Fell(NO)(Py) complex.?’ The result allows us to formulate 3a
as either (OEP)Fel'(NO)N-Melm) or (OEP)Fell((NO™)(N-
Melm). The vno bands for both 3b and 3¢ are also observed
at 1916 cm™!, as shown in Figure 6B,C. In addition, the IR
spectra of 3b and 3c exhibit the vco bands at 1719 and 1723
cm™!, respectively. The appearance of the vco bands around
1720 cm™! can be the indication of neutral macrocycles as
observed for 1b, 1c, and the corresponding zinc(II) complexes.
It is thus concluded that the coordination of N-Melm to the
iron of 2b and 2c¢ causes valence isomerization to yield six-
coordinated complexes (3b and 3c¢), whose possible electronic
structures are either Fel(NO)(N-Melm) or Fe!'(NO)(N-Melm).
Due to these electronic structural changes, all the deuterium
resonances observed in paramagnetic regions for 2b and 2¢ shift
to the diamagnetic region (9—10 ppm for 3b and 3c).

NO *NO

—Fgll— —Felll—

I |

N N

N N
<\-N\Me <\-N\Me

two possible electronic structures for 3

NO
——Fell—2%

Fell(NO) n-cation radical
2b,c

Further addition of N-Melm to 3 causes absorption spectral
changes indicative of the conversion of 3 into [Fel'(N-Melm);]*
complexes. The loss of the NO ligand in 3 is confirmed by IR
spectra in which the vno bands disappeared. Careful titration
by N-Melm indicates that nearly 1 equiv of N-Melm is sufficient
to complete the reaction for 3¢ (Figure 7B,C). On the other
hand, 4 mol of N-Melm is required for the formation of [(OEP)-
Fe!''(N-Melm);}*. On the basis of spectral changes in Figure

7, equilibrium constants for 3a—c are calculated to be 3 x 107,
~104, and >107, respectively.

Discussion

On the basis of UV—vis, EPR, IR, and NMR spectroscopic
measurements, it has been demonstrated here that the chemical
one-electron oxidation of (oxo-OEC)Fe!l(NO) (1b) and (dioxo-
OEiBC)Fe'l(NO) (1c) yields the corresponding nitrosyl—iron-
(II) m-cation radicals (2b and 2c¢), while the nitrosyl—iron(III)
complex 2a is obtained when (OEP)Fel'(NO) (1a) is oxidized.
Especially, a large difference of the N-O stretching band for
2a from those of 2b and 2¢ in the IR spectra is diagnostic of
the one-electron oxidation from the Fe—NO moiety. Further,
the paramagnetism of 2b and 2¢ has been demonstrated by H
NMR, while 2a—c are all EPR silent. Hyperfine shifts of the
meso-deuterium resonances of 2b and 2¢ between 15 and 70
ppm are quite similar to those of #-cation complexes of (OEC)-
Fell(NO) and (OEiBC)Fe!l(NO).%14

Effects of the Oxo Groups on the Electronic Structure of
Oxidation Products. The production of the Fe'l'(NO) and Fe!l-
(NO) m-cation radical complexes could be explained by the
relative energy levels of the iron d (Fe(d.:)—NO(on) hybrid
orbital) and the macrocycle & orbitals.>* Thus, the formation
of the m-cation radicals in 2b and 2c¢ implies that the energy
levels of the macrocycle -orbitals in the Fe''(NO) complexes
(1b and 1c) are higher than those of the iron d orbitals. The
ring oxidation potentials for the free bases oxo-OEC (0.84 V)
and dioxo-OEiBC (0.82 V) are almost identical to that of
porphyrin (0.83 V).”? Assuming that the relative relationship
of the ring oxidation potentials among three complexes is not
changed in the iron-complex forms, the iron d orbitals of 1b
and lc should have much lower energy levels due to the
inductive effect of the electronegative oxo groups, to make 2b
and 2c¢ sr-cation radicals. The stabilization of the iron d orbitals
in 2b and 2c¢ is consistent with previous MO calculations and
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Figure 5. Electronic absorption spectral changes in the titration of 2
with N-MeIm (0.19 equiv each) in dichloromethane: [A] 2a (2.5 x
1075 M); [B] 2b (1.8 x 1073 M); [C] 2¢ (1.2 x 107° M).

redox results.”® According to these observations, we make a
qualitative energy diagram for HOMO’s and next HOMO’s for
la—c as illustrated in Figure 8. Thus, we expect the first
oxidation potentials of 1a—c to be as follows: 1a < 1b = lc.
This trend parallels the first oxidation potentials obtained by
cyclic voltammetry, i.e., 0.65 (1a), 0.76 (1b), and 0.74 (1c) V
vs SCE.

C—O Stretching Frequency Shifts for Oxo Derivatives.
As listed in Table 1, the C—O stretching bands for 1b and 1¢
having the neutral macrocycles are observed around 1710—1720
cm~'. It was also reported that nickel(Il) and copper(Il)
complexes and free bases of mono- and di-B3-oxoporphyrins
exhibit vco bands in the same region.’*d Therefore, the C—0
stretching frequencies of the oxo derivatives are not sensitive
to the central metals and their oxidation states. On the other
hand, large shifts of the vco bands (Av = 25 cm™') are observed
during the formation of the ;-cation radicals of the Fel(NO)
and Zn" complexes (Table 1). The large upshift of the vco
frequencies for the m-cation radicals compared with those for
the parent complexes could be rationalized by an inductive effect
of the positive charge on the macrocycle which could induce
the shortened C—O bond, rather than a resonance effect which
would increase the C—O bond length. Therefore, the large
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Figure 6. IR spectra of N-Melm adducts 3. Dashed lines represent
the spectra of the corresponding *NO derivatives.

upshift of the vco band would be diagnostic of z-cation radical
formation for oxo complexes.

While we have shown the effect of oxo-OEC and dioxo-
OEiBC macrocycles on the electronic structure of their Fe(NO)
complexes, Sutherland et al. suggested the coordination of two
histidine ligands for heme d; of Pseudomonas aeruginosa nitrite
reductase in the oxidized state.'* During the reduction of nitrite
to NO, the distal ligand in heme d; should be replaced by either
NO:~ or NO, though the proximal histidine remains as an axial
ligand. Therefore, we have examined the effect of the proximal
ligand by using N-Melm.

Effect of the Imidazole Ligand. The ligation of N-Melm
to 2b and 2c¢ brings about valence isomerization from the Fe!l-
(NO) n-cation radicals to [Fe(NO)N-MeIm)]* complexes (3b
and 3c) without loss of the NO ligand. The valence isomer-
ization will occur if relative energy levels of the iron d and the
macrocycle 7 orbitals for 2b and 2c¢ are reversed. Since the
energy levels of the iron d orbitals in 2b and 2c are preferentially
raised by the axial ligation of N-Melm, the Fe''NO™) (or Fe!ll-
(NO)) formulation would be favorable for the six-coordinated
imidazole adducts (3b and 3c¢). In fact, similar valence
isomerization from Fe''(NO) n-cation radicals to Fe''(NO™)
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Figure 7. Titration of 3 with N-MeIm (1 equiv each for 3a; 0.4 equiv
each for 3b and 3c) to form bis(imidazole) adducts: [A] 3a to [(OEP)-
Felll( N-MeIm),]* (2.5 x 1075 M); [B] 3b to [(0xo-OEC)Felll(N-
Melm),]* (1.8 x 1073 M); [C] 3¢ to [(dioxo-OEiBC)Fe!'(¥N-Melm),]*
(1.2 x 1073 M).
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Figure 8. Qualitative energy diagram of HOMO’s and next HOMO's
for nitrosyl—iron complexes (la—c). The radical orbital on the NO
ligand is omitted for simplicity.

complexes by ligation of imidazole has been observed for OEC
and OEiBC complexes.*

According to the isomerization, large upshift of the vno bands
for 3b and 3c has been observed (Figure 6). The appearance
of an almost identical vno band for 3a at 1914 cm™! indicates
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the nature of ligated NO in 3a is the same as that in 3b and 3c.
The UV—vis spectrum of 3a is quite similar to that of a six-
coordinated iron(II) OEP complex having both CO and N-Melm
ligands (Amax: 410, 528, and 558 nm).% That Fe!"CO and Fe!l-
(NOT) states are isoelectronic suggests 3a to be an imidazole
adduct of the Fe!'(NO™) complex. If (OEP)Fel'NO)(N-MeIm)
is the product of the ligation of N-Melm to 2a, one would expect
a downshift of the N—O stretching frequency due to the trans
effect of N-Melm, while we have observed an upshift of vno
by 61 cm™!. In the case of (TPP)Fe!(NO), introduction of
N-Melm as the sixth ligand causes a downshift of vno from
1678 to 1625 cm™'.?” One-electron abstraction from the
antibonding orbital of NO to form NO* is expected to tighten
the N—O bond resulting in an upshift of vno. Thus, we have
assigned the structure of 3 as Fe'!l(NO™)(V-Melm) rather than
Felly NO)(N-Melm). A similar description for NO adducts of
Fe!ll complexes has been reported for (TPP)Fe!'(NOT)(C1)?¢ and
(OEC)Fe''(NO™)(SbF™).**

A distinct feature of the oxo derivatives (3b and 3¢) in
comparison with the OEP complex (3a) has been found in the
stability of the bound NO ligand. An almost stoichiometric
reaction of N-Melm with 3c leads to the replacement of the
NO ligand to give the corresponding iron(IIT) bis(imidazole)
complex, whereas 4 mol of N-Melm is required for 3a.
Equilibrium constants for the formation of Fell'(N-Melm),
complexes are thus calculated to be 3 x 10? (3a), ~10* (3b),
and >107 (3c). In the case of [(TPP)Fe(NO)(pyridine)]™,
[(TPP)Fe(pyridine),]* was obtained by the addition of a large
excess of pyridine.?®

ﬁo N-Melm
I Keq I i .
C Fo > + NMeim =——= _Fe > + NO

N-Melm N-Meim

The instability of the NO ligand in 3b and 3c could be
explained as follows. As mentioned above, the introduction of
the oxo group(s) into the macrocycle makes the energy levels
of iron d orbitals lower than those of (OEP)Fe complexes. In
other words, the oxo derivatives experience increased positive
charge on the iron due to the electron-withdrawing effect of
the oxo groups. The increased positive charge on the iron would
induce the less effective Fe (d;) — NO (sr*) back-bonding to
afford the weakened Fe—NO bond and stabilize the Fe!ll(NV-
Melm), complexes. The nitrosyl transfer reaction between NOy
(active form is NO™) and several N-nucleophiles such as aniline
and azide has also been observed in Pseudomonas nitrite
reductase.®> Therefore, the facile dissociation of the NO ligand
from the oxo derivatives (3b and 3c¢) could be due to the
reactivity of this ligand as compared with that in the corre-
sponding OEP complex (3a).

Biological Implications. The NO-bound heme d; complex
in nitrite reductase has been considered to have a histidine ligand
on the basis of its ESR spectrum, which exhibit a superhyper-
fine structure due to an additional nitrogen atom.'? The model
studies presented here suggest the formulation of the [Fe(NO)]*
intermediate of heme d; as Fe''(NO*)(L). That the model
complex readily releases NO in the reaction with N-Melm
suggests possible involvement of distal histidine or a nucleo-
philic amino acid residue such as tyrosine or cysteine, which
ligates to the iron in the oxidized state,'? for direct or indirect
NO release. A very recent study showed that a tyrosine in the

(27) (a) Scheidt, W. R.; Frisse, M. E. J. Am. Chem. Soc. 1975, 97. 17. (b)
Scheidt, W. R.; Piciulo, P. L. J. Am. Chem. Soc. 1976, 98, 1913, (c)
Yoshimura, T. Bull. Chem. Soc. Jpn. 1991, 64, 2819.

(28) Langon, D.; Kadish, K. M. J. Am. Chem. Soc. 1983, 105, 5610.
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distal pocket ligates to heme 4;.* On the other hand, the
increased positive charge on the iron of heme 4, may facilitate
the reduction of iron(IIl) to iron(Il) in the catalytic cycle
(Scheme 1). It is thus likely that the effects of the oxo groups
on the release of the NO ligand from the [Fe'{NO™)] intermedi-
ate and on the redox properties of the central iron would be
important factors for the biological use of heme d; in dissimila-
tory nitrite reductases.

In conclusion, the oxidation products of the nitrosyl—iron-
(II) complexes of 0xo0-OEC and dioxo-OEiBC are the Fe!'(NO)

(29) Fiilop, V., Moir, J. W. B.; Ferguson, S. J.; Hajdu, J. Cell 1995, 81,
369.

Ozawa et al.

m-cation radicals with bent Fe—NO bonds, while that of OEP
is the Fe'(NO) complex bearing a linear Fe—NO bond. The
formation of the m-cation radicals is rationalized by the stabili-
zation of the iron d orbitals by the oxo groups. Furthermore,
ligation of N-MeIm to the 7-cation radicals causes valence isom-
erization to form the Fe''NO™)(N¥-Melm) complexes. Although
the formulation of the imidazole adducts is the same in the three
complexes, the introduction of the oxo groups into the macro-
cycle favors the dissociation of the NO ligand bound to the
iron.

1C950689M





