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In analogous experiments we have found that aniline is 
also rapidly oxidized to the anilino radical by O -

Table I. ESR g Values of Ferric Complexes" 

Complex g1 g2 

O" + C6H5NH2 OH" + C6H5NH (2) 

The rate constant for reaction 2 was determined to be 1.6 X 
109 M~l sec - 1 . 9 In the case of aniline abstraction of the 
NH 2 , hydrogen atoms can contribute, but the very high 
value of the rate constant again suggests that O - may well 
oxidize the aniline directly by attack on the lone pair of 
electrons on the nitrogen atom. Further studies on these ox
idation processes are in progress. 
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Models for Cytochrome P-450 

Sir: 

Cytochrome P-450 oxygenases catalyze the hydroxyl-
ation of C-H bonds in metabolism, hormone regulation, 
and drug detoxification.1,2 These ubiquitous monohydroxyl-
ases contain at their active site an oxygen binding hemopro-
tein referred to as P-450—a term derived from the anoma
lous Soret band of its ferrous carbonyl derivative. In higher 
organisms all cytochrome P-450's are membrane bound and 
are inactivated upon separation; however, Gunsalus2 has 
purified and extensively studied a soluble bacterial cyto
chrome P-450cam camphor hydroxylase. Four stages of P-
450cam have been characterized in the catalytic cycle 
(Scheme I):3 substrate-free low-spin (S = V2) ferric 1, sub
strate-bound high-spin (S = 5I2) ferric 2,5 deoxy high-spin 
(S = 2) ferrous 3, and diamagnetic oxygenated ferrous 4. 
The nature of the axial bases in P-450 is not well resolved 
but a cysteinyl thiol is considered to be involved because so
lutions containing hemin and various mercaptans exhibit 
the unusual ESR signals characteristic of low-spin P-450cam 
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a Reference 10b and c. b Not observable. <-' Reference 2. d Uni
dentified minor species detected. e No solvent used. 

I.6 However, well-defined iron porphyrin complexes having 
axial sulfur ligands have not previously been characterized.7 

Herein, we describe potential models for 1 and 2. 
Reaction of [Fe(TPP)J2O and benzenethiol affords the 

low-spin ferric complex 6a, Fe(TPP)(SC6H5)(HSC6H5),8 

which loses benzenethiol upon heating under vacuum to 
give the high-spin (/u(25°) = 5.8 BM), oxygen sensitive fer
ric complex, Fe(TPP)(SC6H5) (5).8 Both compounds de
compose in benzene at 25° affording Fe(TPP) and 
(C6H5S)2 . In toluene glass (770K) 5 gives an ESR spec
trum9 whose g values (Table I) are similar to substrate-
bound high-spin P-450, 2.1,2 Of special note is the extreme
ly rhombic character of the high-spin ferric spectra in 5 and 
2. Small differences in the ESR of 2 and 5 may be due to 
the porphyrins employed, protoporphyrin IX and TPP, re
spectively, and differences in the nature of the mercaptide, 
presumably the conjugate sulfur base of cysteine in the case 
of 2. 

At 25° in the presence of virtually any Lewis base, the 
ferric complex 5 is rapidly reduced to the ferrous complex 
Fe(TPP)B2 forming as a by-product the disulfide 
(C6H5S)2 . However, in solution at low temperature this 
reaction is very slow and ESR spectra characteristic of low-
spin P-450ca m 1 can be obtained (Table I) suggesting for
mation of metastable six-coordinate complexes 6b-f, eq 1. 

(1) 
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5 
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b, B = N-MeIm 
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In the solid state, crystalline 5 also reacts with gaseous 
amines affording 6g, h. The similarity and unusual rhombic 
character of the g values for high spin 5 and the high-spin 
component in substrate-bound P-450, 2, leave no doubt that 
the single axial base is a mercaptide. However, for the series 
of model low-spin complexes 6a-h, the g values (Table I) 
are too similar to assign the nature of the second axial base 
in low-spin 1. This second axial ligand could be a cysteine 
thiol, a histidine imidazole, a methionine thioether, a water 
molecule,10 or a lysine amino group. It is clear that this sec
ond ligand is displaced upon substrate binding." 

Although the low-spin complexes 6a-f are quite unstable 
in solution at 25°, such complexes are dramatically stabi-
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lized by immobilization. For example, 6a is stable in the 
crystalline state, and 6i in which the imidazole ligand is N-
bonded to cross-linked polystyrene is unchanged after pro
longed storage as a solvent-free solid at 25°. These results 
could provide an explanation for the membrane stabiliza
tion of P-450's.12 
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camphor hydroxylase system, four reaction states of the en
zyme have been identified2 and the occurrence of sulfur-li-
gated forms is a matter of active speculation.1'2 Although 
there have been reports of the electronic absorption and 
EPR spectra1"6 of complexes described as ferric porphyrin 
thiolates, the great majority of these species were generated 
in situ, usually in the presence of a nitrogenous base, and 
were not isolated or otherwise characterized. In order to 
probe the properties of this donor atom arrangement, we re
port here and in the following communication7 the synthesis 
and certain ground state electronic features of species con
taining the [Fe111N4SR] unit, previously unknown in stable 
isolable complexes.8 This work has utilized both porphyrin 
and other types of synthetic diprotic macrocycles9 as N 4 Hg-
ands as a means of detecting any modifying effects of sup
porting ligand structure on the properties of this unit. 

Reaction of 14-, 15-, and 16-membered metal-free bis(/3-
iminoamine) macrocycles9 with ferrous and basic ferric ac
etate in hot DMF solution gave in good yield the corre
sponding Fe(II) (X absent) and Fe(III) macrocycles (X = 
OAc) la-3a, l 0 respectively, which serve as precursors for 

P h — i Fe V—Ph Ph' 

Fe(6565)X 
X = OAc (la) 

SPh (lb) 
Br (Ic) 

Fe(6566)X 
X=OAc (2a) 

SPh (2b) 
Br (2c; 

ph"V/\=>"Ph 

Fe(6666)X 
X = OAc (3a) 

SPh (3b) 
SCH2Ph (3c) 
Br (3d) 
OCOPh (3e) 

thiolate complexes. The latter were synthesized by the sub
stitution reaction (1) and the oxidative addition reaction 

Fe111N4OAc + RSH —• Fe111N4SR + HOAc (1) 

Fe11N4 + V2RSSR — Fe111N4SR (2) 

The [Fe111N4SR] Coordination Unit. Synthesis and 
Ground State Electronic Properties of Macrocyclic 
Ferric Thiolates 

Sir: 

The structural, electronic, and reactivity properties of 
natural and synthetic Fe(II, III) porphyrin complexes are 
significantly dependent upon the interactions of heme-iron 
with its axial ligand(s). In this regard the generalized 
[FeN4S] coordination unit of idealized tetragonal micro-
symmetry is of particular current interest because of its 
possible occurrence in one or more of the reaction states of 
cytochrome P-450 enzymes.1 In, for example, the P-450 

(2). Both reactions yield lb-3b while 3c was obtained by 
the first method. In a synthesis typical of reaction 1,1.1 
equiv of benzenethiol was added to an ethanol suspension of 
1.0 equiv of la. After 1 hr reaction time at 25°, filtration, 
and recrystallization (DMF-methanol, 25°), lb was ob
tained in 90% yield as brown crystals. As an example of 
reaction 2, Fe(6566) and diphenyl disulfide were allowed to 
react in DMF solution for 1 hr at 25°. Work-up and recrys
tallization afforded black crystalline 2b (50%). The reactive 
Fe(II) macrocycles also undergo facile oxidative addition 
with other reagents including halogens and dibenzoyl per
oxide, affording the complexes Ic, 2c, 3d, and 3e. Ferric 
porphyrin thiolates were most conveniently prepared in high 
analytical and magnetic10 purity by the cleavage of M-OXO 
dimers with relatively acidic thiols11 in toluene solution at 
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