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The NO ligand in the formally {FeNO}6 compound

[Fe(oep)(NO)(thiolate)] is bent, and does not impart a

significant structural trans effect to the Fe–S bond.

Heme thiolate proteins contain the [Fe(por)(SR)] moiety (por =

porphyrinato dianion; SR = cysteinate) and display rich and

diverse reactivities that include nitric oxide (NO) biosynthesis, NO

reduction, hydroxylation, and detoxification of xenobiotics.1,2 The

thiolate groups in these proteins serve as axial ligands that

influence the reactivities of the iron centers. Crystal structures of

the cytochromes P450 (P450) reveal stabilization of the Fe–SR

linkage via hydrogen bonding between the sulfur atom and

neighboring peptide NH groups; in NO synthase (NOS), one of

these hydrogen bonds is provided by the indole NH group of a

conserved Trp residue.3

NO binds to the iron center in P450 and inhibits the enzyme.4

Interestingly, the NO adduct of ferric NOS is an observable

intermediate in the catalytic cycle of NOS.5 In the case of fungal

P450nor (NO reductase), NO binds to the ferric center and is

reduced by NADH.2 NO reacts with the ferric heme thiolate

protein Cimex nitrophorin not only by nitrosylation of the iron

center, but also by nitrosation of the axial thiolate sulfur atom.6 A

related nitrosylation–nitrosation double reaction has been pro-

posed as a mechanism of deactivation of liver microsomal P450 by

NO;4 such processes occur with some ferric thiolate porphyrins.7

NO has been shown to bind reversibly to synthetic ferric thiolate

porphyrins.7,8 but no X-ray structural studies of synthetic nitrosyl

heme thiolate compounds have been reported to date.

Surprisingly, the Fe–N–O angles in the two structural reports on

the NO adducts of ferric heme thiolate proteins range from 100u to

165u.2,9 Distal pocket residues are known to affect the FeNO bond

geometry in ‘‘ferrous’’ {FeNO}7 nitrosyl heme proteins, but it is

not clear to what extent distal residues influence the FeNO

geometry in the formally ‘‘ferric’’ {FeNO}6 derivatives.10 For

example, Hu and Kincaid have shown that the FeNO moiety in

the NO adduct of ferric P450cam (camphor monooxygenase) is

linear in the absence of substrates, whereas it is slightly bent in the

presence of substrates.11 Further, Scherlis et al. have reported their

results of Density-Functional Theoretical calculations on a

[Fe(porphine)(NO)(cysteinate)] model that show that the ground

state structure possesses a linear FeNO geometry (178.7u), and that

higher energy states of this model may contain bent FeNO

geometries.12

We were thus interested in structurally characterizing a ferric

heme model complex containing mutually trans NO and thiolate

ligands. Our intent was to examine, for the first time, (i) the FeNO

bond geometry in the absence of distal amino acid residues that

could influence this geometry, and (ii) the effect of the bound NO

group on the trans Fe–S bond.

The reaction of the five-coordinate iron porphyrin thiolate

complex [FeIII(oep){S-2,6-(CF3CONH)2C6H3}] (1)13 (oep =

octaethylporphyrinato dianion) with NO in CH2Cl2 was moni-

tored by IR spectroscopy. The resulting spectra recorded at

different times after NO addition are shown in Fig. 1. A new band

at y1850 cm21 forms immediately after NO addition assigned

to uNO (cf., free NO at 1875 cm21).14 However, this band is

quickly consumed with the resulting formation of the uNO band

at 1667 cm21 due to the final five-coordinate [Fe(oep)(NO)]

compound.

Also observed is the reduction in intensity of the band at

1720 cm21 due to the uCO (of the thiolate ligand) of 1 and the

generation of a new band at 1743 cm21 coincident with the uCO of

the organic disulfide. We thus assign the new band at y1850 cm21

to the uNO of the target six-coordinate compound [Fe(oep)(NO){S-

2,6-(CF3CONH)2C6H3}] (2). All our attempts, to date, at crystal-

lizing 2 from this reaction mixture have not been successful; only

the final [Fe(oep)(NO)] derivative was obtained, consistent with

the ready loss of the thiolate ligand from the six-coordinate

compound in solution.

Reaction of the iron porphyrin thiolate compound 1 as a

powder with NO gas in a solvent-free environment produced a

derivative with a uNO band of 1839 cm21 (Nujol mull). This solid

product was stable under an atmosphere of NO for several days in
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Fig. 1 Infrared spectral monitoring of the reaction of 1 with NO in

CH2Cl2; intervals are 0 s, 10 s, 20 s, 35 s, 60 s, and 120 s.
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the dark. However, attempted dissolution and crystallization of the

nitrosyl product 2 resulted only in the generation of the precursor

compound 1 and [Fe(oep)(NO)].

We then explored the possibility of a heterogeneous reaction of

crystals of 1 with NO gas with the hope that product formation

would not be accompanied by extensive crystal fragmentation.

The crystals used for the reaction were grown from CH2Cl2–

hexane (2 : 1) at room temperature.{{13 Several crystals of purple 1

were hand-picked and exposed to NO gas at room temperature for

several hours to allow for NO diffusion into the crystal lattice. The

molecular structure of the dark red nitrosyl product 2 is shown in

Fig. 2. Selected structural data of 2 are presented in Table 1, and

are compared with the related data from 1.

There are several interesting features about the structure of 2.

First, the FeNO moiety in 2 is bent with an angle of 159.6(8)u in

this formally {FeNO}6 compound, and the nitrosyl N-atom is

tilted 9.1u from the normal to the 4N (and 24 atom) porphyrin

plane. The bent NO geometry is not the result of any close

intermolecular contacts; the shortest intermolecular distances are

between the nitrosyl O-atom and a thiolate F-atom of another

molecule, and between the nitrosyl N-atom and another porphyrin

ethyl carbon atom (both distances are ¢3.3 Å).

Second, the Fe atom in 2 is situated almost in the 4N plane of

the porphyrin, with an upward displacement of 0.05 Å towards the

NO ligand. Concurrent with this upward movement of the Fe

atom upon formation of 2 is the shortening of the Fe–Npor bond

lengths by y0.05 Å. Considering that the Fe atom was displaced

0.41 Å towards the S atom in the precursor 1, this represents a

remarkable y0.46 Å apical movement of the Fe atom in this solid-

state reaction of 1 with NO gas! Even more striking is that the

trans Fe–S bond length does not change in going from the five-

coordinate 1 to the six-coordinate 2, implying that there is no

significant structural trans effect of NO in this six-coordinate iron

nitrosyl thiolate porphyrin when prepared from the five-coordinate

crystals. This may be compared with the structural trans effect

observed in the {FeNO}7 compounds [Fe(por)(NO)(N-base)]

which show a y0.2 Å increase in the Fe–N(ax) distance upon

NO binding.15

Third, the FeNO and FeSC(thiolate) planes are essentially

mutually perpendicular, and these two planes straddle the Fe–N1

bond; C37–S1–Fe1–N1 torsion angle = 255.6(4)u, and O1–N5–

Fe1–N1 = 43(2)u. In addition, there is a slight opening of the Fe1–

S1–C37 angle (from 104u to 111u) upon NO binding and

subsequent movement of the S-atom toward the mean porphyrin

plane.

Whenplacedinabroadercontext,thecrystalstructureof2reveals

an intrinsic tilting (of the nitrosyl N-atom from the por-

phyrin normal) and bending of the NO group in this formally

{FeNO}6 species. We have previously reported that such a tilting

and bending feature represents a low energy conformation in the

related {FeNO}6 compound [Fe(oep)(NO)(C6H4F)].16 Our results

suggest that such a tilting and bending of the NO group may be a

common feature in the NO adducts of ferric heme thiolate proteins.

We are grateful to the US National Institutes of Health (GM

64476) for funding for this work.
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