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Structural Elucidation of Phototransformation Products of
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The photodegradation of the sulfonylurea herbicide azimsulfuron, N-[[(4,6-dimethoxypyrimidin-2-yl)-
amino]carbonyl]-1-methyl-4-(2-methyl-2 H-tetrazole-5-yl)-1 H-pyrazole-5-sulfonamide (AZS), was stud-
ied in water at different wavelengths and in the presence of photocatalysts. AZS was rapidly degraded
by UV light, affording three photoproducts. The main product, accounting for about 70% of
photodegraded herbicide, was identified as 6-amino-5-[(4,6-dimethoxypyrimidin-2-yl)methylamino]-
1,5,6,8-tetrahydro-7-oxa-84%-tia-1,2,5,6-tetraza-azulen-4-one (ADTA) by single-crystal X-ray diffraction.
With simulated sunlight irradiation, the reaction was slower and 2-amino-4,6-dimethoxypyrimidine
(DPA) and 1-methyl-4-(2-methyl-2 H-tetrazole-5-yl)-1H-pyrazole-5-sulfonamide (MPS), arising from
a photohydrolytic cleavage of the sulfonylurea bridge, were the only byproducts observed. The
reactions followed first-order kinetics. The addition of dissolved organic matter (DOM) did not modify
significantly the AZS photodegradation rate. The presence of Fe,O3 accelerated more than twice the
reaction rate affording two major products, DPA and MPS, together with minor amounts of N-[[(5-
hydroxy-4,6-dimethoxypyrimidin-2-yl)amino]carbonyl]-1-methyl-4-(2-methyl-2H-tetrazole-5-yl)-1H-
pyrazole-5-sulfonamide (AZS-OH). The greatest degradation rate was detected in the presence of
TiO,. Only the photohydroxylation product AZS-OH was observed, which was transformed rapidly
into oxalic acid.
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INTRODUCTION CH
Azimsulfuron (AZS, trade name GulliveFigure 1) is a N/I7 N\N
sulfonylurea herbicide used for the postemergence control of ~F N OCH;
Echinochloa species, broadleaf, and sedge weeds in rice ! SONHCONH—( o
production. Like other sulfonylureas, it inhibits the activity of (y i N 7
acetolactate synthase (ALS), which is essential in the biosyn- NN OCH;
CH;

thesis of the branched-chain amino acids valine, leucine, and €
isoleucine (1). AZS
Several studies have shown that AZS has favorable toxico- Figure 1. Chemical structure of AZS.
logical and environmental fate characteristics. The most sig- (6, 7). The major photoproducts arise from the cleavage of the
nificant degradation mechanisms for AZS in rice paddies are sulfonylurea bridge, but further conversion products can be
microbial metabolism in soil and indirect photolysi).( formed by dechlorination, hydrolysis, and cyclization. According
The degradation due to sunlight is important for the dissipa- to a European Community (EC) directiv@)( the phototrans-
tion of pesticides in rice paddies. Clear and shallow water filters formation of pesticides having a molar extinction coefficient
a very small amount of the incident light and allows both direct (¢) of >10 L mol cm™® for A = 290 nm must be taken in
and indirect photochemical processes to occur in water and ataccount.
the sedimentwater interface. On the other hand, sulfonylurea At A = 290 nm AZS shows aavalue of 156 L mot® cm2.
herbicides are susceptible to diregt) and indirect photolysis  No studies concerning the phototransformation products of AZS
are available. Therefore, we studied the photochemical behavior
* Author to whom correspondence should be addressed (telephd@e of AZS in water at different wavelengths. Furthermore, the

79 T269_219:{§Xar_3§ 79 229276; e-mail pusino@uniss.it). sunlight indirect photolysis was investigated in the presence of
§U2:x2§:tg i Pz\s,f;”' dissolved organic matter (DOM) and iron(lll) oxide, two
* Universita di Bologna. photocatalysts naturally present in paddy fields, and titanium
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Table 1. AZS Physical and Chemical Properties

170°C
4 %1079 Pa (25 °C)
72.3 (pH 5); 1050 (pH 7); 6536 (pH 9)

melting point
vapor pressure
solubility in water
(mg L%, 20°C)
solubility in organic solvents
(L1, 25°C)

acetone, 26.4; methanol, 2.1; hexane,
<0.2; acetonitrile, 13.9; methylene
chloride, 65.9; ethyl acetate,
13.0; toluene, 1.8
partition coefficient 4.43 (pH 5); 0.043 (pH 7); 0.008 (pH 9)
(log Pow, 25 °C)
dissociation constant
surface tension

pK. = 3.6
68.1 x 1073 Nm (23.7 °C)
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respectively, and the suspensions were then irradiated as described
above. At regular intervals, AZS aqueous suspensions (0.5 mL) were
collected and filtered through a Og@n filter (Whatman) to remove
colloid particles. The filtrates were analyzed by HPLC.

Dark control experiments were carried out in conditions similar to
those described above, except that the photoreaction vessel was covered
by aluminum foil.

To study the kinetics of photodegradation, at appropriate times,
depending on the photolysis rate, each test solution was analyzed
directly by HPLC. All of the experiments were run in triplicate, and
the kinetic data reported under Results and Discussion are the average
values derived as the mean of three trials.

HPLC Analysis. AZS and its photodegradation products were
estimated by HPLC. For direct photolysis a Waters 1515 liquid
chromatograph equipped with a 2504 mm i.d. Bondapak & (10

dioxide. The major products were identified, and degradation #™) analytical column, a multiwavelength Waters 2487 -Uis

pathways are proposed.

MATERIALS AND METHODS
Materials. AZS (99.7% purity) was supplied by DuPont de Nemours

programmable detector operating at 240 nm, and a Breeze chromatog-
raphy workstation were used. Acetonitrile plus water (6060 by
volume), previously brought to pH 2.7 with phosphoric acid, at a flow
rate of 0.5 mL min?, was the eluant. The retention times were 9.8,
8.0, 6.9, 5.9, and 7.4 min for AZS, ADTA, DPA, DPU, and 1-methyl-

France SA (Centre Europeen de Recherches), Nambsheim, France4-(2-methyl-24-tetrazole-5-yl)-H-pyrazole-5-sulfonamide (MPS), re-

Some chemical and physical properties of AZS are reportéichbie
1.

Its purity was checked by high-performance chromatography (HPLC).
The photoproducts 2-amino-4,6-dimethoxypyrimidine (DPA, 98.0%
purity, Scheme 1) and acetic, malonic, and oxalic acids were supplied
by Aldrich, Milano, Italy. All of the solvents were of HPLC grade
(Carlo Erba Reagenti, Milano, Italy) and were used without further
purification.

DOM was obtained from a sediment collected in a paddy field near
Novara (Italy). The sediment was air-dried and sieved 2anm. DOM
was extracted by shaking overnighl kgsample of the sediment@

mm fraction) wih 2 L of distilled water. Then the suspension was
filtered through a Durapore membrane filter 0% (Millipore), and
the filtrate was freeze-dried. Approximately 200 mg of DOM was
obtained from 1 kg of sediment.

Hydrated ferric oxide was prepared by the addition of 500 mL of 1
N FeClh to 250 mL of 2 M KOH under rapid stirring9). The fresh
precipitate was immediately washed with distilled water and dried under
vacuum. X-ray analysis showed it to be amorphous. In addition, it was
completely soluble in ammonium oxalate (pH 3).

Titanium dioxide (TiQ, purity = 99.9%, density= 3.9 g mL™),
predominantly anatase, was supplied by Aldrich, Milano, Italy.

Photolysis.The UV spectrum of AZS exhibits an intense absorption
at 240 nm and a weaker band at 288 rfig(re 2).

Direct photolysis experiments were carried out by irradiating 100
mL of an AZS aqueous solution (8V). For 254 nm experiments, the
device consisted of four low-pressure mercury lamps (RPR-2537 A)
mounted in a circle in a merry-go-round Rayonet photorea&joihe
AZS solution, in a water-cooled quartz flask, was irradiated with an
average irradiation intensity of 110 mw/ém

Four black light fluorescent lamps (RPR-3500 A) emitting in the
range 250—600 nm, with a maximum emission at 366 nm and an
average irradiation intensity of 175 mW/€nwere used to simulate
sunlight irradiation. A water-cooled borosilicate flask, cutting the
radiation shorter than 290 nm to simulate a part of the solar radiation,
was the reaction vessel.

On the basis of preliminary trials, indirect photolysis experiments
were carried out by adding 5 mg samples of colloid I I&&0;, DOM)
to 100 mL of an AZS aqueous solution (4&). The suspension was

spectively (Scheme 1).

For indirect photolysis a Waters 1515 liquid chromatograph equipped
with a 300x 3.9 mm i.d. Bondapak £g (10 um) analytical column, a
multiwavelength Waters 2487 UWis programmable detector operat-
ing at 240 nm, and a Breeze chromatography workstation were used.
Acetonitrile plus water (46 60 by volume) previously brought to pH
2.7 with phosphoric acid, at a flow rate of 0.5 mL mipwas the eluant.
Under the chromatographic conditions described previously the retention
times were 27.6, 12.3, 8.4, 7.2, 5.7, 4.9, and 4.3 min for the compounds
AZS, AZS-OH, MPS, DPA, acetic acid, malonic acid, and oxalic acid,
respectively. The photodegradation product AZS-OH (fMH] T m/e
441) was identified by liquid chromatographynass spectrometry
analysis (LC-MS;Figure 3).

The concentration of AZS was calculated by using a calibration curve
obtained from HPLC measurements of AZS at five different concentra-
tions. The calibration curve, based on the average peak areas of the
external standard, was linear in the range 6f1® uM (r> = 0.992).

The detection limit for AZS was 0.1 mg&, as calculated from the
concentration of the herbicide needed to obtain a detector response
approximately twice the background signal.

Isolation and Identification of Direct Photolysis Photoproducts
at 4 = 254 nm. A photolysis reaction was carried out to isolate
photodegradation products. AZS (250 mg) dissolved in 75 mL of
acetonitrile and 25 mL of water was irradiated at 254 nm for 24 h.
The crude reaction mixture was concentrated by evaporation of
acetonitrile under vacuum at room temperature. Unreacted AZS
precipitated off and was filtered. The mother solution, left in the dark
for 3 days at room temperature, yielded white crystals, which were
filtered, washed three times with cold water, and dried in a desiccator.
The compound was identified as the cyclic compound ADBAHeme
1). The spectral features for ADTA are as follows: IR (KBr)cm™)
3470, 3357, 1687, 1629, 1584, 1545, 1368, 11BBNMR (CDsCN),

0 7.97 (1H, s), 7.33 (1H, m), 7.0 (1H, m), 5.69 (1H, s), 4.12 (3H, s),
3.95 (3H, s), 3.65 (3H, s), 3.37 (3H, s). The remaining aqueous solution
was extracted three times with diethyl ether. The combined extracts
were dried over anhydrous sodium sulfate and concentrated under
vacuum. The residue was separated by liquid chromatography (LC)
on a 60x 1 cmi.d. glass column of silica gel (@230 mesh, Merck)
using light petroleum distillate (bp 46650 °C) plus ethyl acetate (3

stirred in the dark until equilibrium was reached, that is, the AZS 4 by volume). Volumes of 25 mL were collected, and for each aliquot
concentration in the suspension became constant. After equilibration thin layer chromatography (TLC) analysis was performed on Merck
was achieved (1 and 1.5 h for TiGand FeOs, respectively), the silica gel ks plates. Fractions showing similar chromatographic features
suspensions were irradiated in a merry-go-round Rayonet photoreactorwere grouped and evaporated to dryness. Two products were isolated:
with four black light fluorescent lamps. The suspension homogeneity the amine DPA and the amide 4,6-(dimethoxy)pyrimidin-2-ylurea
and the exchange with the gaseous phase (air) were ensured by magnetid®PU; Scheme 1). DPU was obtained as white crystals: IR (KBr),
stirring. To trap hydroxyl radicals, further photocatalytic experiments (cm™2) 3357, 3198, 1698, 1606, 1576, 1370, 1342, 1221, 11 4MR

were carried out by adding traces of isopropanol, ar €tdvenger, (CDsCN), 6 8.48 (1H, m), 7.71 (2H, m), 5.78 (1H, s), 4.89 (6H, s).

to the photolysis mixture. In this case, after the equilibration time, 10  Infrared Analyses. Fourier transform infrared (FT-IR) spectra were
uL of the alcohol was added to suspensions containing 6id-e0s, recorded at room temperature in the range of 408@0 cn* using a
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Scheme 1. Proposed Photodegradation Pathways for AZS
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FT-IR Nicolet 205 spectrophotometer. The spectra are the means of atRESULTS AND DISCUSSION

least 64 scans at 4 crhresolution, which gives a reasonably good
signal-to-noise ratio.

Nuclear Magnetic Resonance (NMR) Analyse$NMR spectra were
obtained on a Bruker AC-P (300 MHz) spectrometer (Cambridge, MA)
using tetramethylsilane (TMS) as an internal standard.

LC-MS Analyses. Mass spectra were performed using an Agilent
G 1946 (MSD 1100) single-stage quadrupole instrument equipped with

an electrospray atmospheric pressure ionization (ES-API) source. The

following ES-API conditions were applied: drying gas (nitrogen) heated
at 350°C at a flow rate of 10 L/min; nebulizer gas (nitrogen) at a
pressure of 50 psi; capillary voltage in positive mode at 4000 V,
fragmentor voltage at 80 V; dwell time was 460 ms.

X-ray Analyses. X-ray diffraction analysis was carried out on a
Siemens SMART CCD system. Crystallographic data for ADTA are
as follows: G:H16NsOsS; orthorhombi P n a 2; a = 10.468(6),b =
11.706(9),c = 13.936(10) A,V = 1707.7 A;M = 400.37,Z=4; D
=1.519 g cm®.

2 -

O 1 1
200 240 280 320
Wavelength (nm)

Figure 2. AZS UV spectrum.

360

Direct Photolysis. Degradation curves for AZS at the two
wavelengths tested are reportedRigure 4, and the related
kinetic parameters are listed rable 2.

The linearity of the plot of the concentration of AZS (In
values) versus time suggests that the photolysis follows pseudo-
first-order kinetics. The concentration (8M) used in the
experiments is higher than the theoretical one in rice paddy fields
after an application. Actually, the amounts of pesticide in the
field are often greater than those expected because of repeated
applications, concentration phenomena, point pollution, etc.
Therefore, the concentration chosen is the result of a settlement
between instrumental and environmental considerations. The rate
of disappearance in UV light was much higher than that in
simulated sunlight because of the lower absorptivity of the
herbicide at longer wavelengths. With UV light, AZS was
converted into three products, ADTA, DPU, and DPA. The main
photoproduct, ADTA (Scheme 1), accounted for about 70% of
converted herbicide.

Suitable amounts of ADTA were obtained from UV pho-
tolysis of AZS as described under Materials and Methods.
Because the spectroscopic data did not allow an unambiguous
identification, the structure of the molecule was determined by
single-crystal X-ray diffraction. A view of the molecule is
presented irfFigure 5.

The minor products DPA and DPU were isolated by column
chromatography. DPA was identified by comparison of its
chromatographic and spectroscopic features with those of an
authentic sample, whereas the DPU structure was assigned by
spectroscopic data (see Materials and Methods).
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8
6
24 Z
o 0366 &) O Fe-oxide
2 0254 ) O Ti-oxide
ADOM
0 : : ’ 0 s 1 s s 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t (h) t(h)
Figure 4. Degradation of AZS at 254 and 366 nm. Figure 6. Indirect photodegradation of AZS.

Figure 5.  Atomic numbering and molecular structure of ADTA.

Table 2. Rate Constants (k) and Half-Life (t,,) Values for Direct
Aqueous AZS Photodegradation

irradiation k(h=1) tia (h) r
dark 41x107* 1680 0.997
uv 34.6 0.02 0.997
simulated sunlight 24 %1073 286 0.993

Generally, sulfonylurea photolysis occurs through the cleav-
age of C-S, S—N, or N-CO bonds (310). The identification
of DPU and ADTA indicates that the most effective pathway
in UV transformation of AZS involves the cleavage of S
bonds.

Although it is unlikely that ADTA, DPA, and DPU, produced
by UV light, occur in the environment, we cannot exclude that

Table 3. Rate Constants (k) and Half-Life (t;,) Values for Indirect
Aqueous AZS Photodegradation under Simulated Sunlight

system k(h=Y tiz () r
AZS 2.4 %1078 286 0.993
AZS + DOM 25x1073 272 0.966
AZS + Fe;03 5.4 %1078 128 0.994
AZS + Fe;03 + ROH 47x1073 147 0.990
AZS +TiO, 4.2 0.2 0.992
AZS + TiO, + ROH 05 15 0.941

their formation can be promoted by a suitable sensitizer.
Furthermore, we thought it interesting to describe a new
molecule such as ADTA, and for this purpose Supporting
Information is available.

Under simulated sunlight conditions the herbicide degraded
slowly, but much faster than in the darkgble 2). In both the
cases, two conversion products, 1-methyl-4-(2-metlid-2
tetrazole-5-yl)-H-pyrazole-5-sulfonamide (MP&1) and DPA,
were the only byproducts observed. These products arose from
the photohydrolytic cleavage of the sulfonylurea bridge.

Indirect Photolysis. The degradation curves for AZS pho-
tolysis in the presence of different colloids are reporteigure
6, and the related kinetic parameters are liste@able 3.

In natural water DOM plays an important role in pesticide
photodegradation. As one of the primary light-adsorbing species,
DOM can either promote (12) the photodegradation of organic
micropollutants acting as photosensitizers or redd& 14)
the photolysis rate by both quenching the excited states of
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organic molecules and shielding them from incident radiation. displacement parameters, and bond distances and angles for
In our case the addition of DOM did not modify significantly ~ADTA molecule.

the photodegradation rate of AZS (Table 3).

On the other hand, the addition of J& to AZS solution
accelerated more than twice the reaction rate, affording two
major products, DPA and MPS, together with minor amounts
of AZS-OH (about 5%). The presence of the hydroxylated AZS-
OH compound suggests the involvement of hydroxyl radicals.
To confirm this, traces of 2-propanol, an efficient trapping agent
for hydroxyl radicals, were added to the suspension. The
presence of the alcohol did not affect significantly the degrada-
tion rate. However, no detectable amounts of AZS-OH were
observed. This suggests that in the presence gOf¢he
mechanism involving hydroxyl radicals affects the reaction rate
to only a limited extent. A previous study of ours demonstrated
that the AZS sulfonylurea group, acting as a bidentate ligand,
chelates the ferric ion of 83, giving rise to a six-membered
ring (11). In the dark, this interaction favored the hydrolysis of
a sulfonylureic bridge with &, of 204 h (L1). Therefore, the

greater rate of degradation observed in the light may be the

result of hydrolysis, photohydrolysis, and, to a minor extent,
photohydroxylation processes, all promoted by®=

The greatest degradation rate was observed in the presence

of TiO, (ty2 = 0.2 h, Table 3). After 15 min of irradiation,
only the photohydroxylation product AZS-OH was present in
the reaction mixture. With elapsing time, the amount of AZS-

OH decreased and two new compounds, malonic and acetic acid,

respectively, formed. After 22 h, the only compound present in
the crude reaction mixture was oxalic aciicheme ). The

addition of isopropanol to the colloidal suspension decreased

significantly the AZS degradation rate. This finding supports
the role of hydroxyl radicals in the degradation of the herbicide
and agrees with the results of Armbrust and Reill$)(

Conclusions. UV light degraded the herbicide AZS very
quickly, affording a major photoproduct arising from a photo-

rearrangement pathway. In the simulated sunlight, AZS degra-

dation was slow, and the presence of DOM did not influence
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