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a b s t r a c t

Oxidative degradation of the herbicides atrazine (1), atraton (2), ametryn (3) and mecoprop (4), was
carried out with hydrogen peroxide and metalloporphyrins as catalysts. Two different reaction conditions
were studied, the first involving Mn(TDCPP)Cl in an aprotic solvent with buffer (S-I), and the second using
Fe(TPFPP)Cl in a protic solvent (S-II). Reaction products were characterized, and based on these it is shown
that there are two distinct reaction schemes.

In the case of the S-I conditions, it is suggested that the s-triazines were oxidized through hydroxylation
of the alkyl side chains followed by dealkylation, while S-II was ineffective for these reactions. In contrast,
mecoprop, was oxidized with high efficiency by S-II, leading to decarboxylation and further oxidation,
while in the presence of S-I, low substrate conversion was observed, and reaction resulted mainly from
oxidation at the benzyl position. Sulfoxidation of ametryn was observed with both systems.

The different reactivity shown by the two systems supports the involvement of different reactive species,

which we assign to the oxo and hydroperoxy complexes. These routes show similarities with metabolic
pathways, with the reactivity pattern of S-I analogous to the reported metabolism of these pollutants with
cytochrome P450 enzymes, while S-II catalyses mecoprop decarboxylation via a similar pathway to that
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. Introduction

The oxygenation reactions of various substrates with metallo-
orphyrins have been reported to lead to new, more selective or
cleaner” procedures, with potential applications in areas includ-
ng the fine chemicals industry and pollutant degradation [1–3].

ithin such a Green Chemistry context, hydrogen peroxide is a very
ttractive oxidant [4,5]. However, different oxidation behaviour
ay be found for the same substrate, depending both on the metal-

oporphyrin and the reaction medium used [6–10]. To understand
hat causes such differences, and to be able to predict the appro-

riate reaction conditions for a specific reaction pathway, there

s an urgent need for more detailed knowledge of the reaction
echanisms involved, in particular regarding the unambiguous

ssignment of the oxidizing species [11,12].
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In previous studies on catalytic oxidation reactions with syn-
hetic metalloporphyrins in the presence of either hydrogen
eroxide [13] or hypochlorite [14], we have obtained experimen-
al support for the formation of two distinct oxidizing species, with
nherently different reactivity.

In many cases, a strong link is seen between the reactivity in
hese systems and those in biological ones, such as the reactivity
f cytochrome P450. With certain enzymes, a high-valent oxo-
pecies [porphyrin•+Fe(IV) O] (formally equivalent to [Fe(V) O]),
as been suggested to be the main active oxidant and evidence

or the existence of this intermediate has been presented [15]. In
ytochrome P450, a hydroperoxy species [Fe(III)–O–O–H], has also
een proposed as an intermediate in certain oxygenation reactions
16–18].

Mechanistic studies on model metalloporphyrin systems thus
ave the joint advantages of helping the design of reaction condi-

ions for a particular oxidative degradation route, and elucidating
he reactions of certain enzymes, such as cytochrome P450, in xeno-
iotic metabolism, thus complementing results from in vivo and

n vitro studies using highly purified enzymes, but avoiding their
thical or economic drawbacks [19–22].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:susana.reb@gmail.com
mailto:mmpereira@qui.uc.pt
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dx.doi.org/10.1016/j.molcata.2008.09.005
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Fig. 1. Structure of herbicides and

Oxidative pathways have proved particularly useful for the
egradation of pesticides in both thermal [23] and photochemical
eactions [24]. The s-triazines atrazine (1), atraton (2) and ametryn
3) are extensively used herbicides, with high persistence in the
nvironment (Fig. 1) [25]. The high standard reduction potentials
f these compounds make them difficult to oxidize [26]. Mecoprop
s a chlorophenoxy propionic acid herbicide, also widely used to
ontrol broad-leaved weeds [27] (Fig. 1). All four herbicides are
ommonly found in surface and underground waters, from which
here are indications that they may enter the food chain [28].

Although considerable insight has been obtained on the pho-
ooxidative degradation of triazines [24,30] and mecoprop [27], in
articular in the presence of metalloporphyrins, much less is known
bout the thermal oxidation of these substrates with porphyrin
atalysts [31].

We have, therefore, carried out a detailed study of the degra-
ation of these herbicides (1–4) using different metalloporphyrin
ystems, in particular, system I, involving Mn(TDCPP)Cl in aprotic
olvent with buffer (which we will term S-I), and system II, using
e(TPFPP)Cl in protic solvent (S-II). Detailed isolation and charac-
erization of the products were carried out, and, where possible,
eaction intermediates identified to provide information on the oxi-
ation mechanistic pathways. Reaction products will be compared
ith those reported for oxidation of these substrates by enzymes

uch as cytochrome P450 and peroxidases.

. Experimental

.1. General details

GC-FID analyses were performed with an Agilent 6890 GC
ystem using hydrogen as the carrier gas (55 cm/s). The gas chro-
atographic conditions were: initial temperature (70 ◦C, 1 min);

emperature rate (18 ◦C/min); final temperature (290 ◦C); injector
emperature (290 ◦C); detector temperature (300 ◦C). Fused silica
upelco capillary columns SPB-5 (30 m × 0.25 mm i.d.; 0.25 �m film
hickness) were used.

GC–MS analyses were performed using an Agilent 5973 mass
elective detector coupled to the Agilent 6890 GC System plus, oper-
ting in electron impact mode, equipped with an HP-5MS capillary
olumn (12 m × 0.20 mm i.d.; 0.33 �m film thickness) using helium
s the carrier gas (1 mL/min). The temperature program used was:
nitial temperature (120 ◦C, 2 min); temperature rate (20 ◦C/min);
nal temperature (270 ◦C); injector 240 ◦C; the transfer line was
eld at 280 ◦C.

HPLC analysis was performed with an Agilent 1100 series sys-

em equipped with a reverse phase C18, Zorbax ODS column
220 mm × 4.5 mm i.d., 5 �m) and an injector with a loop of 20 �L.
or s-triazine analysis the mobile phase was (50:50, v/v) acetoni-
rile:aqueous ammonium acetate (0.15%); flow rate, 1.4 mL/min
ith the UV-detector set at 222 nm. For mecoprop analysis the

p
i
o
t
0

ysts used in catalytic oxidations.

obile phase was (75:25, v/v) methanol:0.025 M KH2PO4, pH 3,
he flow rate was 1.2 mL/min and the UV-detector was set at
30 nm.

Preparative thin layer chromatography of the oxidation reaction
roducts was performed using silica gel plates with indicator 60
254 (MN-Kieselgel).

UV/vis absorption spectra were recorded on a UV–vis. Hitachi
-2010 spectrophotometer.

1H NMR spectra were recorded using a Bruker DRX 300 operat-
ng at 300.13 MHz. Chemical shifts are expressed in ı (ppm) values
elative to tetramethylsilane as internal reference.

Hydrogen peroxide (35 wt% solution in water) was purchased
rom José Vaz Pereira and acetonitrile from Panreac. Atrazine,
traton, ametryn, mecoprop, deethylatrazine, deisopropylatrazine,
eethyldeisopropylatrazine, hydroxyatrazine and deethylhydroxy-
trazine standards were purchased from Riedel-de Haën. Methanol
PLC grade was purchased from Aldrich and ammonium acetate
.a. from Merck. All other chemicals and solvents were obtained
rom commercial sources and used as received or distilled and dried
sing standard procedures. Millipore (Milli-Q academic system)
ater was used in HPLC analysis.

.2. Porphyrin synthesis

The free bases of the metalloporphyrins, were prepared accord-
ng to the previously described nitrobenzene method [32,33].

etallation of the free bases was carried out with MnCl2 or FeCl2,
sing Adler’s dimethylformamide method [34].

.3. Oxidation reactions

The oxidations of herbicides under study were carried out by
rogressive addition of hydrogen peroxide in the presence of the
wo different systems [metalloporphyrin/reaction medium]. The
eactions were monitored by HPLC and GC-FID and the products
ere isolated and identified using various techniques. Metallopor-
hyrin stability was determined by comparison of the Soret band

n the UV–vis absorption spectra of the reaction mixture at the
eginning and at the end of the reaction. The reactions were con-
idered to be complete when conversion of the substrate reached
ts maximum value and remained unchanged in successive analy-
is.

.3.1. General procedure for oxidations in acetonitrile:ammonium
cetate (S-I)

In a typical experiment, the substrate (0.1 mmol), metallopor-

hyrin (2 �mol) and ammonium acetate (0.2 mmol) were dissolved

n acetonitrile (2 mL) and stirred at 22 ◦C. Aqueous hydrogen per-
xide (35%, w/w), diluted with acetonitrile (1:10), was added
o the reaction mixture in small aliquots every 15 min (43 �L;
.05 mmol).
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.3.2. General procedure for oxidations in
ethanol:dichloromethane (S-II)

In a typical experiment, the substrate (0.1 mmol) and met-
lloporphyrin (2 �mol) were dissolved in 2 mL of methanol:
ichloromethane (3:1) and stirred at 22 ◦C. Aqueous hydrogen per-
xide (35%, w/w, diluted in the reaction solvent, 1:10) was added
o the reaction mixture in small aliquots every 15 min (43 �L;
.05 mmol).

.3.3. Reactions in deuterated solvents
Reaction of atrazine with S-I in deuterated solvents followed

he general oxidation procedure described in Section 2.3.1, the ace-
onitrile was replaced by a mixture of CDCl3:CD3OD (1:1), and
midazole (0.2 mmol) used as co-catalyst instead of ammonium
cetate. The reaction of mecoprop with S-II followed the oxidation
rocedure described in Section 2.3.2, with the solvent replaced by
D3OD:CDCl3 (3:1).

.4. Product isolation

The reaction mixtures were poured into water and extracted
ith dichloromethane. The organic phase was dried over anhy-
rous sodium sulfate and concentrated under vacuum.

The organic extracts were treated differently. For triazine reac-
ions, isolation of the products was performed by preparative thin
ayer chromatography (TLC) on silica gel with indicator and the elu-
nt was a mixture of toluene:ethyl acetate (3:2) for atrazine and
metryn and dichloromethane:methanol (5%) for atraton.

For mecoprop, the organic extract was treated with 1 mL of dried
ethanol and 0.5 mL of H2SO4, the flask was capped tightly, the
ixture was swirled gently, and the reaction was allowed to occur

t room temperature for 30 min. Buffer solution (ca. pH 10, 5 mL)
nd hexane (2 mL) were added to the methanol solution, the sys-
em mixed vigorously and allowed to partition. The organic phase
as dried with anhydrous sodium sulfate and concentrated. The

ompounds were isolated by TLC using dichloromethane:n-hexane
10%) as eluent.

.5. Characterization of compounds

A known feature of the NMR spectra of atrazine solutions, in
protic solvents, is the splitting of its NMR signals for NH, CH2
nd CH groups [35]. In agreement with previously described NMR
pectra of this compound, the split peak will be identified by the
hemical shift (ppm) of the most intense signal.

Atrazine (1): ıH (300 MHz, CDCl3, 22 ◦C, Me4Si) 1.21 [t, 3H,
H3(Et), J = 7.1 Hz], 1.22 [d, 6H, CH3(iPr), J = 6.6 Hz]; 3.44 [q, 2H,
H2(Et), J = 6.8 Hz], 4.15 [sp, 1H, CH(iPr), J = 6.4 Hz]; 5.11 [m, 2H, NH];
S (70 eV, EI): m/z (%): 215 (64) [M•+], 200 (100), 173 (28).
1-Hydroxyethylatrazine (1a): 1H NMR (300 MHz, CD3OD/CDCl3,

2 ◦C, Me4Si): ıH = 1.22 [d, 6H, CH3(iPr), J = 6.5 Hz]; 1.44 [d, 3H,
H3(Et), J = 5.7 Hz], 4.14 [sp, 1H, CH(iPr), J = 6.6 Hz]; 5.58 [q, 1H,
H(Et), J = 5.4 Hz].

Deethylatrazine (1b): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si):
= 1.21 [d, 6H, CH3(iPr), J = 6.6 Hz]; 4.11 [sp, 1H, CH(iPr), J = 6.6 Hz];
.23, 5.38, 5.96 [3s,3H, NH]; MS (70 eV, EI): m/z (%): 187 (35) [M•+],
72 (100), 154 (21).

Acetamidoatrazine (1c): 1H NMR (300 MHz, CD3OD/CDCl3,
2 ◦C, Me4Si): ı = 1.23 [d, 6H, CH3(iPr), J = 6.6 Hz]; 2.39 [s, 3H,
H3(Et)]; 4.15 [m, 1H, CH(iPr)]; MS (70 eV, EI): m/z (%): 229 (58)
M•+], 214 (33), 186 (15), 172 (100), 145 (14).
1-Methoxy-d3-ethylatrazine (1d′): 1H NMR (300 MHz,
D3OD/CDCl3, 22 ◦C, Me4Si): ı = 1.22 [d, 6H, CH3(iPr), J = 6.4 Hz];
.41 [d, 3H, CH3(Et), J = 5.8 Hz], 4.11 [sp, 1H, CH(iPr), J = 6.7 Hz]; 5.48
q, 1H, CH(Et), J = 5.8 Hz]; MS (70 eV, EI): m/z (%): 248 (3) [M•+],
30 (100), 214 (74), 188 (55), 172 (90).
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Deethyldeisopropylatrazine (1f): MS (70 eV, EI): m/z (%): 145
100) [M•+], 110 (42), 68 (39).

Atraton (2): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si): ı = 1.18 [t,
H, CH3(Et), J = 7.1 Hz], 1.20 [d, 6H, CH3(iPr), J = 6.6 Hz]; 3.42 [q, 2H,
H2(Et)], 3.87 [s, 3H, –OCH3]; 4.19 [m, 1H, CH(iPr)]; 4.89 [m-broad,
H, NH]; MS (70 eV, EI): m/z (%): 211 (100) [M•+], 169 (99), 169 (31),
54 (18).

Deethylatraton (2a): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si):
= 1.20 [d, 6H, CH3(iPr), J = 6.5 Hz]; 3.89 [s, 3H, –OCH3]; 4.17 [m,
H, CH(iPr)]; MS (70 eV, EI): m/z (%) = 183 (59) [M•+], 168 (100), 141
47), 126 (10).

Acetamidoatraton (2b): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si):
= 1.22 [d, 6H, CH3(iPr), J = 6.4 Hz]; 2.62 [s, 3H, CH3(Et)], 3.95 [s, 3H,
OCH3]; 4.20 [m, 1H, CH(iPr)]; MS (70 eV, EI): m/z (%) = 225 (64)
M•+], 210 (44), 183 (18), 168 (100), 141 (15).

Deethyldeisopropylatraton (2c): MS (70 eV, EI): m/z (%): 141
100) [M•+], 111 (79), 69 (79).

Ametryn (3): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si): ı = 1.18 [t,
H, CH3(Et), J = 7.1 Hz], 1.20 [d, 6H, CH3(iPr), J = 6.6 Hz]; 2.44 [s, 3H,
SCH3]; 3.42 [q, 2H, CH2(Et)], 4.18 [st, 1H, CH(i)]; 5.01 [s-broad, 2H,
H].

2-Ethyl-4-isopropyl-6-sulfomethyl-s-triazine (3a): 1H NMR
300 MHz, CDCl3, 22 ◦C, Me4Si): ı = 1.21 [t, 3H, CH3(Et), J = 7.1 Hz],
.24 [d, 6H, CH3(iPr), J = 6.8 Hz]; 3.20 [s, 3H, –SCH3]; 3.47 [q, 2H,
H2(Et), J = 7.0 Hz], 4.21 [sp, 1H, CH(iPr), J = 6.8 Hz]; 5.60 [s-broad,
H, NH]; MS (70 eV, EI): m/z (%): 259 (57) [M•+], 244 (72), 217 (11),
80 (100).

2-Amino-4-isopropyl-6-sulfomethyl-s-triazine (3b): 1H NMR
300 MHz, CDCl3, 22 ◦C, Me4Si): ı = 1.24 [d, 6H, CH3(iPr)]; 3.22
s, 3H, –SCH3]; 4.21 [m, 1H, CH(iPr)]; 5.40 [m-broad, 3H, NH];

S (70 eV, EI): m/z (%): 231 (27) [M•+], 216 (100), 189 (5), 151
59).

2-Amino-4-ethyl-6-isopropyl-s-triazine (3c): MS (70 eV, EI):
/z (%): 196 (100) [M•+], 181 (86), 154 (21), 139 (14), 126 (11), 111

8).
2,4-Diamino-6-isopropyl-s-triazine (3d): MS (70 eV, EI): m/z

%): 168 (56) [M•+], 153 (100), 126 (38), 111 (21).
Mecoprop methyl ester (4-Me): 1H NMR (300 MHz, CDCl3, 22 ◦C,

e4Si): ı = 1.67 (d, 3H, H-3, J = 6.8 Hz), 2.25 (s, 3H, H-7′), 3.77 (s, 3H,
Me), 4.74 (q, 1H, H-2, J = 6.8 Hz), 6.65 (d, 1H, H-6′ J = 6.7 Hz), 7.08

dd, 1H, H-5′, J = 8.6 and 2.5 Hz), 7.14 (d, 1H, H-3′, J = 2.2 Hz). MS
70 eV, EI): m/z (%): 228 (87) [M•+], 169 (100) [−59], 142 (82) [−27],
07 (47) [–Cl]; 77 (32) [−30].

Methyl ester of (±)-2-(4-chloro-2-formylphenoxy)propanoic
cid (4a-Me): 1H NMR (300 MHz, CDCl3, 22 ◦C, Me4Si): ı = 1.71 (d,
H, H-3, J = 6.8 Hz), 3.77 (s, 3H, OMe), 4.87 (q, 1H, H-2, J = 6.8 Hz),
.79 (d, 1H, H-6′, J = 9.0 Hz), 7.45 (dd, 1H, H-5′, J = 8.8 and 2.7 Hz),
.82 (d, 1H, H-3′, J = 2.7), 10.49 (s, 1H, H-7′); MS (70 eV, EI): m/z (%):
42 (15) [M•+], 183 (50), 155 (100).

Dimethyl ester of (±)-2-(4-chloro-2-carboxyphenoxy)
ropanoic acid (4b-Me): MS (70 eV, EI): m/z (%): 272 (28) [M•+],
13 (45), 154 (100), 126 (26).

4-Chloro-2-methylphenyl acetate (4c): MS (70 eV, EI): m/z (%):
84 (10) [M•+], 142 (100), 107 (51), 77 (20).

5-Chloro-2-methoxy-3-methyl-1,4-hidroquinone (4d): MS
70 eV, EI): m/z (%). 188 (20) [M•+], 173 (16), 145 (37), 129 (100),
13 (10), 79 (17).

. Results and discussion
.1. Atrazine oxidation

In the oxidation of atrazine, strong catalytic activity was
btained with the system S-I [Mn(TDCPP)Cl; CH3CN; ammonium
cetate (NH4OAc)], resulting in 83% substrate conversion after
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Table 1
Atrazine oxidation with H2O2 catalysed by metalloporphyrin systemsa.

Entry Catalyst Conditions Conversion (%)c t (h) Selectivity (%)c

(1b) DEA (1c) (1d) (1e) DIA (1f) DEIA

1 No catalyst I 0 15 – – – – –
2 Mn(TDCPP)Cl I 83 15 94 4 0 0 2
3 Mn(TDCPP)Cl d-solventsb 64 8 10 10 79 0 0
4 Mn(TPFPP)Cl I 48 12 84 7 0 5 4
5 Mn(TPP)Cl I 3 9 48 0 0 52 0
6 Fe(TPFPP)Cl II 6 12 0 0 92 0 0

nditio
(

solven

1
m
c
t
t
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2

t
c
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o

i

c
a
S
i
r
a
o
m
o

a Reactions performed at 22 ◦C, atrazine (50 �mol): metalloporphyrin (1 �mol). Co
3:1) (2 mL).

b The reaction was performed as in footnote a but using in CDCl3/CD3OD (1:1) as
c Determined by HPLC.

5 h (Table 1, entry 2). Products were isolated from the reaction
ixture using preparative thin layer chromatography (TLC) and all

ompounds could be identified. The major product was deethyla-
razine (DEA, 1b), obtained with 94% selectivity (78% yield), and
he other minor compounds identified were acetamidoatrazine
1c, 4% selectivity) and deethyldeisopropylatrazine (DEIA, 1f,
% selectivity).

The oxidation of this pollutant was inefficient in the presence of
he catalytic system S-II [Fe(TPFPP)Cl; CH3OH], since the atrazine

onversion was only 6% after 12 h (Table 1, entry 6). A minor amount
f 1-methoxyethylatrazine (1d) was observed by GC–MS at the end
f the reaction.

During atrazine degradation in the presence of S-I, an intense
ntermediate peak was observed by HPLC that was gradually

1

a
i
e

Scheme 1. Oxidative degr
ns I: NH4OAc (0.2 mmol); CH3CN (2 mL). Conditions II: Fe(TPFPP)Cl:CH3OH/CH2Cl2

t and imidazole as co-catalyst.

onverted to DEA. This transformation did not involve the met-
lloporphyrin, since it was also observed when the porphyrin
oret band was no longer present in the UV–vis spectrum. To
dentify this intermediate compound, the reaction has been car-
ied out in deuterated solvents (CDCl3:CD3OD), using imidazole
s co-catalyst [13] (entry 3). Again, the intermediate peak was
bserved, but was seen to be predominantly converted to 1-
ethoxy-d3-ethylatrazine (1d′, m/z 248). The 1H NMR spectrum

f the reaction mixture allowed identification of the intermediate

a as 1-hydroxyethylatrazine.

These results allow us to elucidate the reaction profile for
trazine oxidation by S-I, as shown in Scheme 1. Compound 1a
s initially formed and its carbinolamine (hemiaminal) group can
ither undergo spontaneous dealkylation to form 1b or can be

adation of atrazine.
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Scheme 2. Oxidative degradation of atraton.

Table 2
Atraton oxidation with H2O2 catalysed by metalloporphyrin systemsa.

Entry Catalyst Conditions Conversion (%)b t (h) Selectivity (%)b

2a 2b 2c

1 No catalyst I 4 9 100 0 0
2 Mn(TDCPP)Cl I 98 9 86 4 9
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Table 3
Ametryn oxidation with H2O2 catalysed by metalloporphyrin systemsa.

Entry Catalyst Conditions Conversion (%)b Time (h) Selectivity (%)b

3a 3b

1 No catalyst I 0 12 – –
2 Mn(TDCPP)Cl I 100 3 88 0
3 Mn(TDCPP)Cl I 100 12 22 6
4 No catalyst II 0 12 – –
5 Fe(TPFPP)Cl II 100 12 70 0

a Reactions performed at 22 ◦C, ametryn (50 �mol): metalloporphyrin
(
F

o
i
s
S
t
(
(
t
3

v
a
e
F
s
t
e
i

a
3
p
i
a
m

a Reaction conditions: 22 ◦C, atraton (50 �mol); metalloporphyrin (1 �mol). Con-
itions I: NH4OAc (0.2 mmol); CH3CN (2 mL).
b Determined by HPLC.

xidized to 1c. Further, the methoxy derivative (1d) is produced
hen the solvent is methanol.

During the oxidation of atrazine in the presence of S-I, the
electivity for isopropyl group oxidation was low, possibly as a
onsequence of considerable steric hindrance. To test this hypoth-
sis [36], atrazine oxidation was also carried out in the presence of
he less hindered metalloporphyrins Mn(TPFPP)Cl and Mn(TPP)Cl,
sing acetonitrile and ammonium acetate (Table 1, entries 4 and 5).
lthough lower degrees of conversion were observed, higher selec-

ivity was found for formation of deisopropylatrazine [DIA, 1e, 52%
ith Mn(TPP)Cl]. Compound 1e (DIA) was identified using HPLC by

omparison with an authentic commercial sample.
It has previously been shown that dealkylated derivatives of

trazine are less cytotoxic substances than the original herbicide
37], therefore the S-I can be considered as a useful catalytic system
or atrazine degradation and detoxyfication.

.2. Atraton oxidation

The oxidation of atraton (2) in the presence of S-I led to 98%
ubstrate conversion after 9 h. After isolation and characterization
f all the products, the reaction product profile was shown to be
nalogous to that of atrazine and deethylatraton (2a); acetamidoa-
raton (2b) and deethyldeisopropylatraton (2c) were isolated with
elative yields of 86, 4 and 9%, respectively (Scheme 2 and Table 2).

.3. Ametryn oxidation

Using catalytic system S-I, the oxidation of ametryn was com-

lete after 3 h (Table 3, entry 2). The main product, isolated by
reparative TLC, was characterized as the sulfone derivative 3a,
btained with 88% selectivity.

When reaction was continued for 12 h (entry 3), the selectiv-
ty for compound 3a decreased to 22% with concomitant increase

i
f
c
t
m

Scheme 3. Oxidative degr
1 �mol). Conditions I: NH4OAc (0.2 mmol); CH3CN (2 mL). Conditions II:
e(TPFPP)Cl:CH3OH/CH2Cl2 (3:1, 2 mL).
b Determined by HPLC.

f other products. Compound 3b, observed with 6% selectivity, was
solated by TLC and characterized as the dealkylation product of the
ulfone derivative (2-amino-4-isopropyl-6-sulfomethyl-s-triazine,
cheme 3). Two other compounds were also observed in the reac-
ion mixture, one minor product with 4% selectivity and m/z 196
3c) and the major product having 62% selectivity with m/z 168
3d). The mass spectra of both compounds is in agreement with
he substitution of the methylsulfonyl group (–SO2CH3) of 3a and
b by an –NH2 group.

The nucleophilic substitution on the triazine ring has been pre-
iously described; for instance, it is known that the C–Cl bond of
trazine is rapidly hydrolysed to the hydroxyl derivative in the pres-
nce of acids, alkalis or at 70 ◦C in neutral aqueous media [38].
or compounds 3a and 3b, the presence of a good leaving group,
uch as the methylsulfonyl group [39], might improve the substi-
ution reaction by nucleophiles, in particular by NH3 present in
xcess in the reaction media, which results from the ammonium
on equilibrium.

In the presence of S-II (entry 5), the conversion of ametryn was
lso complete after 12 h and the major product was the sulfone
a, obtained in 70% yield. However, in this case, no dealkylation
roducts were observed. The methoxy derivative (atraton, 2) was

dentified in the reaction mixture in 29% yield by co-injection of
reference compound. Also, in this case, nucleophilic attack on
ethylsulfonyl group of 3a can be performed by methanol, present

n the solvent mixture. Analogously, during product isolation, the

ormation of hydroxyatrazine was also observed and confirmed by
o-injection with the appropriate reference compound, indicating
he hydrolysis of 3a due to the presence of water in the reaction

ixture.

adation of ametryn.
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Scheme 4. Oxidative

.4. Oxidation of mecoprop

The oxidation of the chlorophenoxy propionic acid herbicide,
ecoprop, followed two distinct patterns in the presence of the

atalytic systems S-I or S-II, as depicted in Scheme 4.
In the presence of S-I, a relatively low substrate conversion of

2% was observed after 12 h by HPLC (Table 4, entry 2). Esterification
f the carboxyl groups of the products was carried out by treatment
f the reaction mixture with H2SO4/methanol to facilitate prod-
ct isolation and GC analysis. Compound 4a-Me, obtained with
9% selectivity, was characterized as the methyl ester of 4a [(±)-
-(4-chloro-2-formylphenoxy)propanoic acid]. The dimethyl ester
f 4b [(±)-2-(4-chloro-2-carboxyphenoxy)propanoic acid], was the
ther product formed with 71% selectivity, m/z 272 together with
he two successive losses of a CO2Me group in the mass spectrum,
onfirmed the oxidation of the preceding aldehyde to a benzoic
cid.

A third minor compound was also observed during the GC–MS
nalysis, with molecular ion at m/z 239 and main mass fragmen-
ations corresponding to losses of HCN (m/z 27) and CO2Me (m/z
9) units. This was probably due to the formation of a nitrile
erivative inside the GC or MS apparatus through reaction between
he carboxylic groups and ammonium ion present in the reaction
edium.
In contrast with what was obtained with triazines, the catalytic

ystem S-II is much more efficient for the oxidation of mecoprop
han S-I. The oxidation reaction was followed by HPLC and after
h, 100% substrate conversion was observed (Table 4, entry 4).

w
i

i
c

able 4
ecoprop oxidation with H2O2 catalysed by metalloporphyrin systemsa.

ntry Catalyst Conditions t (h) Conversio

No catalyst I 12 0
Mn(TDCPP)Cl I 12 32
No catalyst II 4 4

Fe(TPFPP)Cl II 2 70
4 100

Fe(TPFPP)Cl II, 50 ◦C 2 46
4 100

a Reactions performed at 22 ◦C, ametryn (50 �mol): metalloporphyrin (1 �mol). Conditi
b Determined by HPLC.
c Determined by GC-FID.
dation of mecoprop.

ompound 4c showed m/z 184 for the molecular ion, together
ith mass fragmentations corresponding to losses of [COCH2]

nd [Cl] groups, and corresponds to the structure of 4-chloro-2-
ethylphenyl acetate.
Compound 4d was identified as 6-chloro-2-methoxy-3-methyl-

,4-hydroquinone (m/z 188). When the reaction was performed in
euterated solvents (CD3OD:CDCl3, 3:1), the methoxy group of 4d
as replaced by OCD3 group, leading to formation of 6-chloro-2-
ethoxy-d3-3-methyl-1,4-hydroquinone (m/z 191). This confirms

hat the methoxy group comes from attack by the methanol present
s solvent. The formation of small quantities of mecoprop methyl
ster (4-Me, m/z 228) was also observed.

When reaction with S-II was carried out in the absence of met-
lloporphyrin, only 4% conversion was obtained after 4 h, and the
race products observed are different from those obtained in the
atalysed reaction (Table 4, entry 3).

To obtain more detailed mechanistic insights about the reac-
ion of mecoprop in the presence of S-II, various test assays were
lso performed. Previous studies have shown that benzoic acid is
ecarboxylated upon reaction with hydroxyl radicals (•OH) [40]. To
btain indications on the possible involvement of hydroxyl radi-
al in the S-II mechanism, the oxidation of benzoic acid was also
tudied with this system. However, no conversion of benzoic acid

•
as observed, showing that involvement of OH radicals is of minor
mportance in this mechanism.

The methyl ester of mecoprop does not react with S-II after 4 h,
ndicating that a carboxyl group is necessary, probably due to the
arboxylate group being coordinated by the metal complex [41].

n (%)b Selectivity (%)c

4a 4b 4c 4d Others

– –
29 71

0 0 100

24 35 39
26 30 44

32 52 16
32 40 32

ons I: NH4OAc (0.2 mmol); CH3CN (2 mL). Conditions II: CH3OH/CH2Cl2 (3:1) (2 mL).
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Scheme 5. Formation and reactivity of

.5. Mechanistic considerations

Two different porphyrin based systems have been compared
or the catalytic degradation of four herbicides and different reac-
ivity has been observed for the two types of substrates studied.
oth systems S-I and S-II are very efficient in sulfoxidation of
he thiomethyl group of ametryn, leading to the sulfone deriva-
ive. However, differences were observed with the other oxidative
athways, since while S-I promotes alkyl side chain hydroxyla-
ion of s-triazines, which are followed by spontaneous dealkylation
n high conversion yields, these reactions are inefficient in the
resence of S-II. Also, with S-I, mecoprop was only oxidized with

ow yields, and at the aromatic methyl group, while with S-II, a
ifferent, and more efficient, pathway of mecoprop degradation
as found involving oxidative decarboxylation and subsequent

eactions.
The above results confirm the involvement of two different

ctive species in oxidation of substrates (1–4) by mixtures of met-
lloporphyrins and hydrogen peroxide. In system I [Mn(TDCPP)Cl;
H3CN; NH4OAc], the heterolytic cleavage of the peroxide bond
Scheme 5a) is facilitated by acid/base catalysis induced by ammo-
ium acetate used as a buffer system and by the moderately
lectron withdrawing Mn-porphyrin. The formation of a high-
alent metal-oxo-species is considered to be the responsible for
ydroxylation reactions of normally inert C–H bonds. In addition
o the present application in pesticide degradation, this reaction
bviously has considerable synthetic potential.

In system II [Fe(TPFPP)Cl; CH3OH], the metal-peroxide
roup can establish hydrogen bonding with the protic solvent
Scheme 5b). The strongly electron withdrawing characteristics
f the porphyrin and the absence of a buffer solution lead to a
ecrease in the rate of the heterolytic cleavage of the peroxide
ond and consequently to the inhibition of oxo-species forma-
ion. However, the peroxide bound oxygen becomes electrophilic
nough to oxidize substrates in a similar fashion to that seen with
eroxy acids activated by electron withdrawing groups, such as
-chloroperoxybenzoic acid (m-CPBA) [4]. These are known to

e efficient epoxidation reagents but are unable to induce alkane

ydroxylation reactions.

The present data are in line with our previous results [13], fur-
her corroborating our proposal that S-I activates an oxo-species as
ntermediate oxidant, while S-II induces the formation of an active
ydroperoxy species.

t
h
t
t
p

nt metalloporphyrin oxidizing species.

During previous studies using metalloporphyrins as syn-
hetic models of cytochrome P450 enzymes, a complex reactivity
anorama has frequently been reported. Different metallopor-
hyrins and reaction media lead to differences in conversion and
electivity [4,3]. Other apparently inconsistent observations have
requently been left unexplained, such as the need of a co-catalyst
or hydrogen peroxide activation by Mn-porphyrins [13,42] and
he negative effect of the same co-catalyst when employing Fe-
orphyrins [13,43]. The present study clarifies these observations
nd gives a key for understanding and exploring the potentialities
f these systems based on the formation of specific active species,
hich are relevant both to synthesis and to the application of such

atalytic routes as advanced oxidative processes (AOPs) [29] for
ollutant degradation.

Further mechanistic considerations on the individual reactions
escribed in the present work can also be noted. Hydroxylation
eactions of C–H bonds [44,45] and the oxidations of alcohols to
etones [46,47] by an oxo-species, have been extensively impli-
ated in mechanistic proposals. The oxidation of the thiomethyl
roup of ametryn is efficiently catalysed by both systems S-
and S-II. These reactions indicate that attack of the S lone

airs is possible at the electrophilic oxygen sites of both active
pecies.

The present results also provide some mechanistic insight
hrough the oxidation reaction of mecoprop by S-II (Scheme 6).
he formation of •OH radical was considered to be a minor process
n this reaction, and evidence was obtained that the major path-
ay involves the intervention of a hydroperoxy species, as well as

he free carboxylic group of mecoprop. Initially, coordination of the
arboxylic group to the central metal of the hydroperoxy species
an induce decarboxylation with formation of a carbon radical (4e).
ioxygen trapping by the radical species and loss of •OH by the
eroxy radical species (4f) can lead to compound 4c.

Species 4c can suffer nucleophilic substitution by methanol
resent as the solvent with loss of acetic acid, leading to 4g. This
tep is confirmed by the formation of the –OCD3 derivative, when
he reaction was carried out in deuterated methanol [48]. The –OMe
roup significantly activates the aromatic ring in comparison with

he acetoxy group and compound 4g can undergo aromatic di-
ydroxylation to afford the product 4d. The particular ability of
he hydroperoxy species to perform aromatic hydroxylation reac-
ions is in line with our previous results [13] and a mechanistic
roposal was advanced in studies on mutants of cytochrome P450
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Scheme 6. Mechanistic proposals for m

nzymes, where amino acids are sequenced to induce the formation
f a hydroperoxy species [49].

Benzoic acid was inert towards S-II, which supports the pro-
osed mechanism, since the formation of the phenyl radical is very
nfavourable.

Although it has previously been reported that decarboxylation
eactions of �-arylcarboxylic acids are catalysed by iron porphyrins
50], and are also typical reactions of horseradish peroxidise [51,52],
t has also been suggested that iron porphyrins and horseradish
eroxidase probably act by different mechanisms [50]. Some con-
iderations on this will be given next.

The oxidative metabolism of pollutants (1–4) has previously
een studied, both in vivo and in vitro. For atrazine and atraton,
he in vitro metabolism involves 1-hydroxylation of the side chains,
ollowed by dealkylation reactions. For ametryn, sulfoxidation and
ealkylation reactions were reported. In addition to these reactions,
he in vivo studies consider hydrolysis and conjugation reactions
38,53,54]. Mecoprop is not metabolised in animals and, in plants,
s oxidized at the benzyl position [38].

These results are in excellent agreement with the oxidation
tudies obtained in the present work with S-I and strongly indicate
hat S-I is good a model for cytochrome P450 enzymes. In contrast,
he results show that the oxidations in the presence of S-II are in
oor agreement with the reported in vitro or in vivo metabolisms.

Probably, the successful modelling of cytochrome P450 action
n metabolism of xenobiotics with the Mn(TDCPP)Cl system in an
protic solvent with a co-catalyst, is a consequence of the electronic,
pin, and/or other characteristics of this porphyrin system, mim-
cking closely electronic aspects of the activity of cytochrome P450
55].

The oxidation of mecoprop in the presence of S-II is analogous to
he degradation of this herbicide observed in soils, where mecoprop
s transformed to 2-chloro-2-methylphenol, with hydroxylation of
he aromatic ring occurring as a minor pathway.

Decarboxylations of carboxylic acids have been reported
s typical reactions involving horseradish peroxidase. This
nzyme promotes, for example, the decarboxylation of �-(p-
sobutylphenyl)propionic acid (Ibuprofen) leading to alcohols and
etones [50]. Similar behaviour has been observed with iron por-
hyrins and is obtained in the present work for mecoprop oxidation
y S-II, suggesting parallels with peroxidase activity.
. Conclusion

Effective degradations of the persistent herbicides (1–4) have
een obtained by oxidation with hydrogen peroxide in the pres-
p oxidation reactions catalysed by S-II.

nce of metalloporphyrins. Two distinct reaction conditions were
tudied. System I [Mn(TDCPP)Cl; NH4OAc; CH3CN] was the most
fficient for s-triazine degradation, and the reaction conversions
ere dependent on herbicide structure. Reactivity increased in the

rder atrazine (83%) < atraton (98%) < ametryn (100%). The products
btained are predominantly dealkylated compounds for atrazine
nd atraton or sulfoxidation and dealkylation derivatives for ame-
ryn. System II [Fe(TPFPP)Cl; CH3OH] was only efficient in ametryn
xidation and led exclusively to sulfoxidation.

Mecoprop, in contrast, was degraded more efficiently with S-II,
eading to 100% conversion, through decarboxylation and aromatic
ing hydroxylation. In the presence of S-I, only 32% conversion was
bserved, resulting mainly from reaction at the aromatic methyl
osition.

The extensive product characterization allowed the determina-
ion of the reaction pathways and confirmed assignment of distinct

echanisms for the different [metalloporphyrin/reaction condi-
ion] systems, involving oxo or hydroperoxy oxidizing species. The
esults also allowed some mechanistic considerations and pro-
ided a correlation between cytochrome P450 reactivity and the S-I
odel system [Mn(TDCPP)Cl; aprotic solvent; buffer], but not with

-II [Fe(TPFPP)Cl; protic solvent]. The S-II degraded mecoprop in a
imilar process to the reaction pattern of carboxylic acids involving
orseradish peroxidase.

cknowledgements

Thanks are due to Fundação para a Ciência e a Tecnologia
FCT), FEDER and Centro de Química de Coimdebra for funding
he research projects POCI/QUI/58201/2004 and PTDC/QUI/66015/
006. Susana L. H. Rebelo also thanks FCT for the Post-Doc grant
FRH/BPD/14501/2003.

eferences

[1] S.L.H. Rebelo, M.M.Q. Simões, M.G.P.M.S. Neves, A.M.S. Silva, J.A.S. Cavaleiro,
Chem. Commun. (2004) 608–609.

[2] G. Labat, J.-L. Seris, B. Meunier, Angew. Chem. Int. Ed. 29 (1990) 1471–1473.
[3] E.V. Maraval, J.-E. Ancel, B. Meunier, J. Catal. 206 (2002) 349–357.
[4] S.L.H. Rebelo, M.M.Q. Simões, M.G.P.M.S. Neves, A.M.S. Silva, J.A.S. Cavaleiro, A.F.

Peixoto, M.M. Pereira, M.R. Silva, J.A. Paixão, A.M. Beja, Eur. J. Org. Chem. (2004)
4778–4787.

[5] S.L.H. Rebelo, M.M.Q. Simões, M.G.P.M.S. Neves, A.M.S. Silva, P. Tagliatesta, J.A.S.

Cavaleiro, J. Mol. Catal. A: Chem. 232 (2005) 135–142.

[6] J. Bernadou, B. Meunier, Adv. Synth. Catal. 236 (2004) 171–184.
[7] T. Fujisawa, T. Katagi, J. Pestic. Sci. 30 (2005) 103–110.
[8] S.V.-L. Goff, J.-L. Boucher, D. Mansuy, C.R. Acad. Sci. Paris, Série IIc, Chem. 3

(2000) 785–792.
[9] I. Artaud, K. Ben-Aziza, D. Mansuy, J. Org. Chem. 58 (1993) 3373–3380.



lar Cat

[
[

[
[

[

[

[

[
[
[

[
[

[

[

[

[

[

[

[
[
[

[

[

[

[
[
[

[
[

[
[
[
[

[

[
[
[

[
[

[
[
[

S.L.H. Rebelo et al. / Journal of Molecu

10] K. Inami, M. Mochizuki, Mutat. Res. 519 (2002) 133–140.
11] T.M. Makris, K. von Koenig, I. Schlichting, S.G. Sligar, J. Inorg. Biochem. 100

(2006) 507–518.
12] A. Agarwala, D. Bandyopadhyey, Chem. Commun. (2006) 4823–4825.
13] S.L.H. Rebelo, M.M. Pereira, M.M.Q. Simões, M.G.P.M.S. Neves, J.A.S. Cavaleiro, J.

Catal. 234 (2005) 76–87.
14] A.M.d’A.R. Gonsalves, M.M. Pereira, A.C. Serra, R.A.W. Johnstone, M.L.P.G. Nunes,

J. Chem. Soc., Perkin Trans. 1 (1994) 2053–2057.
15] F.T. de Oliveira, A. Chanda, D. Banerjee, X. Shan, S. Mondal, L. Que Jr., E.L. Bomi-

naar, E. Münck, T.J. Collins, Science 315 (2007) 835–838.
16] I.G. Denisov, T.M. Makris, S.G. Sligar, I. Schlichting, Chem. Rev. 105 (2005)

2253–2277.
17] B. Meunier, S.P. de Visser, S. Shaik, Chem. Rev. 104 (2004) 3947–3980.
18] E. Derat, D. Kumar, H. Hirao, S. Shaik, J. Am. Chem. Soc. 128 (2006) 473–484.
19] G.M. Keserü, G. Balogh, I. Czudor, T. Karancsi, A. Fehér, B. Bertók, J. Agric. Food

Chem. 47 (1999) 762–769.
20] M. Fukushima, T. Fujisawa, T. Katagi, J. Agric. Food Chem. 53 (2005) 5353–5358.
21] I. Spasojević, O.M. Colvin, K.R. Warshany, I. Batinić-Haberle, J. Inorg. Biochem.

100 (2006) 1897–1902.
22] M.S. Chorghade, D.R. Hill, E.C. Lee, R.J. Pariza, D.H. Dolphin, F. Hino, L.-Y. Zhang,

Pure Appl. Chem. 68 (1996) 753–756.
23] S. Chiron, A. Fernandez-Alba, A. Rodriguez, E. Garcia-Calvo, Water Res. 34 (2000)

366–377.
24] H.D. Burrows, M.L. Canle, J.A. Santaballa, S. Steenken, J. Photochem. Photobiol.

B 67 (2002) 71–108.
25] U.S. Environmental Protection Agency, Chem. Reg. Rep. 9 (1985), pp. 34,

1033.
26] M.E.D.G. Azenha, H.D. Burrows, M.L. Canle, R. Coimbra, M.I. Fernández, M.V.

García, A.E. Rodrigues, J.A. Santaballa, S. Steenken, Chem. Commun. (2003)
112–113.
27] A.S. Topalov, D.V. Sojic, D.A. Molnar-Gabor, B.F. Abramovic, M.I. Comor, Appl.
Catal. B: Environ. 54 (2004) 125–133.

28] P. Cabras, A. Angioni, J. Agric. Food Chem. 48 (2000) 967–973.
29] O. Legrini, E. Oliveros, A.M. Braun, Chem. Rev. 93 (1993) 671–698.
30] S.L.H. Rebelo, A. Melo, R. Coimbra, M.E. Azenha, M.M. Pereira, H.D. Burrows, M.

Sarakha, Environ. Chem. Lett. 5 (2007) 29–33.

[
[

[
[

alysis A: Chemical 297 (2009) 35–43 43

31] M.C.A.F. Gotardo, L.A.B. de Moraes, M.D. Assis, J. Agric. Food Chem. 54 (2006)
10011–10018.

32] A.M.d’A.R. Gonsalves, J.M.T.B. Varejão, M.M. Pereira, J. Heterocycl. Chem. 28
(1991) 635–640.

33] R.A.W. Johnstone, M.L.P.G. Nunes, M.M. Pereira, A.M.d’A.R. Gonsalves, A.C. Serra,
Heterocycles 43 (1996) 1423–1437.

34] A.D. Adler, F.R. Longo, F. Kampas, J. Kim, J. Inorg. Nucl. Chem. 32 (1970) 2443.
35] Z.H. Meng, W.R. Carper, J. Mol. Struct. (Theochem.) 588 (2002) 45–53.
36] S.L.H. Rebelo, M.M.Q. Simões, M.G.P.M.S. Neves, J.A.S. Cavaleiro, J. Mol. Catal. A:

Chem. 201 (2003) 9–22.
37] K. Zeng, H.-M. Hwang, Y. Zhang, S. Cook, Environ. Toxicol. 19 (2004) 490–496.
38] C.D.S. Tomlin (Ed.), The Pesticide Manual, 11th ed., Crop Protection Council,

Surrey, UK, 1997, pp. 55, 57, 777.
39] A. Lopez, G. Mascolo, G. Tiravanti, R. Passino, Water Sci. Technol. 35 (1997) 129.
40] G.W. Winston, A.I. Cederbaum, Biochemistry 21 (1982) 4265–4270.
41] M. Komuro, T. Higuchi, M. Hirobe, Bioorg. Med. Chem. 3 (1995) 55–65.
42] J.P. Renaud, P. Battioni, J.F. Bartoli, D. Mansuy, J. Chem. Soc., Chem. Commun.

(1985) 888–889.
43] T.G. Traylor, C. Kim, J.L. Richards, F. Xu, C.L. Perrim, J. Am. Chem. Soc. 117 (1995)

3468–3474.
44] Z. Pan, R. Zhang, M. Newcomb, J. Inorg. Biochem. 100 (2006) 524–532.
45] J.T. Groves, J. Inorg. Biochem. 100 (2006) 434–447.
46] N.Y. Oh, Y. Suh, M.J. Park, M.S. Seo, J. Kim, W. Nam, Angew. Chem. Int. Ed. 44

(2005) 4235–4239.
47] S. Campestrini, A. Cagnina, J. Mol. Catal. A: Chem. 150 (1999) 77–86.
48] M. Komuro, Y. Nagatsu, T. Higuchi, M. Hirobe, Tetrahedron Lett. 33 (1992)

4949–4952.
49] K.P. Vatsis, M.J. Coon, Arch. Biochem. Biophys. 397 (2002) 119–129.
50] S.M.S. Chauhan, B.B. Sahoo, Bioorg. Med. Chem. 7 (1999) 2629–2634.
51] I.G. Gazaryan, L.M. Lagrimini, G.A. Ashby, R.N.F. Thorneley, Biochem. J. 313
(1996) 841–847.
52] R.A. Totah, R.P. Hanzlik, Biochemistry 43 (2004) 7907–7914.
53] N. Hanioka, H. Jinno, T. Tanaka-Kagawa, T. Nishimura, M. Ando, Toxicol. Appl.

Pharmacol. 156 (1999) 195–205.
54] A. Topal, N. Adams, E. Hodgson, S.L. Kelly, Chemosphere 32 (1996) 1445–1451.
55] E. Hodgson, J. Biochem. Mol. Toxicol. 17 (2003) 201–206.


	Catalytic oxidative degradation of s-triazine and phenoxyalkanoic acid based herbicides with metalloporphyrins and hydrogen peroxide: Identification of two distinct reaction schemes
	Introduction
	Experimental
	General details
	Porphyrin synthesis
	Oxidation reactions
	General procedure for oxidations in acetonitrile:ammonium acetate (S-I)
	General procedure for oxidations in methanol:dichloromethane (S-II)
	Reactions in deuterated solvents

	Product isolation
	Characterization of compounds

	Results and discussion
	Atrazine oxidation
	Atraton oxidation
	Ametryn oxidation
	Oxidation of mecoprop
	Mechanistic considerations

	Conclusion
	Acknowledgements
	References


