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Abstract 

We have studied the intermediates generated by the oxidation of the bromo[S-o-nitrophenyl,lO,l5,20- 
triphenylporphyrin)iron(III)] complex with iodosylbenzene in dichloromethane. We previously observed 
that the oxidation of cyclohexane with this system gave a 60% yield of cyclohexanol based on 
iodosylbenzene. The intermediate species were studied by visible spectra at -60 “C and at room 
temperature, and also by electron paramagnetic resonance (EPR). The electronic spectra, after reaction 
occurred between O-15 s, indicate the formation of a Fe(IV) species and dimeric species; at 10-15 s 
a green solution was also obtained. The EPR spectra in the same conditions exhibit a signal at 
g=2.0016, assigned to a radical. These results gave rise to the conclusion that the catalytic species 
in this system is the dimeric ferry1 porphyrin n-cation radical, (P)Fe’“-O-Fe”(O)(P+) (P is the 
porphyrin). Through the dimer formation the orthogonality of the ferryl-iron is retained (De symmetry) 
preventing magnetic coupling with the porphyrinic ring radical. Thus, this radical is observed by EPR. 
These results do not exclude the possibility of the existence of a monomeric ferry1 porphyrin n-cation 
radical as the catalytic species. 

Introduction 

There have recently been considerable efforts to 
isolate and characterize the high valence oxoiron- 
porphyrin complex as an intermediate in synthetic 
catalytic processes of oxygenation such as hydro- 
carbon hydroxylation [l-7]. The interest in these 
systems is due to their capacity to mimetize enzymes 
such as cytochrome P-450, responsible for important 
reactions, such as the activation of the alkane C-H 
bond in living organisms [g-lo]. 

Reaction of cytochrome P-450 enzymes with various 
oxygen transfer agents such as peracids and iodo- 
sylarenes leads to an enzyme oxidant having char- 
acteristics similar to the oxidant produced via the 
biochemical pathway. A remarkable similarity exists 
between the products obtained with the oxidation 
reactions carried out with synthetic iron(III)- 
porphyrins with cytochrome P-450 and these oxygen 
atom transfer agents [ll, 121. 

The main reasons for using metalloporphyrins as 
catalysts are to understand the essential steps in the 
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catalytic cycle of P-450 better and the necessity of 
introducing new effective synthetic catalysts which 
are selective to hydroxylate saturated hydrocarbons 
important in industrial processes. 

An oxidant species has been proposed as an active 
intermediate in the catalytic cycle of cytochrome P- 
450 analogous to horseradish peroxidase and catalase 
enzymes whose structures have been identified as 
high-valent oxoironporphyrin complexes, ferry1 por- 
phyrin r-cation radicals, (‘+P)FerV(0) [U-16]. 

We have studied the intermediates generated by 
the oxidation of the bromo[(5+nitrophenyl,lO,l5,20- 
triphenylporphyrinato)iron(III)] complex with io- 
dosylbenzene. This iron porphyrin was synthesized 
and characterized as a ~-0x0 dimer, its more stable 
species. The interest in this complex is due to the 
fact, recently observed by us [17], that it is able to 
oxidize cyclohexane to cyclohexanol selectively with 
a yield of 60%. If we use the chloro[(5,10,15,20- 
tetraphenylporphyrinato)iron(III)] complex, other 
conditions remaining the same, this yield is only 
30%. The nitro group appears to stabilize the catalytic 
species of the reaction, increasing the reactivity with 
the hydrocarbon and promoting the dimerization. 
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The high-valent iron complexes are very reactive 

and have been obtained only at low temperatures. 

Observation of transients in visible (Vis) and electron 

paramagnetic resonance (EPR) spectra, during the 

oxidation reactions, has provided insights into the 

chemistry of the one- and two-electron oxidized 

species of this iron porphyrin, as well as other 

porphyrinato iron complexes currently used to probe 
mechanisms of biological oxidations. 

The iron insertion in the porphyrin was done with 

FeBr, in dimethylformamide [20]. The iron porphyrin 

was purified by alumina column chromatography with 
CHzC& as solvent. 

The solvents were purified by normal procedures; 

the iodosylbenzene obtained by hydrolysis of iodo- 

sylbenzenediacetate [21]. The grade of iodosylben- 

zene was determined by iodometry to be 98%. 

Results 

Experimental 

Physical measurements 

Visible spectra were obtained on a Perkin-Elmer 

Coleman 575 spectrophotometer. The low temper- 

ature spectra were obtained in a 0.6 mm pathlength 

cuvette in a dewar from Kontes. The dewar tem- 

perature was maintained between - 60 to -77 “C 

by methanol equilibrated previously in a dry ice/ 

methanol bath. For detection of the Soret band the 

solutions were diluted approximately 6 times. EPR 

spectra were recorded with a Varian E-109 spec- 

trometer operating in the X-band frequency using 

the variable temperature accessory model E-257 from 

Varian. 

Intermediates 

Two types of experiments were performed as fol- 

lows: 

Procedure 1. The intermediates generated in re- 

actions with the porphyrin dissolved in CHzClz 

(-5 X 10e3 M) were added to iodosylbenzene in 

CH2C12 ( - 2 X lo-’ M). After the programmed time, 

the reaction was inhibited by freezing at -77 “C. 

This solution was diluted with CHzClz previously 

cooled and transferred to the cuvette with a cold 

‘Pasteur’ pipet. 

Procedure 2. To control the reaction starting from 

zero time, the solutions of iron porphyrin and io- 

dosylbenzene were mixed at -77 “C. The reaction 
was followed by taking the reaction vessel out of 

the dewar and submitting it to an ultrasound lab- 

oratory cleaner (Minison-Thornton), then replacing 

it in the dewar. The green intermediate was generated 

after 15 s at room temperature and cooled again to 

-77 “C. 

Syntheses 

The 5-ortho-nitrophenyl,lO,l5,20-triphenylpor- 

phyrin was prepared according to the method of 
Collman et al. [18] but in propionic acid following 

Adler et al. [19], purified by silica column chro- 

matography and eluted with benzenelcyclohexane 

(l:l), as the second band. 

Syntheses and characterization 

The use of acetic acid instead of propionic acid 

in the synthesis of iron porphyrin gave no better 

yield, but gave a more crystalline material, easily 

purified. The yield of the synthesis considering the 

pyrrol was 3%. The visible spectra data for the 

compounds are given in Table 1. The iron insertion 

resulted in a ~-0x0 dimer, [Fe(o-NO,4&P)],O, 

characterized also by the infrared transitions at 870 

cm-’ (Fe-O-Fe), and by the absence of a signal in 

the EPR spectra. The monomer, [Fe(o-NOT 

@3P)]X, was obtained by treating the dimer with 

bromidric or chloridric acid. The monomer EPR 

spectrum is due to high spin Fe(II1) (S=5/2), Fig. 

l(a). The dimer is the more stable compound in the 

synthesis and purification procedures employed. 

Intermediate studies 

The ‘zero time’ was considered as the instant of 

mixing of the two previously cooled reagents. In the 

EPR spectra (- - 170 “C) the system is frozen. In 

the visible spectra (- 60 “C) we have a solution and 

the reaction could continue, although slowly. In the 

absence of substrate the catalytic species could attack 

the solvent giving COz and HCI. 

Electron paramagnetic resonance 

Figure 1 presents the EPR spectra. of three ex- 
periments with the monomer at ‘zero time’. Figure 

l(a) shows a signal at g=5.98 (Fe(III), S=5/2), 

showing that no reaction occurred; l(b) shows weak 

signals at g= 5.98 and 2.0, indicative of a initial step 

with new EPR silent species; l(c) presents a intense 

signal at g=2.0016 (AJ!Z=42 G) and very weak ones 

at g=4.29 and 5.98. In Figure 2 it is important to 

observe also the signal evolution at the beginning 

of the reaction (a, b and d); Fe(III),g = 5.98 practically 

disappears and g=2.0016 starts to appear. Later, 

g = 5.98 is still diminishing and 2.0016 stabilizes. This 
behavior is an indication of the formation of an EPR 

silent species that leads to the species responsible 

for the signal at 2.0016. In all experiments the reaction 
was carefully followed by observing the signals in 
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TABLE 1. Electronic absorption spectra of porphyrins and iron porphyrins 

Compound Wavelength maxima 

(nm) 
(X 10m3 M-’ cm-‘) 

Reference 

TPP’ 419(470) 515(18.7) 548(8.1) 592(5.3) 647(3.4) 22 
o-NOr-d&Pb 416d 513d 547d 58gd 645d 19, this work 
]Fe(TPP)]CI’ 378(58) 415(108) 509.5( 13) 577.5(33) 656.5(2.8) 690.5(3.1) 23 
]Fe(o-NOr&3P)]Clb 376d 415(135) 510(12.5) 578(33) 657d this work 
]Fe(o-NO&+,P)],O” ’ 408( 150) 571(17.5) 612(7.38) this work 

“6~* VH,CI,. ‘CHCI,. the extinction coefficients were not determined. “The extinction coefficients are based 
on the molecular weight of the dimer. 

c 
f 

J b 

,c 

Fig. 1. EPR spectra of the reaction mixture of [Fe(o- 
NO,d&P)]X and 410 in CH& immediately after the 
addition (r-0 s). (a) [Fe(o-NO,+&P)]Cl (1.3 X low3 M) 
with 410 (6.2X lo-’ M); recorded at - 150 “C, gain 
5.0~ 103; (b) [Fe(o-NOI&$3P)]Cl (1.6X 1O-3 M) with &IO 
(8.2~ 10m3 M); recorded at - 180 “C, gain 4.0x Id; (c) 
[Fe(o-NO&&P)]Br (1.1 x 10m3 M) with +I0 (7.7X lo-’ 
M), recorded at - 180 “C, gain 4.0X lb. All traces were 
recorded with 10 mW microwave power at 9.12 GHz and 
10 G modulation. 

short time intervals (2,5, 10 or 30 s). Figure 2 shows 
an example of the reaction evolution and we may 
make two observations: partial (50%) recovering of 
Fe(III) as indicated by increasing of the signals 
g=5.98 (S=5/2) and g=4.29 (S=5/2 with rhombic 
distortion) and an increasing intensity of the signal 
at g=2.0016 reaching a maximum at 10 s and dis- 
appearing after 2 mm, indicative of an intermediate 
species. This behavior was the same when the dimer 
was the starting material; however, the initial EPR 
spectra had no signals due to the antiferromagnetic 
coupling via the ~-0x0 bridge [24]. The reaction with 
the dimer is slower, indicated by the maximum at 
g=2.0016 after 3 min and its collapse after 10 min 
(Fig. 3). In the presence of the substrate (C&I,,), 
for both monomer and dimer as catalyst, the species 
with g=2.0016 vanishes in half the time required 

Fig. 2. EPR spectra of the reaction between CHzClz solutions 
of [Fe(o-NO,-@,P)]X (1.6X 10m3 M) and 410 (8.2X 10e3 
M), using agitation with ultrasound. AI1 traces were re- 
corded at -180 “C, with 10 mW microwave power; gain 
4.0~ Id; at 9.128 GHz; 10 G modulation, after the reaction 
times, with 2 s intervals: (a) -0 s; (b) 2 s; (d) 6 s; (g) 
12 s; (1) 35 s; (n) 65 s. Traces c, e, f, h, i, j, k, m, have 
been omitted. 

by the compound with no substrate, being indicative 
of the participation of this species in the hydroxylation 
catalytic process. 

The anisotropic signal at g=4.29 is at the limit 
for rhombic symmetry of the system S=5/2 [25]. 
This signal is assigned to the iron porphyrin species 
with a bonding between the Fe(II1) and the pyrrolic 
nitrogen via an oxygen bridge [7, 261. The signal at 
g=2.0016 is better characterized in the inset of Fig. 
4 and is located in the expected g interval 
(1.999-2.006) for porphyrin radicals [27]. The signal 
is very intense in the EPR of the green species 
formed after 15 s of reaction at room temperature 
of the monomeric porphyrin and iodosylbenzene (Fig. 
4). Saturation of the signal did not occur even at 
a microwave power of 200 mW, as would be expected 
for a free radial. This radical was not observed in 
control experiments in the absence of porphyrin. 
The signal intensity and the yield of the hydroxylated 
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Fig. 3. EPR spectra of the reaction between CH&l, solutions 
of [Fe@-NO&&P)],0 (5.5 x 10e4 M) and 410 (6.4 X low3 
M) using agitation with ultrasound. All traces were recorded 
at - 150 “C; 10 mW microwave power; gain 1.25 X 10”; at 
9.132 GHz and 10 G modulation; after the reaction times, 
with 30 s intervals: (a)-0 s; (b) 30 S; (d) 90 S; (h) 215 
s; (i) 275 s; (k) 395 s; (1) 605 s. Traces c, e, f, g, j, have 
been omitted. 

Fig. 4. EPR spectrum after 15 s of the reaction of [Fe(o- 
NO,+$,P)]Cl (2.1 x lo-’ M) with 410 (9.4X 10e3 M) in 
CHzClt (green solution); recorded at -155 “C; 10 mW 
microwave power; gain 3.2x ld, at 9.132 GHz and 10 G 
modulation. Inset: EPR signal generated in the reaction 
between CHPCll solutions of [Fe(o-NOZ+&P)]Br 
(1.5x 10e3 M) and 410 (2.8~ 10v3 M) at - 164 “C, 10 
mW microwave power; gain 5.0 X lo3 M; 5.0 G modulation; 
at 9.132 GHz. 

product (cyclohexanol) was increased by 25% when 
ultrasound was used during the reaction. It is known 
that ultrasound is able to promote and accelerate 
organic reactions in which free radical intermediates 
are produced chemically subsequent to the ultrasound 
effect [28, 291. These observations, and the fact that 
we do not observe hyperfine splitting due to the 
nuclear magnetic interaction with neighbor atoms 
such as iodine (S=5/2) (from iodosylbenzene) and 
chlorine (S = 3/2) (from the solvent), led us to believe 
in a r-cation radical produced by the oxidation of 
the porphyrinic ring. The bandwidth too wide (42 

G) for a radical and the non-saturation of the signal 
are due to an interaction with the iron-spin. The 
green color of the solution (15 s reaction) is also 
attributed to a ferry1 porphyrin n-cation radical [l]. 
A ferry1 porphyrin r-cation radical has been pos- 
tulated as a catalytic intermediate in oxidation re- 
actions in synthetic systems [l] as well as such 
biological ones as horseradish peroxidase (compound 
I) [15]andcatalaseactivities[16].Insyntheticsystems, 
there is no evidence in the literature of an observation 
of the porphyrinic radical signal, due to coupling of 
the spin radical with Fe(IV) [I, 301. In the biological 
system a weak signal due to the radical is observed, 
however, only at very low temperatures from 4 to 
10 K [31]. Thus, this is the first time that the detection 
of a signal is observed and related. 

Vnible absorption at room temperahue 

The spectra recorded at room temperature, fol- 
lowing the oxidation, gave important information 
free from interference caused by the freezing of the 
system. However, the response rate of the chart 
recorder limited the observation of the species that 
react more quickly. 

Figure 5 shows two spectra recorded during the 
reaction, which are characteristic of the ferry1 por- 
phyrin r-cation radical. In both spectra the Soret 
band is less intense and shifted to lower wavelength 
(-405 nm). In the 500 to 700 nm region the bands 
are poorly defined or the intensity absorption is 
increased in this region [2, 32, 331. A band at 650 
nm is the spectroscopic evidence of the porphyrinic 
radical [l, 2, 341. In our system this band is always 
associated with bands at 571 and 612 nm (assigned 
to the dimer) as shown in Fig. 6. 

0 
350 400 450 500 550 600 650 700 

WAVELENGTH Cnm) 

Fig. 5. (a) Visible spectrum at room temperature of the 
reaction of CH& solutions of [Fe@-NO&&P)]X 
(2.3X 1O-3 M) and 410 (1.2x10-* M) (green solution); 
recording started at 14 s (-). (b) Visible spectrum at 
room temperature of the reaction of CHzCI, solutions of 
[Fe@-NO,+&P)]X (2.3X10-’ M) and 410 (1.2x10-’ 
M); recording started at 90 s (---). 
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Fig. 6. Visible spectra recorded at room temperature for 
the reaction of the [Fe@-NO&&P)JX (1.8 X 10e3 M) and 
410 (8.8X1O-3 M): (a) recording started at 19 s in 450 
nm (-); (b) recording started at 88 s in 500 nm (- - -). 
(c) Recording started at 14 s in 550 nm (. . . . -) for the 
reaction of [Fe(o-NOr-&$3P)JX (2.3 X lo-’ M) and 410 
(1.2~10~’ M) CH2C12 solutions (green solution). 
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Fig. 8. Visible spectra recorded at - 60 “C for the reaction 
of (a) [Fe@-NO&&P)]Cl (1.5X10-’ M) and 410 
(8.6~ 10e3 M) in CHrCl, immediately after the mixture 
of the reagents (orange solution) (-); (b) [Fe(o- 
NO&&P)]Br (1.6~ 10e3 M) and 410 (8.2X 10e3 M) in 
CHZC12 after 22 s (---) of the reaction (green solution) 
and (c) diluted - 10 times (. . . . .). 

with the monomer. At ‘zero time’ the Soret is already 

splitted with the maxima at 400 and 417 nm; the 
510 nm band is broadened with a new shoulder at 
530 nm; and with the disappearance of the 510 nm 
band a new more intense band is manifest at 542 
nm. 

Sometimes, 1 or 2 s after the mixing of the reagents 
at - 77 “C, an intense orange color is observed. The 
spectrum of this solution (Fig. 8(a)) shows a 530 
nm band associated with dimeric bands (571 and 
612 nm). After 15 s the color changes to green. 
Figure 8(b) and (c) shows characteristic spectra of 
the green species. The bands at 408, 571 and 612 

J. 
I 1 I 1 I I 1 nm are characteristic of dimeric species and are 

350 400 450 500 550 600 650 700 associated to weak bands at 530 and 630-650 nm. 
WAVELENGTH CnmI When the dimer was the starting material, it was 

Fig. 7. Visible spectral changes recorded at -60 “C for possible to observe at ‘zero time’ absorptions at 571 
the reaction of [Fe(o-NO&&P)]Cl (2.8x lo-’ M) and and 612 nm, with shoulders at 530, 650 and a weak 
4IO (1.2x lo-* M) in CH2C12 and ultrasound, after the band at 690 nm. As the reaction proceeds, the 
reaction times: (a) 0 s (-); (b) 15 s (---); (c) 50 s 

( . . . . .); (d) 180 s (-. -). For Soret band in (a) the solution 
shoulder at 530 nm disappears and a new band of 

was diluted -10 times. 
medium intensity appears at 542 nm, with a Soret 
at 421 nm (Fig. 9). These bands could be associated 
with a Fe(N) species [2, 6, 351. 

Vii’bk absorption at low temperatum 
Lowering the temperature to -60 “C stabilized 

the intermediate species, making possible a more 
systematic study of these species. However, the 
‘freeze-thaw’ during data acquisition modifies the 
reaction rates. Figure 7 presents a reaction evolution 

Discussioa 

We propose the following route for the oxidation 
reaction of the monomeric iron porphyrin, (P), by 
iodosylbenzene, (410). 
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Fig. 9. Visible spectral changes recorded at -60 “C for 
the reaction in CHzCll of [Fe@-NO&&P)],0 (9.9 X 10v4 
M) and 410 (1.OX1O-z M) with ultrasound, after the 
reaction times: (a) 0 s (-); (b) 7 s (---); (c) 17 s 
(. . . . .); (d) 37 s (- . -), after dilution (_ 10 times). 

Route I 

2(P)Fe”’ + $4& (P)Fe’“-O-Fe’“(P) z 

A 

ZdlO 201 
2(P)Fe’“(O) q~ 

B Z(P)Fdll 

2610 4’ 

2(P)Fe’“(O) --!$+ 
B Z(P)Fclll 

(P)Fe”’ 

2(P)Fe”‘-0-Fe’“(0)(~+) 
C 

e (P)Fe”‘-O-Fe”‘(P) 
0 

Fe”” ‘N(P) 

The reaction progress with the monomer (Fig. 
2(a) and (b)) shows clearly the step in which the 
Fe(III) porphyrin is being depleted to yield an EPR 
silent intermediate. Monomeric and dimeric species 
with Fe(IV) in our experimental conditions are EPR 
silent, A and B, which subsequently transform to a 
radical species. The radical signal disappears in a 
few seconds. The species with a rhombic symmetry, 
Fe”‘-O-N(P), formed as one of the reaction products, 
is responsible for the signal at g=4.29. 

As shown in Figs. 6-8, the characteristic bands 
in the visible spectra of the dimer (408, 571 and 
612 nm) are present at the beginning of the reaction 
and persist in the Fe(II1) or Fe(IV) dimer spectra. 
The porphyrin is responsible for the most intense 
bands. However, the presence of a radical localized 
in the porphyrin will demonstrate considerable spec- 
tra modifications. In our system, it was possible to 

detect visible spectra of the dimer associated to 630 
(Fig. 8(b)) and 650 nm (Fig. 6(a)) bands. These 
bands are ascribed to a porphyrinic radical which 
agrees with the EPR signal (g=2.0016). The Vis 
and EPR data indicate the presence of this radical 
in a dimeric species, which is the main catalytic 
species, C. In the presence of the substrate (cy- 
clohexane) the radical life time in EPR spectra is 
reduced to half. When ultrasound is used, both the 
radical signal and the yield of cyclohexanol are 
increased significantly. The catalytic intermediate 
proposed in the literature [l, 4, 61 for oxidation in 
similar systems is a ferry1 porphyrin r-cation radical. 
Possibly this radical is coupled antiferromagnetically 
with Fe(IV), resulting in an effective spin of S= 
3/2, leading to the collapse of the radical signal in 
the EPR spectra through a very efficient relaxation 
mechanism. The observation of the signal atg = 2.0016 
indicates a break of this coupling to the radical 
geometry or to a change in the relaxation mechanism. 
When the orthogonality of the 3d orbitals of the 
iron is preserved, there is no overlap with the por- 
phyrin orbitals, such that the spin-spin coupling by 
exchange is inhibited. In the complex 
Fe(OC103),(TPP’) the iron orthogonality is preserved 
and no overlap occurs with the orbitals of the por- 
phyrinic radical despite their close proximity. In the 
FeCl(SbCl,)(TPP) the pentacoordinated iron atom 
is out of plane resulting in non-orthogonality of the 
orbitals and allowing the coupling [36, 371. In our 
case the orthogonal&y is retained through the for- 
mation of a ~-0x0 dimer in which the 5th and 6th 
ligands of the ferryl-iron are the oxygen atoms of 
the ~-0x0 bridge and of the ferryl. These ligands 
sustain Fe(IV) in the porphyrin plane (Da), pre- 
venting magnetic coupling with the porphyrinic ring. 
However, the iron proximity allows a magnetic dipole 
interaction causing a broadening of the radical signal 
(AH= 42 G). The dimerization tendency is increased, 
in this case, by the presence of the’ nitro group, 
despite preliminary results with (FeTPP)20 that in- 
dicate the same effect. 

Felton et al 1321 and Phillippi and Goff [33] 
electrochemically oxidized (one electron) the dimers 
(FeTPP)20 and (FeOEP),O, observing a similar 
signal at g=2.0 with a band width of 30 G. These 
iron porphyrins, oxidized in the monomeric form, 
present no signal in the EPR spectra. The non- 
observation of the g=2.0 signal in models of cy- 
tochrome P-450, descnied in the literature, is because 
these compounds are sterically hindered, not allowing 
formation of the dimers, which are considered inactive 
as catalyst [38, 391. 

The dimer inertia as catalyst appears only at the 
beginning of the reaction. The yield of cyclohexanol 



is compared using the monomer and the dimer as 
catalysts, after 3 and 30 min of reaction. After 3 
min, the yield with the monomer was 30% and with 
the dimer only 15%; after 30 min, both gave 50% 
[17]. This dimer inertia is also observed in its EPR 
spectra at ‘zero time’, and in the relatively longer 
time necessary to reach the maximum value of the 
g=2.0 signal. The evolution of the signals for the 
dimer was identical with that for the monomer, 
indicating that both have the same intermediate 
species. For the dimeric porphyrin, [Fe(o- 
NO&&P)]zO, a similar mechanism could be pro- 
posed, in which the 410 is initially bound to the 
dimer. This is the determining step, in agreement 
with the initial inertia of the system using the dimer 
as catalyst. Another possibility is the change of an 
oxygen atom from the p-0x0 bridge with the oxygen 
from 410, resulting in a double-bridged complex 
(type 1). Reactions with p-0x0 bridge exchange have 
been observed using oxygen isotopes [40]. 

IS’ 

1 

The results do not exclude the possible existence 
of a monomeric ferry1 porphyrin v-cation radical 
(D) as the catalytic specie (route II or III). The 
presence of this radical is identified in Fig. 5 where 
the Soret band is diminishing and the bands at 
500-700 nm are increasing, in agreement with the 
literature [2, 32, 331. 
Route II 

(P)Fdll 

2(P)Fem + 410 L (P)FerV-0-FerV(P) A 
A 

FerV(0)(P+) - products 
D 

Route III 

(P)Fe”’ + 410 x Ferv(0)(P’+) - products 
D 

Most of the experiments gave evidence for route 
I. In some experiments it was also possible to detect 
at ‘zero time’ a bright orange colored species that 
quickly changed to green. The spectrum data (Fig. 
8(a)) indicate that the orange intermediate is the 
species A, which is the precursor of the green species 
C. It was also possible to detect an intense band at 
542 nm (Figs. 7(c) and 9(c)) ascribed to species B 

t351- 
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Recent data reported in the literature agree that 
the catalytic species is a dimer porphyrinic radical. 
A species of type C is proposed as an intermediate 
for the reaction between p-cyano-N,N-dimethylani- 
line-N-oxide and the p-0x0 dimer (FeTPP)20 [41]. 
The authors also postulate the ferry1 porphyrin m- 
cation (D) as the catalytic species formed in a side 
reaction. Kelly and Yasui [42] relate the presence 
of a dimer (like A) as an intermediate species in 
heme oxidation with an oxygen donor at 410. 

Water participation is important for the formation 
of the catalytic species (route I). In the presence 
of water the EPR radical signal was intensified. Also, 
the yield of cyclohexanol diminished (by 15 to 20%) 
if 410 and solvent are freshly prepared and dried 

1171. 
Possible explanations for the fact that we observe 

a radical signal in the EPR spectra and a high yield 
of cyclohexanol with our catalyst, compared to 
(FeTPP)Cl are the following: 

(1) the ortho nitro group, being an electron ac- 
ceptor, stabilizes the porphyrinic radical through the 
polarization of the electron cloud over the ring 
decoupling the iron d and ring orbitals. 

(2) The dimer formation, favored by the nitro 
group, induces a quenching in the vibrational modes 
that are responsible for the coupling of iron d and 
ring orbitals, interfering in the relaxation mechanism. 
This quenching does not exclude an antiferromagnetic 
coupling with both Fe(IV). 

(3) The presence of the nitro group also favors 
route I (A+ B --, C ---f products). The absence of water 
in the system favors routes II and III, justifying the 
lack of radical signal in the EPR spectra, and a 
decrease in the yield of cyclohexanol. 

It is clear to us that the detection and charac- 
terization of these very reactive intermediates is a 
valuable contribution to the understanding of the 
C-H activation in hydrocarbons important in bio- 
logical and industrial processes. 
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