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Most of the studies to determine the origin of the incorporated 
oxygen atom in olefin epoxidations catalyzed by metalloporphyrins 
have been performed in organic solvents or biphasic media with 
hydrophobic complexes. From these data it has been concluded 
that theoxygen atomoriginated from theprimaryoxidant (PhIO,' 
LiOCl,? KHSOS~). Although in the case of iodosylbenzene early 
experiments18 suggested that high-valent iron-oxo complexes can 
exchange the coordinated oxygen atom with labeled water, a 
recent reevaluation of l 8 0  incorporation in metalloporphyrin- 
mediated oxygenation reactions carried out in the presence of 
H2180 indicated that the metal-oxo species does not quickly 
exchange its oxygen atom with watera4 The rate of such an 
exchange reaction is far below the rate of oxygen incorporation 
into the organic substrate. In the case of oxygenations catalyzed 
by cytochrome P-450, the source of the incorporated oxygen was 
molecular oxygen rather than water.5 Water-soluble manganese 
and iron porphyrins have water molecules as axial ligands.6 Does 
this influence the origin of epoxide oxygen when olefin epoxidations 
are performed in water with soluble metalloporphyrins activated 
by a water-soluble oxidant? We report here a possible answer 
to this question that we obtained by studying the oxidation of 
drugs catalyzed by water-soluble metalloporphyrins in order to 
mimic the oxidative metabolism of xenobiotic  molecule^.^ 

Anionic or cationic metalloporphyrins activated by potassium 
monopersulfatea catalyze the epoxidation of carbamazepine (CBZ, 
an analgesic and anticonvulsant drug, Scheme 1) to CBZ 10,- 
1 1-oxide, which is the main metabolite observed in viv0.9 This 
epoxidation reaction is one of the rare examples of a metal- 
loporphyrin-mediated oxygenation reaction performed with high 
yields (75-80%, see below) in aqueous solutions. Most of the 
drug oxidations previously reported were the result of electron 
abstraction from the substrate.' So the CBZ epoxidation allowed 
us to investigate the mechanism of the catalytic oxygen transfer 
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Scheme 1. Epoxidation of Carbamazepine by a 
Metalloporphyrin/KHSOS/HzO System 

CBZ CBZ-10,ll-oxide 

in aqueous solution and, in particular, to determine the source 
of the incorporated oxygen atom. 

Catalytic epoxidationslo of CBZ were performed with two 
different metalloporphyrins, MnTMPyP and FeTDCPPS (a 
cationic, non-sterically hindered manganese porphyrin and an 
anionic, sterically hindered iron porphyrin, respectively).ll We 
observed high substrate conversions and epoxide yields at pH 5 
with MnTMPyP and FeTDCPPS: after 1 h reaction, the 
conversion in both cases was above 99%, and epoxide yields were 
80 and 75%, respectively. The CBZ oxide was unambiguously 
characterized by comparison of its retention time in HPLC with 
that of an authentic sample and by its spectroscopic properties.l4J5 

In order to study the origin of the oxygen atom in CBZ oxide, 
we used the most efficient system, Le., MnTMPyP/KHS05 at 
pH 5 in standard conditions and 18O-labeled water solutions.16 
When the catalyzed epoxidation was performed in aqueous 
solutions with various contents of H2I80, we observed, after 
extraction of CBZ oxide with dichloromethane and MS analysis,'7 
that some l a 0  had been incorporated in CBZ oxide and that the 
percentage of CBZ [180]oxide increased concomitantly as the 
percentage of H2180 increased in the reaction mixture. In fact, 
halfof the oxygen atoms incorporated in the epoxide came from 
the solvent (Figure 1; a linear correlation was observed with a 
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over 252. 
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Figurel. Correlationbetween thecontentofH2l80inthereactionmixturt 
and the amount of labeled oxygen found in CBZ oxide (see ref 10 for 
experimental conditions, MnTMPyP being the catalyst). 

Scheme 2. "Redox Tautomerism" Explaination for the 
Incorporation of 0.5 Mole of l8O per Mole of Epoxide in 
Experiments Using H2L8O and KHSl60f. 

CBZoxide f? 0 1 0 0 % I ~ O  0 l00%'60 
CI M%'60+mO+180 +CBZl 

l 2 3 4 4' 5 

a The numbers in parentheses marked with an asterisk reflect the total 
number of electrons involved in the mesomerism. 

slope of 0.47 for the percentage of [18O]oxideversus the percentage 
of H+80, R = 0.98). We checked that the epoxide oxygen atom 
of a sample of labeled CBZ oxide (47% 180) did not exchange 
when exposed to H2160 in the reaction conditions.'* 

To explain the constant ratio of 0.5 for the incorporation of 
oxygen from the solvent, we propose a "redox tautomerism" 
mechanism involving a coordinated water molecule on the 
metalloporphyrin catalyst (Scheme 2). MnTMPyP can exist in 
aqueous solution with one or two metal-bound water molecules 
as axial ligands (1 in Scheme 2). Conversion of the Mn(II1) 
complex 1 to the Mn(V)-oxo 2 should lower the pKa value of the 
ligated water molecule, allowing, at the pH of the reaction, its 
conversion into a hydroxo ligand (3; see ref 20 for discussions on 
the pKa values of aquo and hydroxo ligands in high-valent 
metalloporphyrins). Removal of a proton from this hydroxo ligand 
results in the formation of the stabilized anion 4 with 4e- 
delocalized on both metal-oxygen bonds (4' is a mesomeric form 
with 3 e- delocalized and the manganese at the formal oxidation 

(18) It must be noted that KHSOs does not exchange oxygen atoms with 
water; see ref 3 for experiments with unlabeled monopersulfate and labeled 
water and ref 20 for experiments with labeled monopersulfate and unlabeled 
water. In addition, these data on CBZ epoxidation indicate that an oxidation 
of a coordinated water molecule in compound 1 by KHSOJ can be excluded 
(the oxygen atom of the Mn-oxo bonds should be exclusively W, not 160). 
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Scheme 3. One Proposal for the Stabilized Form of 
Activated Cytochromes P450 Involving Electron Donation 
from the Proximal Cysteinato Liganda 

rok of the Cyatcinato ligand in reducing 
rhe iron oxidurion slate from Fe(V) IO FefN) 

putalive iron(V)-oxo , 

t;"' 7 

a The numbers in parenthew marked with an asterisk reflect the total 
number of electrons involved in the mesomerism. 

state IV).2' This anion can be protonated with the same 
probability on either of the two metal-oxo-like bonds, giving rise 
to either form 3 or 5, which then reacts with CBZ to produce 
CBZ oxide containing either l60 or l8O, respectively, in the ratio 
1:l. The tautomeric equilibrium between 3 and 5 can not only 
localize theoxidizingentity ononeor theother faceof theactivated 
metalloporphyrin but can also, via electron delocalization along 
the two axial positions, contribute to stabilize the high-valent 
metal-oxo through a mesomeric equilibrium between 4 and 4', 
this latter form involving a lower oxidation state of manganese. 
Such a "redox tautomerism" along the axial ligands in high- 
valent metal-ox+aquo complexes suggests that, in the active 
form of cytochrome P-450, the proximal cysteinato ligand is 
probably a noninnocent ligand:22 it may be able to provide an 
electron to FeV in the putative iron(V)-oxo 6 to reduce the formal 
oxidation state of the iron center to Few, creating a radical cation 
on the sulfur atom (form 7 on Scheme 3; alternatively, 3 e- are 
delocalized along the 0-Fe-S axis in the mesomeric form 8). In 
the case of peroxidases, this electron is provided by the porphyrin 
ligand itself, not by the imidazole ring of the proximal histidine, 
which is less oxidizable than cysteine. Since most high-valent 
P-450 models studied up to now were based on hydrophobic 
metalloporphyrins with poorly oxidizable axial ligands (chloride, 
pyridine or imidazole), it is not surprising that all these 
oxometalloporphyrins have been shown to exhibit a radical cation 
on the macrocycle like in peroxidase compound 1.23 
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