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Oxidation of Low-Spin Iron( 11) Porphyrins by Molecular Oxygen. An 
Outer Sphere Mechanism? 

Margaret M. L. Chu, C. E. Castro,* and G. M.  Hathaway 

ABSTRACT: Hexacoordinate low-spin iron(l1) porphyrins are 
oxidized by molecular oxygen in amine solvents a t  room tem- 
perature by a process that is acid dependent. The visible and 
N M R  spectra of solutions of the iron complexes and the in- 

T h e  response of hemoproteins to oxygen varies widely. In- 
deed, this reactivity typifies the modulating influence that a 
protein can bring to bear upon its highly defined iron porphyrin 
active site. A simple theory (Castro, 1971) has been advanced 
that will accommodate the reactivity patterns exhibited by 
hemoproteins, but the underlying basis for it, a knowledge of 
mechanistic iron porphyrin redox chemistry, remains in large 
measure to be developed. A necessary premise of theory was 
that an outer sphere mechanism for the oxidation of iron(I1) 
porphyrins by oxygen can occur under certain conditions. This 
was essential to explain the unusual reactivity of some of the 
cytochromes, like cytochrome b5, that are inhibited by neither 
cyanide nor carbon monoxide and yet are  autoxidizable. 

Early studies of the kinetics of the oxidation of iron(I1) 
protoporphyrin IX dimethyl ester by oxygen in pyridine-water 
and pyridine-ethanol-benzene solvents found the apparent rate 
of the reaction to be first order in heme and inverse order in 
pyridine (Kao and Wang, 1965). A very small component of 
the rate was assigned to an “outer sphere” mechanism, but the 
major path of reaction was thought to be an “inner sphere” 
mechanism that entailed an iron bonded oxygen intermediate. 
Subsequent studies of the same and closely related systems 
(Cohen and Caughey, 1968) seemed to dispute these findings. 
Thus, an examination of the kinetics of the autoxidation of the 
above porphyrin and the 2,4-diacetyldeutero-IX-iron( 11) de- 
rivative in pyridine-benzene and pyridine-benzene-ethanol 
demonstrated the order in heme varied from first to second, 
depending upon the reaction conditions. Moreover, even under 
carefully controlled conditions, the variations in rates were 
wide and difficult to control experimentally. Nevertheless, the 
trends in the data  indicated the rate law to be mainly: 

k (he1ne)~(02) 
(pyridine)* 

rate = 

A first-order component in heme was indicated at  high 
oxygen and low pyridine concentrations. The mechanism in- 
ferred from this study was as follows: 
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fluence of axial ligands upon the rate of oxidation are consistent 
with an outer sphere mechanism that entails the dissociation 
of a protonated 1 : 1 iron porphyrin-oxygen T complex as the 
rate-limiting step. 

G-Fie--0, I + Fe- 

The  attack of heme on the 1:l oxygen adduct step (eq 3) was 
considered as rate limiting. Moreover, it was observed that the 
earlier results could be a special limiting case of this mecha- 
nism. While not kinetic in nature, there is now a wealth of in- 
formation that supports the formulation (1)-(4), particularly 
steps (2) and (3), for the reaction of high spin iron(I1) por- 
phyrins. It has recently been summarized (Castro, 1977; 
Castro et al., 1978). A recent N M R  study (Chin et al, 1977) 
also accords with this formulation. 

W e  present here evidence for an outer sphere mechanism 
for the oxidation of low spin iron(I1) porphyrins by molecular 
oxygen. The path is analogous to one of those originally sug- 
gested by Kao and Wang (1965). The apparent discrepancies 
between the above works (Kao and Wang, 1965; Cohen and 
Caughey, 1968) and the variability of some of the data can be 
explained by our observations. Our basic point is that the outer 
sphere mechanism is acid dependent. The reactivity encoun- 
tered here with oxygen is entirely analogous to that of the re- 
action of iron(I1) porphyrins with quinones (Castro et al., 
1977). 

Experimental Section 
Solvents. All solvents were reagent grade and were freshly 

distilled through a small Vigreux column under argon imme- 
diately before use. In general, heart cuts of pyridine (bp 1 15 
“C), tert-butylpyridine (bp 94 “C at  14 mm), terr-butylamine 
(bp 45 “C),  and N-methylimidazole (bp 197 “C) were stored 
under argon in the receiver of the distillation apparatus and 
transferred under argon to the spectrophotometric cells. 
terr-Butylamine was particularly refractory toward oxygen 
removal. A kinetically steady solvent was obtained only after 
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redistillation of a heart cut that was treated with traces of 
aqueous sodium dithionite and solid potassium hydroxide. 

Axial  Ligands. Imidazole was recrystallized from water, 
mp 89 OC, and 4-cyanopyridine was sublimed, mp 78 "C. 
Carbon monoxide (Matheson) was employed without purifi- 
cation. 

The Porphyrins. The porphyrins and their iron(1II) com- 
plexes were obtained and purified in the manner previously 
described (Castro, 1974; Castro et al., 1974). 

The Iron(Z1) Porphyrins. These were generated in pyridine 
solution using hydrazine hydrate or n-butylamine as  a reduc- 
tant. In general, -5 mg of the chloroiron(II1) porphyrin was 
dissolved in 15 m L  of pyridine and purged with argon in a ro- 
tary evaporating apparatus. After 30 min, a solution of 1 m L  
of 85% hydrazine hydrate in 15 mL of pyridine was added 
under argon. The contents were stripped to dryness a t  30 O C  

under argon. An additional 15 mL of argon-purged pyridine 
was admitted, and the solvent was removed again. This process 
was repeated and the final solid was diluted with pyridine and 
stored under argon in a flask that was fitted with a stopcock 
protected with a serum cap. The concentration of iron(I1) so- 
lutions diluted into spectrophotometric cells was ascertained 
by comparing the spectrum with that of the same cuvette to 
which 1 pL of hydrazine hydrate was added. 

Alternatively, stock solutions in pyridine were prepared by 
dissolving the bis(piperidyl)iron( 11) adducts in  pyridine under 
argon. The reduction of iron(1lI) porphyrins by piperidine has 
been noted (Epstein et al., 1967). We find the reduction of 
iron( 111) porphyrins by amines to be a very general reaction, 
and we shall report upon it separately. The preparation de- 
scribed (Epstein et al., 1967) for iron(I1) protoporphyrin IX  
and mesoporphyrin IX gave poor analyses. It is not possible 
to "recrystallize" these porphyrins from this solvent. The 
corresponding salts precipitate. 

The following procedure is illustrative of the preparation 
of the solid bis(piperidy1)hemes employed herein. A solution 
of 100 mg of chloroiron(II1) octaethylporphyrin is dissolved 
i n  I O  mL of freshly distilled piperidine by gently warming on 
a hot plate. Upon dissolution, the cooled solution is poured 
immediately upon a dry 1 X 40 cm A-540 alumina column and 
eluted with piperidine. The orange-red iron(I1) adduct is the 
first band off the column. This is followed closely by a small 
green band. A small dark olive band remains at  the top. The 
heme-piperidine solution is filtered and concentrated to dry- 
ness on a rotary evaporator a t  40 "C (0.01 mm). The abso- 
lutely solid mass is chipped from the flask, transferred to a 
vacuum filter, and washed copiously with water. The solid may 
be air dried. It is best stored under argon; however, i t  may be 
kept i n  air for a month without spectral change. If the prepa- 
ration is conducted entirely under argon, the chromatographic 
step can be eliminated. The  N M R  spectrum of the octaethyl- 
porphyrin iron(I1) complex in pyridine-ds is given in Figure 
4. The above preparation worked well with mesoporphyrin 
dimethyl ester and deuteroporphyrin dimethyl ester, but the 
corresponding hemes were less stable to air than the bis(pip- 
erid y l )oc taet h y 1 heme. 

Pyridinium chloride was prepared from freshly distilled 
pyridine by gassing a solution with anhydrous HCI. The con- 
centration of the stock solution was determined by dilution with 
aqueous nitric acid and direct potentiometric analysis for 
chloride (Castro and Bartnicki, 1965). 

Oxygen concentrations in pyridine and rert-butylamine were 
determined polarographically using the Beckman " Fieldlab" 
unit and an oxygen electrode covered with a polyethylene 
membrane. A stock solution of pyridine saturated with oxygen 
was generally employed. The  oxygen concentration upon 

dilution of the stock solution with pyridine was determined by 
direct measurement. 

Spectra. Visible spectra were recorded on a Cary 118C or 
a Beckman DBG spectrophotometer. The N M R  spectra were 
taken on a Varian T-60 unit. 

Kinetics. I n  general, reactions were monitored by following 
the disappearance of the cy band of the iron(I1) complexes at  
-547 nm. An initial slopes treatment was employed 
throughout to establish the rate laws and determine the rate 
constants. The rate constants were calculated from the slope 
of plots of the initial rate (change in heme concentration/ 
second) vs. heme oxygen or acid (pyridinium chloride) initial 
concentrations. The expression 

10D/second 
At<, 

= rate = k(heme)o(Oz)o(H+)o 

was valid over a wide range of initial concentration of reactants. 
The values obtained in this fashion agreed well with those 
calculated from integrated pseudo-first-order plots. For pyr- 
idine and imidazole, A+, = (tFe" - tFe1I1) = 2.7 X lo4; for 
tert-butylamine, tert- butylpyridine, and N-methylimidazole, 
this value is 1.7 X lo4, 2.2 X lo4, and 2.2 X lo4, respectively. 
As noted, integrated plots of the data  with good linearity can 
be obtained; however, there are  a variety of artifacts that can 
alter the D, reading.' Thus, an integrated analysis can be 
difficult, and our experience is that an initial slope treatment 
is the most reliable and reproducible experimental approach. 
A typical run in pyridine is accomplished as  follows. Three 
milliliters of a stock heme solution in pyridine is transferred 
under argon via a gas tight syringe (or pressured through a no. 
22 stainless steel hypodermic needle) into a spectrophotometric 
cuvette that has been purged with argon and is under an argon 
sweep.2 The solution is purged an additional 2 min and its 
spectrum recorded. With argon passing above the stopcock, 
the requisite amount of stock oxygen-pyridine solution (usually 
2- 100 pL) is added via glass syringe well below the surface of 
the solution. 

In the absence of pyridinium chloride, imidazole, or other 
proton source, the spectrum of this solution is unchanged. For 
some runs, the solution was gassed gently with oxygen for 10 
min followed by air equilibration for 30 min before addition 
of pyridinium ~ h l o r i d e . ~  Reaction is commenced by addition 
of pyridinium chloride in pyridine ( 1 - 10 p L  of a 0.15 M so- 
lution). The cell is shaken and placed in the cavity of the 
spectrophotometer. Zero time is fixed a t  the time of injection 
of the hydrochloride. Reactions in the presence of imidazole 
or with the imidazole bearing porphyrins were initiated by the 
addition of oxygen. The more rapid oxidations in tert-butyl- 
amine could not be conducted in this fashion. A cuvette con- 
taining a stopcock and glass pouch was employed. Solid 
bis(piperidy1)heme was mixed with an oxygenated terr-bu- 
tylamine solution to initiate reaction. Our kinetic estimates for 
this reaction are consequently lower limits. 

Results 
Spectra and Bonding ofthe Hemes. All of the hemes em- 

' One of the more notable artit'acts that can occur with thesc solutions 
is worthy of special emphasis. Ruhher ,serum caps will cause the reduction 
o f i r o n ( / / [ )  to i ron(1l) porphyrins inpyridirle! Indeed, this artifact can 
be a convenient means for preparing bis(pyridy1) iron(ll)  adducts for 
spectral observation. We presume the reaction is due to traces of hydro- 
quinone or mercaptan extracted from the rubber septum by pyridine. 

* High purity argon (99.998%) was employed throughout. The gas was 
passed through a chromous sulfate scrubber and then through a scrubber 
containing pyridine over KOH.  

An 0 2  (or air) saturated solution in  the absence of added proton source 
oxidizes to the extent of - I  7% in 4 days. 
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FIGURE 1: (a) Visible spectrum of iron octaethylporphyrin complexes 
in pyridine [Fell (- - -) and Fe"' (-)I, 1.3 X loT5 M. (b) In  tert-butyl- 
amine. 4.8 X M. 

ployed in this work are present as hexacoordinate low-spin iron 
complexes in these solutions. Typical visible spectra of the 
iron(I1) and iron(II1) derivatives of octaethylporphyrin in 
pyridine and tert-butylamine are  shown in Figure 1 .  

The corresponding N M R  spectrum of the diamagnetic 
iron(I1) complex in pyridine-ds is depicted in Figure 2 along 
with the obliterated iron(II1) spectrum in the same solvent. The 
iron(I1) bis(tert-butyl)amine adduct in tert-butylamine ex- 
hibits the same N M R  spectrum as the bispyridyl species except 
that the methyl resonance a t  6 1.2 is masked by solvent. The 
spectrum of iron(I1) octaethylmesoporphyrin-d4 is identical 
with that of the nondeuterated species except that the meso 
proton (-6 9.4) is missing. The addition of pyridine hydro- 
chloride a t  concentrations (0.088 M) far in excess of that 
employed in the oxidation reactions did not alter the N M R  or 
visible spectrum of any of the heme solutions. In particular, 
there was no line broadening and there was no appearance of 
a meso proton signal in the N M R  spectrum of the mesotetra- 
deuteroiron(I1) octaethylporphyrin complex. Moreover, re- 
duction of the chloroiron(II1) adducts with solid hydrazine 
hydrochloride or hydrazine sulfate resulted in the same sharp 
N M R  spectra of the iron(I1) complexes. We conclude the 
equilibrium 5 

( 5 )  
does not occur in dry pyridine solutions, or it lies exceedingly 
far to  the left, and it is not altered by pyridinium chloride or 
other amine acid s a h 4  In addition, there is no detectable ox- 
ygenation of these solutions in pyridine in the visible spectrum, 
and no oxidation occurs in the absence of pyridinium chloride 
during the time of these  experiment^.^ The N M R  results also 
demonstrate that the porphyrin is not protonated at  either the 
meso or other positions under these conditions. 

Stoichiometry. Initial oxygen concentrations in this work 
usually exceeded those of the starting hemes by ten or more. 
This is true of all of the kinetics (Table I )  except for the runs 
a t  highest heme concentration indicated in Figure 4d. Under 

Porp FeI1L2 s Porp Fe"L + L 

~ 

The presence of even a small amount of high-spin pentacoordinate 
iron(l1) porphyrin should result in  rather extensive paramagnetic 
broadening as it does with the iron(lI1) complex. 

I '  
B O  6 0  40 2.0 0 

8 ( p p m )  

FIGURE 2: The NMR spectra of solid chloroiron(II1) octaethylporphyrin 
and bis(piperidinato)iron(II) octaethylporphyrin dissolved in pyridine- 
ds. 

conditions of excess oxygen, the iron(I1) porphyrins are cleanly 
converted to the iron(II1) species. The corresponding spectra 
given in Figure 1 for the octaethylporphyrin derivatives, for 
example, are  observed. After argon flushing, the iron(II1) 
complex can be quantitatively converted back to the heme with 
hydrazine. With excess heme, spectrophotometric titration (at 
the a band) of the moles of heme consumed per mole of oxygen 
charged sets this ratio a t  4.0 f 0.4. However, the iron(II1) 
product spectrum under these conditions is not simply that cf 
the bis(pyridyl)iron(III) porphyrin but rather it represents a 
composite of this species and the oxyphlorin and "verdohe- 
mochrome" (Figure 3a). The ratio of components is a function 
of heme/oxygen initial concentrations. When the 02/heme 
ratio is less than 5 ,  the verdohemochrome spectrum (A,,, 6 5 0  
nm) becomes detectable. These oxygenated products have been 
established to result from the reaction of bis(pyridy1)hemes 
with hydrogen peroxide and oxygen (Bonnet and Dimsdale, 
1972). Direct reaction of bis(pyridy1)octaethylheme with 
hydrogen peroxide in the presence of even traces of oxygen 
under our conditions (Figure 3b) does produce the "verdohe- 
mochrome." The product spectrum matches exactly that re- 
ported by Bonnet and Dimsdale for this reaction. The heme 
is oxidized about three times more rapidly with hydrogen 
peroxide than it is with oxygen at  the same initial concentra- 
tions, and this accords with the above observations. Taken 
together with earlier findings (Bonnet and Dimsdale, 1972; 
Castro et al., 1974), an overall multistep process for the reac- 
tion of low-spin hemes with oxygen is indicated (eq 6 and 
7). 

2Porp Fe"L2 + 0 2  + 2H+ - 2FeII'Porp L2 + H202 ( 6 )  

Porp Fe1'L2 + H202 - Fe oxyphlorin 
a 

0 2  
-+ verdohemochrome (7)  

Presumably, two hemes are oxidized in the hydrogen peroxide 
reaction (eq 7a). We have not studied this reaction. 

Kinetics. For all porphyrins in pyridine or 4-tert-butylpyr- 
idine, an overall third order process is observed. The rate law 
for process 6 is: 

b 

- k (  Fel1)(O2)( H + )  rate = - - -d(FelI) 
dt 
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T A B L E  I:  Rate  Constants for the Oxidation of I ron( l l )  Porphyrin Complexes by Oxygen at  30 OC. 

x?/ 
Porphyrin Solvent Axial ligands (L2/(mo12 s ) )  -Re1 rate" 

Mesoporphyrin IX diimidazoleh Pyridine lmidazolc 9.4 x 105 100 
Mesoporphyrin IX monoimidazoleC Pyridine Imidazole. pyridine 6.6 X 10' 72  
Mesoporphyrin IX dimethyl ester + imidazole (0.17 M) Pyridine Pyridine 4.6 X 
Mesoporphyrin IX dimethyl ester Pyridine Pyridine 9.2 X 
Octaethvl il '-Methvlimidazole lV-Methylimidazole 1 . 1  x 
Octae th i l  
Octaethyl 
Octaethyl + imidazole (0.38 M) 
Octaethyl + 4-cyanopyridine 
Octaethyl + carbon monoxide 
Octaethyl 

rerr- Butylamine tert-  Butylamine ( 8 5 ) d  
Pyridine Pyridine 1 . 1  x 
Pyridine Pyridine 4.9 x 
Pyridine Pyridine 1 . 1  x 
Pyridine Pyridine, CO 0 
tert-Butylpyridine tert-Butylpyridine 5.9 x 

04 5 
03 1 
05 10 

0 4  I 
0 4  5 
04 I 

03 0.6 

( 1  00)C 

" Rates relative to bis(pyridinato)iron(I I )  mesoporphyrin IX dimethyl ester in pyridine. 
Mono(@-imidazoly1)ethylamide of mesoporphyrin IX (Castro,  1974). 

Bis(/3-imidazolyl)ethylamide of mesoporphyrin 
This is a second-order rate constant.  Estimate IX (Castro,  1974). 

obtained by dividing k 2  by (H+)o  used for others. f All rate constants 510% except for t-BuNH2 ( 1 2 5 % ) .  

O 4  t 
I I I I 

450 500 550 600 650 700 750 

A ( n m )  

I b  

I 5  ' 1  I 

1 

1 I 1 I 1 
5 0 0  550 600  6 5 0  700 750 

A I n m )  

FIGURE 3: (a) Product spectrum from the 0 2  oxidation of octaethylheme 
in pyridine, (heme)o/(O& = 50. (b) The oxidation of bis(pyridy1ox- 
taethy1)heme by hydrogen peroxide. Spectral traces are a t  I -h  intervals 
except the dashed curve is -2 min after mixing. 

,' a h C -  ,,/- 

F I G U R E  4: (a )  Pseudo-first-order plot for the oxidation of iron(ll)  oc- 
taethylporphyrin bl oxygen in  pyridine containing pyridine hydrochloride, 
(OctaE Fe")o = 2.0 X M ,  ( 0 2 ) o  = 3.0 X M ,  (PyrHt)  = 5 X 

M. (b) Initial rate of oxidation of iron(l1) octaethylporphyrin i n  

pyridine as a function of heme. ( 0 2 ) o  = 3.0 X M, (pyrHtC1-)~  = 
5.0 X M. (c) Initial rate of oxidation of iron(l1) octaethylporphyrin 
in pyridine as a function of oxygen, (FeI'Octa E)" = I .5 X M. 
(pyrH+Cl-)o = 2.5 X M. (d) The initial rate of oxidation of 
bis(pyridy1)octaethylheme as a function of pyridinium chloride, (FeI'Octa 
E)" = 7 . 1  x 10-4 M. ( o ~ ) ~  = 2.4 x 10-4  M. 

All rates were measured a t  high oxygen (usually oxygen sat- 
urated solvent) concentrations. In runs where the (Oz)/(Fe")o 
was low (cf. Figure 4), the initial slope treatment was still 
representative of reaction 6. Illustrative data are summarized 
in Figure 4. All of the porphyrins show a linear dependence on 
pyridinium chloride. Other acids or proton sources may be 
employed instead of this amine salt. Indeed, imidazole itself 
can function rather feebly in this capacity. However, the in- 
fluence of imidazole upon the rate of oxidation in the presence 
of high pyridinium chloride is negligible. It should be em- 
phasized that nonprotic salts (e.g., sodium chloride, tetra- 
methylammonium chloride) do not influence the rates or ini- 
tiate reaction. Our data do not allow a distinction between 
specific (H+)  or general acid dependence. 

A summary of the third-order rate constants is presented 
in Table I .  It  is not possible to compare the rates in tert-bu- 
tylamine with those in pyridine directly, because we could not 
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significantly alter the proton concentration in this very basic 
solvent. A comparison in the absence of added proton source 
would set the bis(tert-butyl)amine adduct as our most reactive 
species. The overall order of reactivity of the iron(I1) complexes 
as  a function of axial ligand is: bis(tert-buty1)amine - bis- 
imidazole > imidazole, pyridine > bis(N-methylimidazole) 
> bispyridine > bis(4-tert- buty1)pyridine >> pyridine, carbon 
monoxide. 

Activation parameters for the 0 2  oxidation of bis(pyridy1)- 
octaethylheme in pyridine a t  30 ‘C are: AF*, 12 kcal/mol; 
AH*, 16 kcal/mol; and AS,  14 eu. 

Discussion 
All of the data for the oxygen reaction (eq 6) are consistent 

with an outer sphere mechanism for the oxidation of low-spin 
hexacoordinate iron(I1) porphyrins by oxygen that is acid 
dependent. In no case in these anhydrous amine solvents do we 
have spectral evidence for oxygenation of iron or dissociation 
of an axial ligand. This evidence, however, is thermodynamic 
only. On the other hand, both tert-butylamine and imidazole 
as axial ligands markedly enhance the rate of oxidation in 
pyridine and the diligated species is the most reactive of the 
imidazole c ~ m p l e x e s . ~  The  hindered tert-butylamine is a 
poorer ligand for the iron(II), but a t  high concentrations in 
pyridine the corresponding bis(amine)heme reacts even in the 
absence of added proton source. Equilibrium constants for the 
processes 8 

have recently been ascertained in benzene (Broualt and 
Rougee, 1975) for tetraphenylporphyrin and deuteroporphyrin 
IX. Assuming relative values are  the same in pyridine, the 
thermodynamic ligand strength for the overall process ( K I  K2)  
is in the order: imidazole > pyridine > carbon monoxide (only 
one carbon monoxide binds iron a t  room temperature). A 
comparison of K I for CO and K2 for imidazole and pyridine 
would result in the order: imidazole > carbon monoxide > 
pyridine for this triad. If an axial ligand were required to  dis- 
sociate for reaction to ensue, the rate should be inversely pro- 
portional to the concentration of the ligand, and both the 
carbon monoxide and pyridyl adducts should react more rap- 
idly than the imidazole (or N-methylimidazole) complexes. 

An Outer Sphere Pathway: Acid Dependence. There are  
four possible mechanistic sequences for the acid dependence. 
The relative speed of the reactions eliminates the improbable 
termolecular collision, and we are  left with: (a)  protonation 
of the porphyrin followed by hydrogen abstraction of the highly 
conjugated allylic C-H bond; (b) protonation of oxygen fol- 
lowed by attack on the porphyrin; (c) iron-porphyrin-oxygen 
affiliation followed by proton attack. 

Sequence a is the reverse of the a-meso addition mechanism 
for the reduction of iron(II1) porphyrins. W e  eliminate it here 
by virtue of the fact that the porphyrin is not protonated under 
reaction conditions a t  high concentration of pyridinium chlo- 
ride (cf. Results). Protonation of an axial ligand should result 
in its dissociation from iron. This is not observed. 

Sequence b. The protonation of oxygen is hardly a favorable 
process in pyridine. However, if it did occur, the interaction 
of HO2+, like the reaction of other electrophiles (Grigg et al., 
1972) with iron(I1) porphyrins should be expected to result in 
addition to the meso position. This process with this species 
may result in oxidation of the metal but a meso hydroperoxy 
species should ensue. It does not under the conditions of high 
Oz/heme ratios (vide infra). 

The remaining sequence, c, is the most reasonable and all 
of our data are accommodated by it. Two distinct paths for the 
electron transfer via this sequence can be operative, but both 
require a prior affiliation of oxygen with the iron-porphyrin 
complex. 

The 1:l Adduct. As noted above, we have no spectroscopic 
evidence for any affiliation of oxygen with the iron-porphyrin 
complex. However, a feeble K interaction akin to the weak 
molecular complexes noted with metalloporphyrins and ni- 
troaromatics (Gouterman et al., 1962; Hill et al., 1967a,b; 
Barry et al., 1973; Fulton and LaMar,  1976) would not be 
expected to be discernible a t  low concentrations. We formulate 
the adduct with oxygen as the K acceptor loosely affiliated with 
the porphyrin ring: 

L 
0, 

-Fe- + 0, PZ -Fe- 
I ;  
I 

(9) 
I 
I 

L L 
It may also simultaneously or separately interact with the axial 
ligand.5 

The Electron Transfer. The most consistent interpretation 
of our data is that the electron transfer is a “peripheral K- 
process”, and that it proceeds subsequent to the protonation 
of the 1:l adduct (eq 10). 

W e  prefer the protonation of the 1 : 1 complex at  oxygen be- 
cause this should be the most basic site in the adduct if some 
degree of charge transfer is manifest in its ground state. 

The strong a-coordinating tert-butylamine should enhance 
metal d porphyrin .rr interaction by virtue of bringing the metal 
into the plane of the ring without the capacity to accept metal 
d electrons, 1. In  contrast, the carbonyl adduct, 2, decreases 

2 
NH2 

I + 
1 

metal conjugation with the porphyrin by removing it from the 
plane of the ring and accepting metal electrons. Thus, the 
electronic and geometric aspects of the bonding of these dif- 
ferent low-spin adducts accord exactly with the reactivity found 
herein and with that predicted for these extreme bond types. 
However, the inertness of the carbonyl adduct can also be ra- 
tionalized on a thermodynamic basis. That is, an  iron(II1) 
carbonyl does not exist. The lethargy of the carbonyl adduct 
toward oxidation is consistent with the electrochemistry of 
related iron porphyrin systems (Brown et al., 1975). The in- 
fluence of axial ligands upon the rates of oxygen oxidation 
parallels exactly that observed for the outer sphere oxidation 
or reduction of these iron complexes by quinone and hydro- 
quinone (Castro et al., 1977). The rate laws for both quinone 
and oxygen oxidation of these species are  identical. For the 

Spectral evidence for some degree of K bonding in a 2 heme:2 oxygen 
adduct has been reported (cf. Fuchsman et ai., 1974). 
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imidazole complexes, we cannot eliminate an “axial through 
ligand” process in these reactions (eq 1 1) with the evidence a t  
hand. 

H H 

L L 

I n  sum, a A transfer is possible with imidazole or pyridine 
if “back bonding” from the metal to these heterocycles oc- 
curs.6 

The mechanism described here can account at least in  part 
for the apparent contradiction in the literature (Kao and 
Wang, 1965; Cohen and Caughey, 1968). The first-order de- 
pendency on iron noted by Kao and Wang ( I  965) in aqueous 
pyridine and pyridine-ethanol-water could be due in part to 
an outer sphere path in which water or ethanol functioned as 
the proton source. I n  this sense, the apparent rate of the reac- 
tion would be expected to increase with “solvent polarity,” 
really ethanol concentration. Our data are in agreement with 
the observation that oxidation rates in benzene containing 
pyridine are too slow to be measured. Thus, we find no reaction 
a t  all i n  neat pyridine. It is also true that in  the aqueous and 
ethanol solvents the ratio of low- to high-spin porphyrins rep- 
resented by the equilibrium 1 can change significantly. The 
high-spin pentacoordinate species oxidizes a t  a rate too rapid 
to follow by means currently at our disposal. This is not to say 
that the explanation and mechanism advanced by Cohen and 
Caughey (1968) are incorrect. Quite the contrary (cf. intro- 
ductory section), their solvent conditions were such that the 
second order in iron (high-spin) mechanism could well domi- 
nate. We note only that the fluctuation in the kinetic order for 
iron in their measurements could in part be due to the operation 
of the outer sphere mechanism observed here. In sum, both of 
the earlier general interpretations of Kao and Wang ( 1  965) 
and Cohen and Caughey ( 1  968) are correct. An inner and an 
outer sphere mechanism for the oxidation of iron(l1) porphy- 
rins can operate. As demonstrated by Cohen and Caughey 

The visible spectra of all amine base iron(l1) porphjrin adducts are 
remarkably similar wlhether or not the amino moiety is part of a conjugated 
P system (cf. Figure I ). Indeed, iron(1l) octaethylprphyrin exhibits nearlj 
identical spectra i n  piperidine, rert-butylamine, and N-methqlimida- 
701e. 

(1968), the inner sphere process is second order in iron. We 
show here that the outer sphere process envisioned by Kao and 
Wang (1965) can occur but i t  requires a proton source. 
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