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The aim of this work was to evaluate whether metalloporphyrin models could mimic the action of
cytochrome P-450 in the oxidation of atrazine, a herbicide. The commercially available second-
generation metalloporphyrins 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin metal(lll) chloride [M(T-
DCPP)CI] and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin metal(lll) chloride [M(TFPP)CI] (metal
= Fe or Mn) and the oxidants iodosylbenzene and metachloroperbenzoic acid were employed in this
study. Results showed that the metalloporphyrins used here can oxidize atrazine. Yields as high as
32% were obtained for the Mn(TFPP)CI/PhIO system, which shows that these catalysts can mimic
both the in vivo and the in vitro action of cytochrome P-450, with formation of the metabolites DEA
and DIA. The formation of five other unknown products was also detected, but only one of them
could be identified, since the other four were present in very low concentrations. The compound
COA, identified by mass spectrometry, was the main product in most of the oxidation reactions.
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INTRODUCTION may help scientists understand detoxification mechanisms, thus
enabling the development of novel pest inhibitot3. (

In this context, synthetic metalloporphyrins have been used
as biomimetic models for more than 20 years, especially in drug
metabolism studies (5). These complexes have provided a

The cytochrome P-450 enzymes (P450) are one of the most
important systems responsible for pesticide detoxification in
plants (1,2). Increased P450 activity is related to the develop-

ment of a resistance mechanism by weeds through which toxic i ! ;
compounds are metabolized and thus inactivated. Therefore,Petter understanding of the metabolism of active compounds

understanding the way these enzymes act, as well as gainind” Vivo Py helping to identify which functional groups in the
knowledge about the potential development of plant resistance €W drugs are sensitive to metabolism. This information has
to new pesticides on the part of weeds, has become of greatenaplgd the large-scale product.lon of mgtabolltes (Qn the'scale
importance for control of herbicide tolerance in plantations and ©f milligrams) for pharmacological studies and toxicological
weeds, as well as for optimization of novel active compounds tests.
to be used in agriculture (B). Despite the good results obtained with the use of synthetic
The majority of the studies showing the role of P450 in the Metalloporphyrins in drug oxidation, few studies have been
transformation of herbicides in weeds have been carried out in devoted to the application of these models in pesticide trans-
vivo. This is because isolating enough amounts of microsomal formation. Keserl and co-workers are one of the few groups
fractions from these plants is extremely difficult. As for higher working in this field, and they have shown that Fe(TFPP)CI
plants, the participation of P450 in herbicide detoxification can can mimic the action of insect P450 in the chemical transforma-
be investigated by using plant microsome in vitro assdys (  tion of insecticides belonging to the carbamate class of
As the isolation of P450 genes from plants is extremely compounds (7).
difficult, the first reactions employing this hemoprotein’s genes  Fukushima et al. have recently compared the metabolism of
were carried out with bacterial and mammalian P450. Only in the insecticide pyriproxyfen in tomatoes with results obtained
recent years have genes of P450 enzymes been isolated fronfly means of a biomimetical study employing metalloporphyrin
plants, and the first reactions confirmed that these enzymes takemnodels (8). These authors succeeded in showing that metal-
an active part in herbicide detoxificatiofi)( loporphyrins are able to mimic the in vivo action of P450.
The use of chemical model systems mimicking P450 might  Atrazine (2-chloro 4-ethylamino-6-isopropylamino-1,3,5-tri-
therefore be a very useful tool for overcoming the difficulty in azine; ATZ) is a pre- and post-emerging selective herbicide for
working with enzymes in vivo and in vitro, and these models weed control. This compound acts as an effective inhibitor of
the Hill reaction in photosynthesis, thus reducing the amount

* Corresponding author. Telephone:55 16 36023799. Fax+55 16 Of COz fixed in the plant §—12). This compound is extremely
36023848. E-mail: mddassis@usp.br. important in agriculture, especially because of its tolerance by
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Figure 1. Atrazine metabolism in corn (adapted form ref 11).

maize. In fact, it is one of the most widely employed herbicides
in the United States.
In this culture, the main herbicide detoxification routes consist

Gotardo et al.

Figure 2. Metallopophyrins used in this study (M = Fe' or Mn').

2. MATERIALS AND METHODS

All the chemicals used in this work were HPLC-grade or P.A.,,
purchased from Merck, Aldrich, Acros, Fluka, or Mallinckrodt, and
used as received. Atrazine (99.2% purity) was provided by Supelco
and Syngenta. Deethylatrazine (99.9% purity), deisopropylatrazine
(96.1% purity), deethyldeisopropylatrazine (98.3% purity), hydroxyatra-
zine (96.0% purity), deethylhydroxyatrazine (98.7% purity), and
deethyldeisopropylhydroxyatrazine (99.6% purity) were provided by
SupelcoTable 1lists the structures, common names, chemical names,
and abbreviations of atrazine and its metabolites. Metachloroperbenzoic
acid (m-CPBA) was provided by Acros (70% purity). lodosylbenzene
(PhlO) was prepared by hydrolysis of iodosylbenzene diacetate,
following the method of Sharefkin and Saltzmatb), and its purity
was 93%, as determined by iodometric titration. Imidazole (Im) was

of glutathione conjugation catalyzed by glutathione s-transferase provided by Acros (99% purity). The porphyrins Fe(TFPP)C} H

and N-dealkylation, as shown figure 1. Although P450 is

thought to catalyze N-dealkylation, this has not been demon-

strated in vivo.

The first N-dealkylation reduces herbicide affinity for the
target receptors, thus reducing its toxicity. The second N-
dealkylation culminates with herbicide detoxification in the plant
(12).

(TDCPP), and H{TFPP), were purchased from Mid-Century and used
as received. Iron and manganese insertion into the free base porphyrins
H(TDCPP)CI and KTFPP)CI was carried out using the method of
Adler et al. (L6). Figure 2 shows the structures of the metalloporphyrins
used in this study.

2.1. Oxidation Reactions.The standard catalyst/oxidant/substrate
molar ratio used in the oxidation of atrazine was 1:60:120. To this
end, 2.5x 1077 mol of the metalloporphyrin, 1.5 107> mol of the

In the enVirOnment, the main ATZ metabolltes are |tS Oxidant’ and 3x 105 mol of ATZ in 1500 IML of solvent were
N-dealkylated products. Nevertheless, this herbicide is highly employed (MeOH or ACN). Another catalyst/oxidant/substrate molar
persistent and mobile, being one of the main underground waterratio with excess oxidant was also used, namely 1:240:120. Imidazole
contaminants in Europe. Degradation of this compound by was added to some reactions, at a catalyst/ligand molar ratio of 1:10.
microbial catalysis in soil environments is a relatively slow All reactions were carried out at room temperature under magnetic
process, with a half-life of 60—100 days (1B4). stirring. At the end of the reaction (24 h) or at regular intervals, an

The aim of this work is to evaluate whether metalloporphyrin 2liquot of the reaction mixture (200 mL) was withdrawn. The porphyrin
systems can mimic the action of P450 in the oxidation of was removed from this aliquot before analysis by HPLC, by addition

. To thi d | d th iall ilabl of hexane (600 mL) and a mobile phase (400 mL). This mixture was
atrazine. To this end, we employed the commercially available vortex-mixed and centrifuged; the lower phase (mobile phase) contain-

second-generation metalloporphyrins 5,10,15,20-tetrakis(2,6-ing the oxidation products was then injected into the chromatographic
dichlorophenyl)porphyrin metal(lll) chloride [M(TDCPP)CI]  system.

and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin metal(lll)  2.2. HPLC Analysis. The analytical HPLC analyses were performed
chloride [M(TFPP)CI] (metak= Fe or Mn). on a SHIMADZU liquid chromatograph equipped with an LC-10AS

Table 1. Chemical Structure of Atrazine and Its Metabolites

RoHN N NHR3
abbreviations compounds R1 R2 R3

ATZ 2-chloro-4-(isopropylamino)-6-(ethylamino)-s-triazine (atrazine) —Cl —CH,CH3 —CH(CHj3);
DEA 2-chloro-4-(isopropylamino)-6-amino-s-triazine (deethylatrazine) —Cl -H —CH(CHs),
DIA 2-chloro-4-(ethylamino)-6-amino-s-triazine (deisopropylatrazine) —Cl —CH,CHj3 -H

DAA 2-chloro-4,6-diamino-s-triazine (deethyldeisopropylatrazine) —Cl -H -H

OHA 2-hydroxy-4-(isopropylamino)-6-(ethylamino)-s-triazine (hydroxyatrazine) —OH —CH,CHj3 —CH(CHj3),
OHDEA 2-hydroxy-4-(isopropylamino)-6-amino-s-triazine (deethylhydroxyatrazine) —OH -H —CH(CHs),
OHDAA 2-hydroxy-4,6-diamino-s-triazine (deethyldeisopropylhydroxyatrazine) —OH -H -H

COA 2-chloro-4-(acetamido)-6-(isopropylamino)-s-triazine —Cl —NHCOCH;3 —NHCH(CHs3),
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Figure 3. Mechanism of P450-catalyzed N-dealkylations.

NH

solvent pump, an SPD-M 10A VP spectrophotometric detector (1
220 nm) coupled to a CTO-10A VP column oven, and an SCL-10A
VP system controller. Separation of the herbicide and the oxidation
products was carried out in a Lichrospher 100RP-18 column, with a
particle size of 5um (125 mmx 4 mm), supplied by Merck. The
analytical column was protected by a LiChrospher guard column (4
mm x 4 mm). Elution was carried out with a gradient ranging from
phosphate buffer (pH 7)/methanol 90:10 (v/v) to phosphate buffer (pH
7)Imethanol 50:50 (v/v), at a flow rate of 1.0 mL minThe run time
was 40 min. The mobile phase was purged with helium.

2.3. Mass Spectrometry AnalysisProducts generated from the
metalloporphyrin-catalyzed atrazine oxidation were collected separately
by means of an HPLC collector, stored, and analyzed by mass
spectrometry (MS). Elution was carried out with a gradient of ACN/
MeOH/acetic acid 0.1% ranging from 8:12:80 v/v to 20:30:50 v/v, at
a flow rate of 1.0 mL min?.
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abstraction from the substrate by the latter species, with
formation of F&/OHP and the substrate radical. Further OH
group transfer from PEOHP to the substrate radical results in
hydroxylation of the carbon adjacent to the nitrogen atom,
leading to an unstable carbinolamine that decomposes into an
amine and a carbonyl derivative.

In the second mechanism (B), known as hydrogen abstraction,
there is no electron transfer. The catalytically active speci¥s Fe
OP™ directly abstracts a hydrogen atom from the substrate, and
the remaining steps are similar to those involved in mechanism
(A) (18).

In general, the occurrence of either mechanism A or B
depends on the substituents present on the nitrogen atom of the
substrate (18). The mechanism of P450-catalyzed atrazine
N-dealkylation is unknown, which makes studies employing
P450 chemical models an important tool for its investigation.

In this work, therefore, atrazine oxidation reactions were
carried out in the presence of Fe(TFPP)CI, Fe(TDCPP)CI, Mn-
(TFPP)CI, and Mn(TDCPP)CIFjgure 2), which are all
commercially available second-generation metalloporphyrins
well-established in the literature as good catalysts for hydro-
carbon and drug oxidation$). Contrary to first-generation
metalloporphyrins, these compounds bear electron-withdrawing
substituents€Cl or —F) in the meso-phenyl positions of the
porphyrin macrocycle, which confer steric hindrance to the
catalyst and avoid its self-oxidative destructios).(These
substituents also activate the catalytic species, generally an oxo-
metal porphyrin cation radical [Me(IV)OP or Me(V)OP],
making this species more electrophilic and reactive toward the

Mass spectra were obtained on a Quattro LC mass spectrometersubstrate.

(Micromass) equipped with an ionization electrospray source in the
positive mode (ESI+).

2.4. Nash Test.The Nash reagent (5 mL; 37.5 g of ammonium
acetate, 0.75 mL of acetic acid, and 0.5 mL of pentane-1,4-dione in
250 mL of distilled water) (17) was added to an aliquot of the reaction
mixture (500xL) in a 10-mL volumetric flask, and the volume was
completed with distilled water. This solution was incubated at@0
for 40 min, and the solution absorbance was recorded at 412 nm.

2.5. Catalytic Intermediate Studies through UV-Vis Spectra.

PhIO, a two-electron oxidant, was initially used as an oxygen
donor in the present study because it is considered a standard
oxidant in the case of metalloporphyrin systerd9)( Later,
m-CPBA, a peracid that is soluble in organic media and is very
frequently used in metalloporphyrin-catalyzed reactions, was
also used. The latter oxidant may undergo heterolytic cleavage
upon its coordination to the metalloporphyrin central metal ion,
leading to the formation of the active species oxoferryl or

UV —vis spectra were obtained on a Hewlett-Packard 8452, diode array 0xomanganyl porphyrinz-cation radical, Me(IV)OF. Ho-

spectrometer. A quantity of 506L of PhlO solution (0.02 mol L?)
was added to a quartz cell (10-mm de path length) containing ZD00
of Fe(TFPP) and ATZ solution in MeOH or ACN (2 10 and 1.8
x 1075 mol L71, respectively). Consecutive spectra were recorded.
2.6. Catalytic Intermediate Studies through EPR SpectraThe

EPR spectra were recorded on a Varian E-4 spectrometer operating al

the X band frequency (9 GHz) with a gain of’1200 mW microwave
power, and 10 G amplitude modulation at 4 K. Quantities of D0
of PhIO solution (0.02 mol 1) and 100uL of ATZ (0.04 mol L)
were added to an EPR tube containing 1000f Fe(TFPP)CI solution
in ACN (3.3 x 10™* mol L™%). The mixture was stirred manually.
Consecutive spectra were recorded.

3. RESULTS AND DISCUSSION

P450-catalyzed ATZ metabolism occurs via N-dealkylation
of the ethyl and propyl side chains of the secondary amines in
various biological systems (2). According to reports in the
literature, P450-catalyzed N-dealkylations occur via initial iron-
(IMporphyrin oxidation, which gives the high-valent catalytic
species oxoferrylporphyrin-cation radical, Fe(IV)OP. There-

molytic cleavage of the ©0 bond may also occur, leading to
the formation of a less reactive intermediate, \Wee-OH, as
well as RO radicals, thus favoring the occurrence of radicalar
mechanisms (2Q1).

ATZ oxidation reactions were carried outin MeOH and ACN,
%aking the solubility of this herbicide and its metabolites in these
solvents into account. Solubility was also a determining factor
for the choice of reaction conditions, once the studied substrate
was a solid with limited solubility in the volume employed in
the reactions (1.5 mL). A catalyst/oxidant/substrate molar ratio
of 1:60:120, corresponding to 2,6 1077 mol of catalyst, 1.5
x 1075 mol of oxidant, and 3.0< 105 mol of substrate (~7
mg ATZ /1.5 mL of solvent), was the standard condition in our
studies.

Control reactions were carried out in the absence of metal-
loporphyrin, under the same conditions as the catalytic runs,
and gave no products.

Table 2 shows the total product yield (R%) obtained in the
ATZ oxidation reactions for each metalloporphyrin/oxidant

after, there are two proposed mechanisms for the reaction, assystem, under different conditionigures 4 and 5 show the

shown inFigure 3.
The first mechanism (A) is known as the electron-transfer

plots of relative product distribution, in percent, in the case of
the reactions carried out in ACN.

mechanism, where there is a one-electron transfer from the From Table 2, it can be seen that the metalloporphyrins

substrate to the catalytically active specie¥ &, rendering
the ferryl species FEOP. This is followed by hydrogen atom

studied here are poor catalysts for atrazine oxidation in MeOH,
leading to product yields of only around 1%. The catalytic
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Figure 4. Product distribution (in percentage) obtained in the metalloporphyrin-catalyzed oxidation of ATZ by PhlO in ACN in the standard conditions.
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Figure 5. Product distribution (in percentage) obtained in the metalloporphyrin-catalyzed oxidation of ATZ by m-CPBA in ACN in the standard conditions.
PI1,PIl, Pl PIV,and PV are unknown products.

Table 2. Total Yield of the Metalloporphyrin-Catalyzed ATZ Oxidation that the low yields obtained in the ATZ oxidation reactions
Reactions, under Different Reaction Conditions carried out in MeOH are because this solvent is preferentially
oxidized in these conditions, thus consuming 75% of the oxidant
catalyst oxidant MeOH (R%)  ACN (R%) present in the reaction medium.
Fe(TFPP)CI 1 PhiO ~1 10 In ACN, a solvent that does not compete with ATZ for the
2 m-CPBA 2 10 . . . )
Fe(TDCPP)CI 3 PhIO 1 8 caf[a_lytlcally actlye_ species, the meta_lloporphyrm; were abl_e to
4 m-CPBA ~1 14 oxidize the herbicide with total oxidation product yields as high
Mn(TFPP)CI 5 PhIO ~1 32 as 32%, in the case of the Mn(TFPP)CI/PhlO syst&able 2,
6 m-CPBA ~1 1 entry 5). This result demonstrates that these metalloporphyrin
Mn(TDCPPCI ; ;r-“cOPB A :1 18 complexes are good catalysts, especially if we consider that ATZ

is a herbicide that persists in the environment and that its

. . . - degradation is difficult even in the presence of advanced
activity remained low even upon changes in the porphyrin ligand oxidation processes (134)
(TFPP~ and TDCPP-; Figure 2), metal (F&" and Mr#t), and pre T _ _
oxidant (PhIO andn-CPBA). Therefore, these three variables ~ BY @nalyzing the product distribution obtained in the metal-
are not the main variables responsible for the low yields. A !0Porphyrin-catalyzed oxidation of ATZ in ACNF(gures 4and
possible explanation for the inefficiency of these systems could 2): it can be seen that the metabolite DEA was one of the main
be the fact that the solvent MeOH could be acting as substrate,Products in all the reactions. In some reactions, formation of
thus competing with ATZ for the catalytic species. To inves- the metabolite DIA was also detected. These two compounds
tigate whether this was the case, formaldehyde, the oxidationCOrrespond to the main metabolites obtained in the ATZ
product generated from MeOH, was quantified by means of the metabolism by cytochrome P450 in vivdQ—12), which
Nash test (2122) in the case of the Fe(TFPP)CI/PhlO and Mn- indicates that the metalloporphyrins used here can be considered
(TFPP)CI/PhIO systems. The Nash test consists of the spectroRiomimetic models of this enzyme.
photometric determination of formaldehyde, which, in the Apart from the metabolites DEA and DIA, we also detected
presence of a diketone and an ammonium salt, forms diacetyl-the formation of five other products during ATZ oxidation,
hydrolutidine (DDL), a compound that absorbs at 412 nm. which were designated P I, P I, P lll, P IV, and P V, according

By means of a calibration curve previously built from standard to the elution order. Compound P V was the most abundant
solutions, the concentration of the formaldehyde generated in product for all the metalloporphyrin/oxidant systems, except for
the reaction could be calculated, and the percentage of oxidizedVin(TFPP)CI/m-CPBA, which led to DEA as the main product
methanol could thus be estimated. Both in the presence and in(Figure 5). Compound P V was isolated and analyzed by mass
the absence of ATZ, the yield of formaldehyde was 75% in the spectrometry (ESI/MS) and ESI-MS/MS in the positive mode.
case of both Fe(TFPP)Cl and Mn(TFPP)CI. This result shows This compound gave rise to a signal at/z 230, which
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Table 3. Main Fragments of the Products DEA and P V Generated IV is probably formed via a radicalar mechanism, once its
during the Oxidation of ATZ as Determined by ESI-MS and formation coincides with the use of the peracid as oxidant, which
ESI-MS/MS may undergo homolytic cleavage and generate radicals.

Although the P450 system is capable of N-dealkylating two
compound M+H1 ESI-MSIMS (m/2) alkyl side chains of the herbicide in vivo, which leads to the
DEA 188 188, 146, 110, 104, 79, 68 formation of the metabolites DEA, DIA, and DAA, the

POV 230 230,188, 146, 110, 104, 79, 68 metalloporphyrin systems preferentially attach the ethyl chain
in ATZ, generating the compound COA and the metabolite DEA

Corresponds to the mo'ecu'ar ion [M H+]' and a fragmentation as the main pI’OdUCtS, as We" as traces Of the metabolite DIA.
MS/MS pattern similar to DEA, as shown ifable 3. This preference was confirmed when the metabolites DEA and

Comparison of these results with literature data for compounds DIA were used as substrates for the Fe(TFPP)CI/PhIO/ACN
generated from atrazine degradatiolﬂ( 14) leads to the system in the standard conditions established in this work. When
identification of P V as &Ompound Containing an amide in the metabolite DIA was used as SubStl’ate, formation of the

the ethyl chain of ATZ (COAFigure 6). Studies reporting ATz~ metabolite DAA was detected in 10% yield, as expected.
However, when the metabolite DEA was employed as substrate,

al there was no formation of DAA. In other words, attack of the
/k catalytically active species to the propyl chain is not favored,
NSY and only traces of the compound OHDEA (yieldl%) were
/L )\ obtained. The propyl chain probably confers higher steric
P hindrance to the approach of the high-valent oxo-metal species
HN N NH generated from the metalloporphyrins used in this study, which
/k /l\ all contain bulky substituents (—Cl angF) in the phenyl
HyC CH, © CHj substituents on the porphyrin ring.
Figure 6. Structure of COA, as determined by MS and MS/MS The different results optained with the meFaIIoporphyrin
spectrometry. models when compared with those obtained with the enzyme

demonstrate the importance of the protein matrix involving the
degradation via advanced oxidation processes have describedron porphyrin in P450. The matrix is responsible for directing
COA as an intermediate compound in the formation of the the substrate approach, through the interaction with specific
metabolite DEA (1314, 23, 24). amino acids, thus controlling the oxidation site. Biomimetic

Identification of the remaining unknown products (P-1V) models cannot reproduce such control.

was not possible because they were formed at very low As an attempt to understand the mechanism of metallopor-
concentrations, even though P IV was the second most abundanphyrin-catalyzed ATZ oxidation and the formation of the various
product in the case of the ironporphynm{CPBA systems. P products, some variables such as reaction time, excess oxidant,
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Figure 7. Number of mol of COA and DEA as a function of time obtained in AZT oxidation by the Fe(TFPP)CI/PhIO/ACN system.
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Figure 8. Product distribution obtained in the MnP-catalyzed ATZ oxidation by m-CPBA in ACN, in the standard conditions and in the presence of
imidazole. P I, P Il, P Il P IV, and P V are unknown products.
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Figure 10. Product distribution, in percentage, obtained in the FeP-catalyzed AZT oxidation by m-CPBA in ACN in the standard conditions and in the
presence of imidazole. P I, P II, P Ill, P IV, and P V are unknown products.

presence of imidazole, and absence gf(&gon atmosphere) Figure 8 shows the product distribution for the MmRCPBA
were evaluated. systems in both the presence and absence of imidazole. It can

Because the compound COA is an intermediate in the be seen that imidazole favors formation of the metabolite DEA,
formation of the metabolite DEA in ATZ degradation studies with concomitant decrease in the formation of the compound
using advanced oxidation mechanisms (13, 23, 24), the COA, or even its absence. This result shows that these two
reaction using the Fe(TFPP)CI/PhIO/ACN system under the products are formed via distinct and competitive mechanisms,
standard conditions was monitored as a function of time (10 which involve different catalytically active species. The me-
min, 20 min, 1 h, 2 h, 3 h, and 5 h). This was done to investigate tabolite DEA is probably formed via the M@P species, which
whether formation of the metabolite DEA occurred via COA is stabilized by imidazole2t), whereas COA is formed via the
consumptionFigure 7 shows a plot of the number of mol of Mn'VOP intermediate, which can be formed by reduction of
each of the main reaction products (COA and DEA) versus the MnVOP in the absence of the nitrogen ligaraby.
reaction time. It was observed that the compound COA and the Analogously, in the case of iron porphyrins, the metabolite
metabolite DEA are formed independently, contrary to what is DEA would be formed via the catalytic species\@P* (or
reported in the literature for other catalytic systert8, (14, Fe'OP), mimicking the P450 metabolism in vivo, whereas COA
23,24). would be formed via the PEOP species.

Results obtained in the reactions carried out in the presence Involvement of the PFEOP species in these reactions in the
of imidazole also confirm our findings. The effect of imidazole absence of the imidazole was confirmed by the bright orange
was evaluated for the metalloporphyrins Mn(TFPP)CI, Mn- color acquired by the reaction solution after the addition of the
(TDCPP)CI, and Fe(TFPP)CI, usinm-CPBA as oxidant. oxidant, which is typical of this specie®X). Preliminary studies
Nitrogen ligands, such as imidazole, act as cocatalysts in system®f the reaction intermediates by UWis and EPR at low
involving manganese porphyrins, leading to increased reactiontemperature also confirmed the presence of this species, which
rates, catalytic yields, and selectivit®5, 26). This is because is characterized by absorption bands at 545 and 410 nm (Soret
these ligands can coordinate to the manganese porphyrin in theband) in the U\~vis spectrum 20, 28). This species also led
position trans to the metal-oxo bond, thus stabilizing the to the disappearance of the high-spin Fe(lll) sig&=(5/2, 9

intermediate catalytic species M@P. This intermediate is = 6.0) in the EPR spectrum because of the formation of an
responsible for efficient stereoselective oxidations. The presenceEPR silent F& species (29).
of imidazole also prevents reduction of the XOP species to An increase in the yield of metabolite DEA, with concomitant

Mn'VOP, which is responsible for nonselective and little efficient decrease in the formation of compound COA, could also be
radicalar reactions2b, 26). Imidazole also acts as an aeid seen in reactions carried out with excess oxidant in the case of
base catalyst, favoring heterolytic cleavage of the peroxide bond,the Fe(TFPP)CI/ACN/PhIO system (catalyst/oxidant/substrate
with formation of the high-valent oxo-metal intermediate, thus molar ratio of 1:240:120Figure 9). In these conditions, it is

preventing radical formation (26). probable that COA undergoes further oxidation as a result of
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Figure 11. Product distribution, in percentage, obtained in the FeP-catalyzed AZT oxidation by m-CPBA in ACN in the standard conditions and in the
absence of oxygen. P I, P I, P lll, P IV, and P V are unknown products.

» DEA
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Figure 12. Scheme for MeP-catalyzed AZT oxidation.

the excess oxidant. This should lead to the formation of DEA,  Taking the product distribution under the different conditions
as shown by the increase in the concentration of this product in studied here and the above-discussed hypotheses into account,

Figure 9. it is possible to propose a scheme for metalloporphyrin-catalyzed
No significant alterations in the DEA/COA ratio were ATZ oxidation as shown irFigure 12.
observed for the Fe(TFPP)@I/{CPBA/ACN system in the Scheme A irFigure 12 considers the use of PhlO as oxidant.

presence of imidazole (Figure 10). Contrary to manganese After formation of the active species, M®P in this case, the
porphyrins, the cocatalytic effect of the nitrogen ligand is not reaction may follow two pathways. The first one is biomimetic
expected in this case. This is because imidazole bis-coordinatesand involves reaction of the active species with ATZ, leading
to the axial positions of the iron porphyrin, thus blocking the to the formation of the metabolite DEA. The second pathway
catalytic site and the formation of the catalytic specig8)( corresponds to the reaction between the active species and
Therefore, imidazole was used in this case aiming at favoring another catalyst molecule, leading to formation of the species
heterolytic cleavage of the peracid-@ bond via acid catalysis, = Me'VOP. The latter reacts with ATZ, producing COA. Once
which should lead to formation of the oxo-ferryl porphyrin  ATZ is a relatively inert substrate, the second pathway is
s-cation radical, as well as hinder formation of Rfdicals favored, so the main reaction product is COA. Because COA
via peroxide homolytic cleavagd-igure 10 shows that the is an intermediate species to DEA, it is possible that it is
presence of imidazole avoids formation of P IV and increases oxidized again to DEA under certain conditions, such as in the
production of COA. Bearing in mind that P IV is produced only presence of excess oxidant.

in reactions employing the peracid as oxidant, the absence of Scheme B inFigure 12 considers the use of the peracid as
this product in a system using-CPBA in the presence of  oxidant. Formation of the species M@P depends on the
imidazole confirms that P IV reaIIy results from the h0m0|ytiC heter0|ytic C|ea\/age of the metal-oxo bond, which is favored
cleavage of the peracid O—O bond. in the presence of imidazole. Formation of this species takes

The absence of P IV and an increase in COA concentration us to the first pathway in scheme A, which was discussed above.
are also observed when the reaction using the Fe(TFR®)CI/ Homolytic cleavage of the metal-oxo bond leads to the formation
CPBAJ/ACN system is carried out under argon atmosphere of the species MEPOH and of radicals represented by R&s
(Figure 11). This also confirms that P IV is formed via the well as of other radicals associated with molecular oxygen,
radicalar mechanism propagated by f@esent in the reaction  present in the reaction medium. These should lead to P IV and
medium. other byproducts of radicalar reactions.
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In conclusion, this work has demonstrated the ability of
metalloporphyrins to mimic the action of P450 in the oxidation
of atrazine, a highly persistent herbicide, as well as their capacity
to mimic the in vivo action of P450, with formation of two of
the metabolites found in plants: DEA and DIA.

Our studies also showed the potential application of these
biomimetic chemical models in studies that pursue the elucida-
tion of the in vivo metabolism of herbicides, thus overcoming
the difficulty in working with enzymes in vitro

As in the case of studies on drug oxidation, it can be
envisaged that metalloporphyrins will become an important tool
for the understanding of herbicide metabolism, and they will

help elucidate some resistance mechanisms developed by weeds,
thus assisting the development of novel compounds for pest

control in agriculture.
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