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Aqueous photolysis of clethodim herbicide in the presence of natural substances such as humic

acids (HA), nitrate, and Fe(III) ions has been investigated. The photodegradation rate of clethodim

was retarded in the presence of HA compared to ultrapure water, while nitrate ions had no effect.

On the other hand, water containing different concentrations of Fe(III) ions enhanced degradation of

this herbicide. Clethodim transformation gave rise to the formation of nine byproducts, some of

them, to the best of our knowledge, described for the first time in this work. The identification of

these photoproducts has been accomplished by coupling liquid chromatography to quadrupole

time-of-flight mass spectrometry. The main transformation reactions observed for clethodim were

photoisomerization to the Z-isomer, S-oxidation of E- and Z-clethodim isomers giving rise to

sulfoxide diastereoisomers, reduction of the oxime moiety to yield clethodim imine, oxidative

cleavage of the C-S bond, and S-oxidation of clethodim imine leading to the formation of imine

ketone and imine sulfoxide.
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INTRODUCTION

Public concern about contamination of water has increased,
mainly because a large number of herbicides have beendetected in
this environmental compartment (1-3). In the past several
decades, the agrochemical industry has concentrated its efforts
on developing new herbicides with short half-lives and effective-
ness at a low application rate.Many of these herbicides are highly
polar and could reach the aquatic compartments easily. The
persistence of herbicides depends on transport, degradation, and
retention processes. To predict their fate in the natural environ-
ment and to assess their risk, it is necessary to improve our
knowledge on their chemical reactions under environmental
conditions. Moreover, a large number of byproducts can be
expected as a consequence of the different transformation pro-
cesses that can suffer the parent compound.

Cyclohexanedione compounds have emerged as a new class of
easily degradable herbicides applied at relatively low dosages
(<300 g/ha) to control both annual and perennial grasses in
dicotyledonous crops (4). Clethodim, a postemergence systemic
herbicide, belongs to this cyclohexanedione oxime family of
compounds. It is effective against several graminaceous weeds
in broadleaf crops such as soybean, cotton, tobacco, sugar beet,
etc. This herbicide interferes with fatty acid biosynthesis via
inhibition of enzyme acetyl CoA carboxylase (4).

After their application, herbicides can be degraded by biotic
and/or abiotic processes in the environment to yield different

degradation products. In this sense, photochemical transforma-
tion is one of the main abiotic degradation pathways occurring in
natural waters. It is worth noting that natural substances present
in aquatic systems [dissolved organic matter (DOM), nitrate and
metal ions, etc.] may influence the photochemical behavior of
organic compounds (5-7). In a first approach to study the
photochemical behavior of organic compounds in different
matrices, it is common to conduct the degradation under
controlled conditions. Generally, the use of xenon arc lamps is
preferred for modeling environmental conditions. These light
sources are appropriate for photolysis studies because their
characteristic emission spectra are very close to those of natural
sunlight.

Although little attention has been paid to degradation products
in the past, byproducts need to be considered to gain a complete
understanding of the environmental impact of pesticides; other-
wise, herbicides’ fate could be substantially underestimated.

In many cases, the parent compound and transformation
byproduct possess different physicochemical properties. The
higher polarity and hence solubility in water of some degradation
products increases the risk of contamination of the aquaticmedia.
Water analyses show that the concentrations of degradation
products are sometimes higher than those of the parent com-
pounds (8). Besides, some of them can present similar or even
higher toxicity and/or persistence than the parent compound. In
this sense, water for human consumption has to meet the
minimum requirements set out in the European legislation (9)
that establish a maximum residue level for pesticides and their
relevant metabolites and degradation and reaction products.
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However, determination of transformation products is some-
times difficult for a number of reasons.Many of them have never
been identified or characterized before; analytical standards are
scarce, and the concentration level in environmental samples is
usually lower than that of the parent compound.

Physicochemical properties of transformation products com-
pared to their parent compound (often more polar and less
volatile and thermolabile) make liquid chromatography (LC)
the most suitable technique for their determination. This is the
case for cyclohexanedione oxime herbicides, where the active
substances and the degradation products identified by our
group (7, 10) and others (11) present these features.

The unequivocal identification of these unknown compounds
by LC, especially when no standards exist, has not always been
achieved because of the scarcity of structural information.
However, one of the latest developments in mass spectrometry
[quadrupole time-of-flight (QTOF)] has improved the qualitative
information for the structural elucidation of unknown com-
pounds. QTOF provides elevated resolution and sensitivity, high
mass accuracy for both parent and fragment ions, and the
possibility of performing MS/MS acquisitions that will yield
more structural information (12, 13). In this way, QTOF allows
the assignments of a highly probable empirical formula for
unknown compounds.

Despite the scarce data about cyclohexanedione oxime herbi-
cides, some references have been found in the literature concern-
ing the degradation of clethodim. Sandı́n et al. (10) studied the
degradation of this herbicide in chlorinated water, and sulfoxides
and sulfone were identified as the main transformation products.
Falb et al. (14,15) observed that clethodim is subject to decompo-
sition in aqueous solutions, is acid-labile, and undergoes degra-
dation when exposed to UV light. They observed up to 31 degra-
dation products, but none of them were characterized.

This paper aims at improving our understanding of the
photochemical fate of clethodim herbicide in water. To accomp-
lish this objective, we have identified photoproducts of clethodim
generated by exposure to simulated sunlight by means of LC-
QTOF. Besides, photodegradation kinetics of clethodim in ultra-
pure water under simulated sunlight provided by a xenon arc
lamp have been determined. In addition, we analyzed the influ-
ence of the major factors that may affect its environmental fate in
natural waters such as HA (one of the main constituents of
DOM), nitrate, and Fe(III) ions.

EXPERIMENTAL SECTION

Reagents and Chemicals. All chemical products were used without
further purification.Clethodim (2-{(E)-1-[(E)-3-chloroallyloxyimino]propyl}-
5-[2-(ethylthio)propyl]-3-hydroxycyclohex-2-enone) (98% purity) was
obtained from ChemService (West Chester, PA). Humic acid sodium salt
(technical grade) and iron(III) perchlorate hexahydrate (reagent grade)
were purchased fromAldrich (Steinheim,Germany) andAlfaAesarGmbH
(Karlsruhe, Germany), respectively. Potassium nitrate (suprapur) and
formic acid (pa) were purchased from Merck (Damstadt, Germany).

Acetonitrile (HPLC far UV grade) was obtained from Labscan
(Stillorgan, Co. Dublin, Ireland). The water used for the LCmobile phase
and aqueous solutions was purified with a Millipore system (Milli-Q-50,
18 mΩ).

Because of the low solubility of clethodim in water (3 mg/L), stock
solutions (50 mg/L) were prepared by dissolving clethodim in the mini-
mum amount of acetonitrile followed by addition of ultrapure water up to
volume. These solutions were stored at 4 �C in the dark, though it was
necessary to prepare themdaily to avoid isomerization. Standard solutions
of clethodim (5 mg/L) were prepared by dilution of aliquots of the stock
solutions in ultrapure water.

LC Analysis. Photodegradation kinetics were performed with a
LC system (series 1100, Agilent Technologies, Palo Alto, CA) coupled
to a photodiode array detector (DAD). The analytical column used

was a Waters Nova-Pak C18 column (4 μm particle size, 3.9 mm �
150 mm) with an ODS precolumn maintained at 25 �C. The mobile phase
was a mixture of ultrapure water acidified with 0.1% formic acid (A) and
acetonitrile (B).

Two different chromatographic methods were employed. The first one
was an isocratic method, with a mobile phase of 80% B, developed to
minimize the time of analysis of the replicates and to calculate kinetic
parameters. The second one was a gradient method to study byproduct
formation during photodegradation experiments, and the percentage of
mobile phase B was changed linearly as follows: 10% at 0 min, 50% at
26 min, and 60% at 43 min. The separation was complete at 45 min.

In both chromatographicmethods, the flow rate was 1 mL/min and the
injection volume was 20 μL.

For the identification of byproducts, mass spectrometry experiments
were performed by coupling the LC system (series 1100, Agilent Techno-
logies) to a hybrid QTOF mass spectrometer (QStar Pulsar I, Applied
Biosystems). Just before the separation, an external calibration in themass
spectrometer was performed with a mixture of phosphazenes. The experi-
ments were performed in positive ion mode. The instrumental parameters
were set as follows: mass range analyzed, 50-1200; ion spray voltage (IS),
5000 V; ion source gas pressure (GS1), 65 psi; ion source gas pressure 2
(GS2), 65 psi; curtain gas pressure (Cur), 20 psi; declustering potential
(DP), 70 V; focusing potential (FP), 250 V; declustering potential 2, 15 V.

In MS/MS experiments, the collision energy (CE) for each ion selected
was kept at 22 eV. With this equipment, the second chromatographic
method previously described was employed. The flow rate of the mobile
phase was 0.7 mL/min.

Photodegradation Experiments. Photochemical experiments were
conducted in a Suntest CPSþ apparatus from Atlas (Linsengericht,
Germany) equipped with a xenon arc lamp (1500 W) and a special glass
filter restricting the transmission of wavelengths of <290 nm. All photo-
degradation experiments were conducted at an irradiation intensity of
750 W/m. A Suncool chiller was used to maintain a mean internal
temperature of 25 ( 1 �C.

The different aqueous solutions (20 mL) of clethodim, prepared at
5 mg/L in ultrapure water, were exposed to simulated solar irradiation in
capped cylindrical quartz cuvettes with magnetic stirring.

Direct photodegradation of clethodim was conducted in ultrapure
water. To study indirect photodegradation kinetics, experiments were
conducted in the same quartz cuvettes and initial concentrations of
clethodim in the presence of substances that can be found in natural
waters such as HA, nitrate, and Fe(III) ions at various concentrations
(0.5-20 mg/L). All these solutions were filtered through 0.2 μm nylon
filters (Symta, Madrid, Spain) prior to injection. To evaluate the effect of
the different substances added on the photolytic behavior of herbicide,
kinetic parameters of direct photolysis were comparedwith those obtained
in indirect experiments.

Meanwhile, control experiments in the dark (dark control) under the
same conditions at the initial concentrations of clethodim and natural
substances were conducted in parallel for comparison without the applica-
tion of light. Besides, for all degradation kinetics studies, each experiment
was conducted in triplicate until the herbicide disappeared. At selected
time intervals, aliquots of 50μLwere collected and quantitatively analyzed
directly by LC-DAD for the amount of the compound of interest
remaining in solution after irradiation based on external calibration.

For the identification of photoproducts byLC-ESI-QTOF, an 80mg/L
solution of clethodim was irradiated for 4 h.

Analysis of Data. Kinetic parameters of clethodim photolysis were
determined assuming the rate of the reaction to be first-order in herbicide
concentration, by means of the kinetic equation

Ct ¼ C0e
-kt

where Ct represents the concentration at time t, C0 represents the initial
concentration, and k is the rate constant.

Direct plots of herbicide concentration versus irradiation time provide
the rate constant.Moreover, half-lives (t1/2) of clethodim were determined
by the equation t1/2 = ln 2/k.

One-way analyses of variance (ANOVA) were conducted to determine
differences between intensities and between concentrations of natural
substances, at the p<0.05 significance level.Resultswere analyzedusing a
statistical procedure (Statgraphics Plus version 4.1).
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RESULTS AND DISCUSSION

Photodegradation Kinetics. The spectral characteristics of
clethodim are given in Figure 1. An overlapping with the solar
spectrum in the region of 290-350 nm can be observed, meaning
that this herbicide is able to suffer photolysis by direct absorption
of solar radiation under natural conditions. European directive
EC (94/37/CE) (16) indicates that the phototransformation must
be taken into account if the molar extinction coefficient is >10 L
mol-1 cm-1 for λ g 290 nm. In our case, the ε value obtained at
λ=290nm for clethodimwas 771Lmol-1 cm-1, which indicated
that photolysis can contribute significantly to its degradation in
the environment.

In all cases, first-order reaction kinetics were assumed for the
photodegradation rates of clethodim and good correlation coef-
ficients were achieved (>0.98).

Simultaneously with the irradiation experiments, control
experiments in the absence of radiation were performed to rule
out other types of dark reactions (hydrolysis, thermolysis, etc.).
Quantitative recoveries of clethodim during the entire exposure
period to simulated solar irradiation enable us to ignore other
transformation processes that are not initiated by radiation.

Todetermine the different effects exerted by the composition of
media on the photolysis rate, a direct photodegradation assay of
clethodim was conducted in ultrapure water. Experimental data
showed that herbicide photodegradation was achieved after a
short period of time. Clethodimwas completely degraded in 2.5 h,
and a half-life of 28.9(0.1) min was obtained. This result high-
lights the efficiency of simulated sunlight in removing this
compound in aqueous media. Figure 2a shows the kinetics of
clethodim in the presence of increasing concentrations of HA. In

the presence of HA, an increase in the half-lives of herbicide
photolysis was obtained by comparison with direct photo-
lysis [t1/2([HA]=1 mg/L) = 44.2(0.1)]. Table 1 lists means of
experimental data obtained from 1 to 20 mg/L HA. Ana-
lysis of variance showed significant differences between each
concentration.

This retarding effect exerted by HA indicates that these
substances can act as an “optical filter” absorbing most of the
photons emitted and thereby slowing the direct photochemical
reaction of clethodim. However, the influence of HA concentra-
tion on the photolysis rate was not proportional, since a 20-fold
increase in HA concentration resulted in an only 34-81%
decrease in the reaction rate. Similar results have been previously
reported by other authors (7,17), and this could be explained as a
competition between the HA filter that decreases the rate of
clethodim photolysis and the generation of hydroxyl radical that
should increase the rate of clethodim photolysis. Nevertheless,
none of the nine photoproducts involves a hydroxyl attack.
Thus, this second effect could not be involved in the clethodim
photolysis.

Hydroxyl radicals can be generated by the photolysis of nitrate
ions present in natural waters. These radicals are known to be
strong oxidants, which are able to photoinduce the degradation
of organic pollutants (18). However, in our experiments, the
presence of different concentrations of nitrate ions in aqueous
solutions (1-20mg/L) had no effect on the half-life of the studied
herbicide (Table 1 and Figure 2b).

Table 1. Kinetic Parameters of Clethodim in the Presence of Various
Concentrations of Natural Substances

added

substance

concn

(mg/L)

kobs
a

(� 10-3 min-1) t1/2 (min) R2

HA 1 15.7 a( 0.3 44.1( 0.1 0.9992

5 8.39 b( 0.29 82.6( 0.3 0.9986

10 6.71 c( 0.33 103( 0.4 0.9974

15 5.51 d( 0.15 126( 0.3 0.9983

20 4.70 e( 0.09 147( 0.2 0.9995

NO3
- 1 21.6 a( 0.9 32.1( 0.2 0.9982

5 24.1 a( 1.4 29.0( 0.3 0.9971

10 22.5 a( 1.2 30.8 ( 0.3 0.9983

15 22.8 a( 0.9 30.6( 0.2 0.9986

20 24.0 a( 1.4 29.0( 0.3 0.9972

Fe(III) 1 43.7 a( 2.4 16.4( 0.2 0.9976

2.5 105 b( 7 6.60( 0.13 0.9968

5 194 c( 16 3.57( 0.13 0.9944

10 223 d( 18 3.11( 0.12 0.9950

20 272 e( 39 2.55 ( 0.19 0.9869

aDifferent letters show significant differences according to the least significant
difference test (LSD) at a significance level of 95%.

Figure 1. UV absorption spectra of 5 ppm of clethodim in ultrapure water
(;) and sunlight emission ( 3 3 3 ).

Figure 2. Photodegradation of clethodim in the presence of various concentrations of HA (a), nitrate ions (b), and Fe(III) ions (c) in ultrapure water under
simulated solar irradiation.
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Similar results have been previously reported by our group and
other authors (7, 19, 20). Nitrate ion photolysis depends on the
irradiating power available in the solution which can be signifi-
cantly reduced when the substrate itself strongly absorbs in the
sameUV range. Therefore, clethodim could diminish the amount
of radiation absorbed by nitrate ions, reducing their extent of
photolysis.

Another important constituent of natural waters is Fe(III) ion.
Photodegradation of clethodim was performed in the presence of
various concentrations of Fe(III). An increasing concentration of
Fe(III) resulted in a decrease in half-life compared to that with
direct photolysis in ultrapure water (Table 1 and Figure 2c). The
analysis of variance showed significant differences among the
different concentrations. The increase in the rate constant was up
to 6 times higher when 20 mg/L Fe(III) ions were present in the
solution. Several authors described this enhanced effect of Fe(III)
as a result of the formation of hydroxyl radicals (5, 21). Further-
more, it has also been reported in the literature that the organic
molecule can form a complex with the Fe(III) ion and later
undergoes a direct photolysis (22).

Photoproduct Evolution. During irradiation and until the
complete disappearance of clethodim, nine different byproducts
were observed. Figure 3 shows a typical LC-DAD chromatogram
of an irradiated solution of clethodim.

The kinetic disappearance of clethodim in ultrapure waterwith
the concomitant appearance and evolution of the nine photo-
products is presented inFigure 4. The apparition and evolution of
these byproducts have been followed by LC-UV during the
degradation process with HA, nitrate, and Fe(III) ions and in
ultrapure water. None of these photoproducts are commercially
available; hence, they could not be quantified.

Photoproduct C9 was present since the beginning of the
photodegradation, and its concentration increased to reach a
maximum amount in the first third of the irradiation time and
thereafter slowly decreased to trace levels. The same evolution
pattern followed compounds C4 and C5, and C7 and C8, though
they were formed in smaller amounts. C1 and C6 were the main
photoproducts formed, and although a plateau was not reached
during the irradiation time, the formation pattern of these
byproducts shows a continuous increase as clethodim is de-
graded. Similar behavior was observed for C2 and C3.

The byproducts detected in the presence of different concen-
trations ofHA, nitrate, and Fe(III) ions were the same as those in
direct photolysis; however, differences were observed in the

evolution pattern of some photoproducts. As the concentration
of HA increased, the main photoproducts changed from C1 and
C6 to C2 and C3, and C7 and C8. Moreover, the amount of
compound C9 diminished and the amount of C4 and C5 kept
approximately constant. In the case of nitrate ions, the evolution
pattern and amount formed of all degradation products were the
same compared to those in the direct photolysis with ultrapure
water.

As in HA, the amounts of photodegradation products vary
with the concentration of Fe(III) ions. In the presence of
increasing amounts of Fe(III) ions, the amounts of byproducts
C1 and C6 diminished to trace levels but the amounts of C7 and
C8 increased. Amounts of products C2 and C3, C4 and C5, and
C9 reached their maxima at 2.5 mg/L Fe(III) ions and thereafter
decreased to a constant concentration.

Identification of Photodegradation Products. Both positive and
negative ionization modes were tested in this work. Ion response
and fragmentation were higher using the positive mode. By using
a QTOF analyzer, it was possible to obtain highly accurate m/z
values and/or isolate different precursor ions for the study of their
MS/MS fragmentation pattern. For all the compounds, their
possible molecular formulas were calculated (Table 2).

To determine the most probable molecular formula, various
criteria were considered as the rule of the number of nitrogen
atoms, the DBE (double bond equivalent), and the error. Accu-
rate mass analysis of the sodium adduct was used for further
confirmation of the proposed elemental composition. Besides,
chlorine and sulfur isotopic signals for the protonated molecule
and for fragment ions allow additional information for the
identification of the degradation products to be gained.

The photodegradation experiments resulted in the formation
of nine degradation products, all of them more polar than
clethodim (Figure 3). Byproduct C9 (tR = 26.09 min) was
detected in a small amount (8%) when a freshly prepared stock
solution of clethodim was analyzed. This minor peak also
appeared at time zero of photodegradation kinetics and remained
constant in the dark controls during the irradiation time. How-
ever, the concentration of C9 increased under irradiation as
previously described.

These photoproducts were identified on the basis of accurate
mass measurements of the [MþH]þ ions and their product ions,
as shown in Table 3.

To obtain useful information for the interpretation of the
product ion spectra of the unknown byproduct, we investigated

Figure 3. LC-DAD chromatogram of clethodim photodegradation at an
irradiation time of 60 min in ultrapure water.

Figure 4. Common evolution of transformation products (empty symbols
and dotted lines) formed under the irradiation of clethodim (filled symbols
and solid line) in ultrapure water.
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clethodim fragmentation (Table 3). The [M þ H]þ ion at m/z
360.1384 was fragmented to yield a product ion at m/z 268.1378
corresponding to the loss of the oxime moiety. The ion at m/z
240.1049 is consistent with oxime moiety and ethene molecule
loss, while the ion atm/z 206.1152, corresponding to the elemental
composition of C12H16NO2

þ, is associated with the loss of the
oxime group moiety and the ethylthiol moiety. Once again, the
loss of the oxime moiety and the complete lateral sulfur chain at
position 5 of the ring gave a product ion at m/z 164.0711.

Byproduct C9was a protonatedmolecule whose nominalmass
is the same as that of the [MþH]þ ion of clethodim, and themass
spectra presented an identical fragmentation pattern (Figure 5).
Chlorine and sulfur isotopic signals confirm the presence of these
moieties in the molecule, offering added information for the
correct identification of the compound.

Accurate mass measurement of C9 gave four possibilities
(Table 2), and the only one consistent with the number of
nitrogens, the number of sulfur atoms, and the DBE corre-
sponded to the same elemental composition of E-clethodim,
C17H27NO3SCl

þ. Therefore, C9 was identified as the Z-isomer
of clethodim at the oxime ether double bond. The Z-isomer is
muchmore polar than E-clethodim [tR(Z-) = 26.09 min vs tR(E-)

= 41.30 min] as it can form an internal hydrogen bond between
the oxime oxygenand the hydroxyl groupof the cyclohexane ring.
Several authors have already stated that some E-isomer of
cyclohexanedione herbicides may equilibrate with the Z-isomer
inpolar solvents (15,23) or in chlorinatedwater (10).Moreover, it
has been reported that isomerization can be induced by light and
temperature (7, 24).

Byproducts C4, C5, C7, and C8 exhibited [M þ H]þ ions at
m/z 376 (Figure 5), and the observed fragmentation patterns were
essentially the same for the four compounds. The mass of the
precursor ionwas 16Dahigher than that of clethodim, suggesting
the presence of one additional oxygen atom. Mass spectra of
byproducts presented a chlorine and sulfur isotope signature, as
also observed for clethodim and C9, showing the presence of the
oxime and the sulfur chain. Calculation of possible elemental
compositions resulted in four formulas (Table 2). On the basis of

the presence of heteroatoms and plausible DBE values, the
empirical formula for these compounds was determined to be
C17H27NO4SCl

þ. Fragmentation of the m/z 376 ion led to the
formation of four ions at m/z 298, 284, 206, and 164 (Table 3).
The ion at m/z 298 is probably derived from a cleavage of the
C-S bond after migration of the hydrogen to the oxygen on the
sulfur atom and the loss of the cation radical CH3CH2SOH as
previously described as a common fragmentation of sulfox-
ides (25). The importance of DBE values is noteworthy. In this
case, these values remained constant with respect to clethodim
(4.5), confirming that oxidation occurred on the sulfur atom,
where the double bond (SdO) does not compute for the DBE
value. The loss of the oxime moiety (m/z 92) from the precursor
ion led to the formation of the ion at m/z 284, as it was also
observed in clethodim and C9. The consecutive losses of the
oxime moiety and the cation radical CH3CH2SOH gave the
formation of the ion at m/z 206. The ion at m/z 164 corresponds
to the loss of the oxime moiety and the alkyl sulfoxide chain at
position 5 of the ring.

The oxidation of the sulfur atom of E-clethodim originates a
new chiral center. As the neighboring carbon atom is also chiral,
two pairs of enantiomers formed (RRþSS and RSþSR), and
diastereomers are chromatographically separated in two peaks,
containing a pair of enantiomers each. Since the reaction took
place without stereogenic control in the water achiral medium,
similar amounts of each isomer are expected. In the sameway, the
Z-isomer of clethodim (C9) gave rise to the corresponding pairs
of enantiomers of Z-clethodim sulfoxide. Therefore, on the basis
of the retention time and the amount formed of the two pairs of
enantiomers (Figure 3), C4 and C5 have been assigned to the
sulfoxides of Z-clethodim and C7 and C8 to the sulfoxides of E-
clethodim. However, assignation of each pair of enantiomers of
E- and Z-isomers of clethodim (RRþSS and RSþSR) was no
possible on the basis of the MS spectra alone.

It is known that one of the most important degradative
pathways for sulfide pesticides in the environment is oxidation
to the respective sulfoxide and sulfone due to the high reactivity of
the sulfurmoieties. In soils, sulfoxidation is so rapid and complete
that sulfoxides are often the dominant species found shortly after
application of the parent sulfide. Inmost cases, the sulfoxides also
have pesticidal activity. Sulfoxide byproducts have much higher
water solubility, lower sorption to soil, and a slower degradation
rate compared to those of the parent sulfides, and therefore a
higher potential for groundwater contamination (8).

Byproduct C6 (tR = 20.17 min) exhibited an [M þ H]þ ion at
m/z 270.1520 (Table 3). The isotope signature suggested the
absence of chlorine and the presence of the sulfur chain.

The calculation of the possible elemental composition results in
only one possible formula, C14H24NO2S

þ (Table 2), consistent
with DBE values and the number of heteroatoms.

The product ion mass spectrum (Figure 5) displays a main
fragment at m/z 208.1316 corresponding to the ethanethiol loss,
and the subsequent loss of ethene gives rise to the ion at m/z
180.1373. A minor fragment is the ion at m/z 166.0851 that
corresponds to the loss of the alkyl sulfide chain.

The information obtained from the product ion spectrum and
the elemental composition led to the conclusion that byproduct
C6 corresponds to the imine of clethodim. Besides, the lack of the
loss of the ion atm/z 92, observed in clethodim and also in other
cyclohexanedione mass spectra (10,11), suggested the absence of
the oxime moiety and supports imine formation.

Imine degradate has been observed in degradation processes of
other cyclohexanedione herbicides like alloxydim in different
matrices such as soil, water, and plants (26-28). In this sense,
photodegradation studies conducted by our group gave rise to

Table 2. Accurate Mass Measurements for the [M þ H]þ Ions of Clethodim
and Degradation Products by LC-ESI-QTOFa

experimental

mass (m/z)

calculated

mass (m/z)

error

(ppm) DBE formula

360.1384 360.1381 0.7573 5.0 C15H25N4O2SCl

360.1394 -2.9709 4.5 C17H27NO3SCl

360.1360 6.3919 9.5 C20H23NO3Cl

360.1410 -7.2527 4.5 C15H26N3O3S2
224.1264 224.1267 -1.6837 5.0 C10H16N4O2

224.1281 -7.6745 4.5 C12H18NO3

224.1308 -19.6320 9.0 C15H16N2

286.1452 286.1457 -2.0947 4.0 C12H22N4O2S

286.1437 4.9969 8.5 C15H26N3O3S2
286.1471 -6.7871 3.5 C14H24NO3S

286.1424 9.6892 9.0 C15H18N4O2

376.1325 376.1330 -1.4407 5.0 C15H25N4O3SCl

376.1310 3.9543 9.5 C20H23NO4Cl

376.1343 -5.0104 4.5 C17H27NO4SCl

376.1359 -9.1101 4.5 C15H26N3O4S2
270.1520 270.1522 -0.8419 3.5 C14H24NO2S

270.1508 4.1281 4.0 C12H22N4OS

270.1533 -5.1310 0.0 C8H22N4O6

360.1382 360.1381 0.2019 5.0 C15H25N4O2SCl

360.1394 -3.5262 4.5 C17H27NO3SCl

360.1360 5.8366 9.5 C20H23NO3Cl

360.1410 -7.8081 4.5 C15H26N3O3S2

a The chosen best-fit assignments are shown in bold.
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imine as the main transformation product of alloxydim/sodium
aqueous media (7).

However, to the best of our knowledge, an imine byproduct has
not previously been observed in clethodim degradation studies.

Byproducts C2 and C3 (tR = 7.72 and 8.21 min, respectively)
exhibited [M þ H]þ ions at m/z 286 (Table 3). This mass
corresponded to a molecular mass 16 Da higher than that of
imine, suggesting that this molecule has one additional oxygen
atom. Both compounds contained an odd number of nitrogen
atoms, and the detected m/z 286 isotopic signature reveals the
absence of chlorine and the presence of a sulfur atom. The
accurate mass measurements gave four hits (Table 2), and the
only one consistent with previously remarks corresponded to the
C14H24NO3S

þ empirical formula, which confirms oxidation.
The mass spectra exhibited two important fragments for these

transformation products atm/z 208.1319 and 166.0853 (Figure 5).
The former fragment corresponds to the neutral loss of ethyl
sulfoxide, while the latter derives from the loss of the complete
chain at position 5 of the ring.

Comparing the fragments of these byproducts with the parent
compound, we can note that the typical loss of the ether moiety
(m/z 92) is now absent.

These features led to the assignment of the structure of the two
detected isomers to clethodim imine sulfoxides. As in the case of
clethodim, the oxidation of the sulfur atom generates a new chiral
center, and therefore, two pairs of enantiomers were also formed
corresponding for each chromatographic peak to one pair of
enantiomers (RRþSS and RSþSR). In the same way that was
demonstrated for clethodim sulfoxides, no assignation of each
peak to the corresponding pair of enantiomers is feasible with the
mass spectrometric technique.

Degradation product C1 exhibited an [M þ H]þ ion at m/z
224.1264 (Figure 5). Among the three possible empirical mole-
cular formulas (Table 2), only C12H18NO3

þ is consistent accord-
ing to the number of nitrogen atoms and DBE values.

This byproduct contains an odd number of nitrogen atoms, so
the structure maintains the nitrogen atom of the oxime
moiety. The lack of isotopic signatures revealed the absence
of both chlorine and sulfur atoms. The absence of the loss of
m/z 92, typical of cyclohexanedione oximes, allows us to rule
out the presence of the oxime moiety and support the imine
formation.

Fragmentation of the ion atm/z 224.1264 led to the formation
of product ions at m/z 196.1329, 166.0854, and 111.0434

Table 3. Accurate Mass Measurements and Elemental Compositions of Clethodim, Its Photodegradation Products, and Their Major Ions Obtained by LC-ESI-QTOF
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(Figure 5). The ion atm/z 196.1329 is formedas a result of a loss of
28 Da attributed to CO. Accurate mass measurement of the
product ions made it possible to remove ambiguities between CO
and C2H4 loss, both of which have distinguished the same
nominal mass (error for C2H4 = -2.1398 ppm, and error for
CO = -0.5966 ppm).

The ion atm/z 166.0854 corresponds to an elemental composi-
tion of C9H12NO2

þ obtained after a loss of m/z 58.0410 which is
due to the loss of the ketone chain via a McLafferty rearrange-
ment that involves an intramolecular proton abstraction in the γ

position (carbon in position 6 of the ring) by the ketone oxygen
and elimination of the CH3-CdOHþ-CH2

• chain.
The consecutive loss of the ketone chain and the imine group

leads to the formation of the ion atm/z 111.0434. On the basis of
the previous discussion (Table 2), a structure of photoproduct C1
has been proposed (Figure 6), suggesting the oxidative cleavage of
the C-S bond of clethodim imine. This photooxidation reaction
has been also observed by others (29, 30) in sulfide compounds.

A summary of the proposed degradation pathway resulting
from the photolysis of clethodim in water is shown in Figure 6.

Figure 5. LC-QTOF mass spectra of clethodim and its photodegradation products.
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In summary, the effects of different natural substances on the
photolysis behavior of clethodim have been investigated. HA
exerted a retardant effect on the photodegradation rates of the
herbicide, but the presence of nitrate ions has no influence.On the
other hand, half-lives of clethodim were significantly diminished
in the presence of Fe(III) ions. Furthermore, in our work, the
QTOFmass spectrometer has been used as a valuable tool for the
identification of unknown degradation products resulting from
photolysis reactions in water. On the basis of the exact mass
measurements and fragmentation patterns, it has been possible to
elucidate the structures of nine clethodim byproducts resulting
from isomerization, S-oxidation, reduction of the oxime moiety
chain, and oxidative C-S bond cleavage. A future work on the
study of the toxicity of these byproducts is planned to improve
our understanding of the environmental impact of clethodim
herbicide in water.
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