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Verifying the Chiral Switch of the
Pesticide Metolachlor on the Basis of
the Enantiomer Composition of
Environmental Residues
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Abstract: Racemic metolachlor is currently being replaced by S-metolachlor, the herbicide enantiomerically
enriched with the biologically active (S)-isomers. This ‘chiral switch’ is expected to reduce the amount of pes-
ticide released into the environment as well as potential side-effects on non-target organisms. The switch is
also expected to result in lower environmental concentrations and in a changed enantiomer/stereoisomer
composition of the residues. To verify this switch, the enantiomer composition of metolachlor residues from
a lake (Baldeggersee, Switzerland) receiving inputs from agricultural activities was measured from 1997
through 2001. Enantioselective GC-MS analyses indicated that pre-1998 inputs into the lake were from the
racemic compound. In contrast, more recent inputs showed a clear excess of (S)-isomers, and eventually
(2000/2001) consisted almost entirely of the new S-metolachlor. The data document the application of enan-
tio-selective analysis in environmental studies to apportion the relative contributions of old (racemic) and new
(enantioenriched) herbicide on the basis of the enantiomer/stereocisomer composition. The data also show a
rapid environmental response to the changed composition of a herbicide. In terms of absolute concentra-
tions no direct evidence could be obtained for the replacement because of year-to-year variations in the

inputs likely as a result of intensive rainfall during the application periods.
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Introduction

Many pesticides are compounds with at
least one element of asymmetry and there-
fore consist of mixtures of stereoisomers,
often with widely differing biological ac-
tivities [1]. An increasing number of such
pesticides, initially marketed as mixtures of
stereocisomers or enantiomers, have been
introduced in recent years as enantiopure or
single-isomer compounds (‘ chiral switch’).
By using enantiopure pesticides, side ef-
fects and risks for the environment can be
reduced whereas the desired biological ac-
tivity on the biological target is still main-
tained.
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Metolachlor, 2-chloro-N-[2-ethyl-6-me-
thylphenyl]-N-[2-methoxy-1 methylethyl]-
acetamide, is an important selective herbi-
cide for usein corn and other crops to con-
trol avariety of broad-leaved weeds [2-4].
The compound is one of the most popular
pesticides world-wide with an estimated
production in excess of 30,000 t/year [5].
Metolachlor has an interesting chemical
structure and — due to the presence of two
chiral elements (an asymmetrically substi-
tuted carbon and a chiral axis) — consists of
four stable stereoisomers (Fig. 1). The her-
bicidal activity is, however, mainly gov-
erned by the absolute configuration at the
asymmetrically substituted carbon atom in
the alkyl moiety [6]. As a matter of fact,
95% of the herbicidal activity of meto-
lachlor originates from the two (S)-isomers
((@sy) and (aRS)). Metolachlor was intro-
duced by Ciba-Geigy in 1976 as the ra
cemic compound consisting of equal
amounts of active (- ((aSS) plus (aR9))
and inactive (R)- ((aSR) plus (aRR)) iso-
mers. Since 1997, rac-metolachlor is being
replaced world-wide by S-metolachlor with

a content of ~90% (S)-isomers and ~10%
(R)-isomers and with the same biological
effect at 65% of the use rate [6]. The enan-
tioenriched product is manufactured by
Syngenta using a novel enantioselective
catalytic process [7]. The ‘chiral switch’
from racemic to S-metolachlor, as with
other chiral pesticides, not only allowslow-
er application rates, it also reduces the
amounts of pesticides released into the
environment, prevents deployment of inac-
tive isomers (‘isomer ballast’) to the bio-
sphere, and thus reduces potential side-ef-
fects on non-target organisms [8]. The use
of the enantiopure compounds should thus
lead to lower environmental concentrations
and to changed isomer compositions of the
residues. Furthermore, the use of enantio-
enriched products is also beneficial from
the viewpoints of production, transport,
and handling. In Switzerland, this ‘chiral
switch’ wasinitiated in 1997 with theregis-
tration of S metolachlor followed by the ex-
piration of the registration for the racemic
product.
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The assessment of side-effects of pesti-
cides such as the potential to contaminate
natural watersis an important aspect of any
benefit-risk evaluation of pesticides. In this
respect, herbicides need particular attention
becausethey are directly applied to soil and
thusaremorelikely to betransported to sur-
face and ground water than other pesticides.
Surface run-off from soil seemsto beama-
jor process of herbicide input into surface
waters [9][10]. Integrated-pest-manage-
ment measures (IPM), financial incentives
for ecological farming, and other measures
are expected to result in lower environmen-
tal burdens of pesticides. The Federal Of-
fice of Agriculture, Bern, Switzerland, ini-
tiated a large survey program that includes
the monitoring of surface waters in
Switzerland for the presence of pesticides
to detect trends in concentrations and loads
and to correlate these with actual measures
taken[11]. Lakeswere selected for thispro-
gram because they are transient reservoirs
and reflect the processes in the catchment
area, and their composition and properties
are less prone to temporal fluctuation than
those of rivers and streams (integrating
effect). For the program the waters from
different lakes in Switzerland (Badeg-
gersee, Greifensee, Zirichsee, Sempacher-
see, Murtensee) were selected and some
were analyzed at regular (monthly) inter-
vals at the Swiss Federal Research Station,
Wédenswil and the Swiss Federal Institute
for Environmental Science and Technolo-
gy, EAWAG, Dibendorf. Mountain lakes,
remote from human activities and serving
for reference purposes, wereincluded inthe
campaign. In this article, we present some
of these data, in particular on concentra-
tionsand the enantiomer composition of the
chiral pesticide metolachlor in Baldeg-
gersee, a lake situated in an agricultura

area in Switzerland. The data reported ver-
ify that the ‘chiral switch’ was completein
2000/2001.

Selection of the Lake Investigated

Of particular importance for this article
islake Baldeggersee, Switzerland. Thelake
is located in the central region of Switzer-
land in an area of intense agricultural activ-
ities including corn cultivation, and meto-
lachlor and other pesticides are regularly
detected in the waters from this lake. The
timespan from 1997 through 2001 covered
five application periods of metolachlor,
during which the gradual replacement of
rac-metolachlor by Smetolachlor was ex-
pected. Surface water and water from deep-
er regions (20 m or more) were analyzed at
monthly intervals during a 5-year period.

Baldeggersee, as most other Swiss
lakes, isstratified during the warmer season
(April to Octaber); in winter (November to
March) the lake is mixed. Inputs of the pes-
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Fig. 1. Structures (absolute configurations) of
the four stereoisomers of metolachlor. The as-
terisks denote the chiral axis and the chiral
asymmetrically substituted C-atom.

ticides are expected in spring to early sum-
mer into the surface water (epilimnion).
Baldeggersee has a mean water residence
time (filling time, T) of 3.8 'y [12], but a
more rapid water exchange in the epil-
imnion during stratification (~3 months).
Actual amounts of pesticides loaded into
the lake (input) depend on a number of pa-
rameters, such as the amount of the com-
pounds used in the catchment area, inte-
grated-pest-management (IPM) measures,
and actual weather conditions before, dur-
ing, and following application (intensity,
duration, and frequency of rainfall events,
flooding of fields, etc.).

Analysis

The concentrations of metolachlor and a
number of other pesticides were measured
by an ultratrace level (ng/l) analytical
method that used solid-phase extraction,
stable isotope-labeled compounds (13C6-
metolachlor, atrazine-d5) as surrogates, and
enantioselective (‘chira’) gas chromato-
graphy-mass spectrometry (GC-MS; see
[13]). Non-enantioselective (‘achiral’) GC
showed no resolution of the diastereomers,
and metolachlor was eluted as asingle peak
so that racemic and S-metolachlor could not
be distinguished. However, when enantio-
selective GC with a silylated [3-cyclodex-
trin aschiral selector was used, metolachlor
was resolved in 3-4 peaks and the distinc-
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Fig. 2. El SIM chromatograms (m/z 238) of rac-metolachlor (left-side panel) and S-metolachlor
(right-side panel) showing different enantiomer/stereocisomer compositions analyzed using an

enantioselective PS086 - BSCD column.
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tion between racemic and S-metolachlor
became possible (Fig. 2 and [14]). The ex-
act enantiomer/stereocisomer composition
of metolachlor residues was determined
using thermal equilibration followed by
enantioselective detection [13]. The enan-
tiomer/sterecisomer composition is ex-
pressed as enantiomer excess (EE), defined
as the excess of the herbicidally active (S)-
isomers over the inactive (R)-isomers[13].
rac-Metolachlor has an EE of 0, and S
metolachlor, with ~90% of (S)-isomers and
~10% of (R)-isomers, has an EE of ~0.8.
The simulation of concentrations and enan-
tiomer composition of metolachlor in
Baldeggersee was performed as detailed
elsewhere[13] using the computer software
AQUASIM (EAWAG, Dubendorf, Switzer-
land; [15]).

Occurrence of Pesticides in
Baldeggersee

Various pesticides are regularly detect-
ed at trace (ng/l; parts-per-trillion, ppts)
concentrations in some lakes. The concen-
trations, with the exception of atrazine in
some of the lakes, were usually well below
the ECE recommended drinking water tol-
erance level of 100 ng/l. In Baldeggersee,
the concentrations of metolachlor in 1997
to 2001 werein therange of 3to 30 ng/l. As
for most of these pesticides, metolachlor
showed seasonal changes of the concentra-
tion in the lake, and when analyzed enan-
tioselectively, it showed varying stereoiso-
mer composition.

In Fig. 3, we plotted the temporal varia-
tion of the metolachlor concentrations in
surface water (1 and 2.5 m) and water from
deeper regions (20-30 m) for Baldeggersee
over the period 1997 to 2001. The plot
shows relatively constant concentrations of
metolachlor in the hypolimnion, but con-
centration peaks in the epilimnion of the
lake due to seasonal inputs in spring/early
summer, particularly in 1999, 2000, and
2001 when maximum concentrations were
up to 30 ng/l. The concentration increases
in 1999 to 2001 corresponded to inputs of
about 1 kg in each year. Concentration
peaks were also observed for other
pesticides, and were for some even larger
(e.g. atrazine, maximum concentrations,
250 ng/l). These concentration peaks coin-
cided with the application of metolachlor
and other pesticides in the catchment area.

The inputs of pesticides occurred in
spring to early summer, at a time when the
lake is stratified. The inputs cause a rapid
increase of the metolachlor concentration
in the epilimnion but, due to the faster
flushing in summer (smaller volume affect-
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Fig. 3. Concentration of metolachlor in Lake Baldeggersee and enantiomer compositions (EE)
measured in surface water (upper panel), and water discharge from Lake Baldeggersee in 1997
to 2001 (lower panel). Symbols: measured concentrations (e, epilimnion; O, hypolimnion); sim-
ulated data (— concentrations, best fit; ---- predicted concentration for rac-metolachlor with
higher use rate. The dashed line in the lower panel indicates the long-term average discharge

of Baldeggersee.

ed), metolachlor israpidly eliminated from
the lake via export (dilution). Therefore, in
late fall, at the onset of the vertical mixing
of thewater column, concentrations similar
to those prior to the seasona input are
reestablished. The pattern of decreasing
concentrations in spring (dilution), fol-
lowed by concentration increases in
spring/early summer (input), followed
again by adecrease (dilution/flushing), and
mixing of thelakein fall isobserved in sev-
eral Swisslakesreceiving inputsfrom agri-
cultural activities[16]. A significant part of
the pesticides are eventually exported from
the lake.

The year-to-year variation of inputs to
the lake depends on actual run-off condi-
tions and thus on the rainfall prior to and
immediately following application of the
pesticide. The inputs are thus subject to
variation both regionally and annually. The
precipitation data from a nearby meteoro-
logical station was complex with many in-
dividual rain events of different intensity
and duration throughout the study period

(data not shown). It is therefore difficult to
link individual rain eventsto the actual pes-
ticide input. However, the precipitation in
the catchment area s reflected in the water
discharge from the lake (Fig. 3). This dis-
charge shows considerable fluctuations
during the study period. A comparison with
the long-term average discharge (see dotted
line) shows that the discharge in 1997 and
1998, on average, was below the long-term
average (‘dry years'), whereas in 1999 to
2001, it was considerably higher (‘wet
years'). Moreover, peak dischargesin 1997
and 1998 were outside the application peri-
od of metolachlor, whereas they preceded
and/or coincided with the application peri-
od in 1999 to 2001. In 1999, the exception-
a discharge resulted from particularly in-
tensive rainfall events which caused heavy
flooding. In contrast, in 2001, frequent, but
not as heavy rainfalls provided for perma-
nently wet conditions with saturated soil
conditions. Both situations are expected to
favour pesticide input to rivers and lakes
via surface runoff.
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Enantiomer Composition of Meto-
lachlor Residues in Baldeggersee

The water from Baldeggersee showed
a nearly racemic composition prior to the
major input in 1999, followed by a clear
change toward a non-racemic composition
after this input. The surface water (depth,
2.5 m) during the peak inputs in 2000 and
2001 showed a sterecisomer composition
very close to that of Smetolachlor and
clearly different from that of rac-meto-
lachlor.

In Fig. 4 we show chromatograms of
surface water from Baldeggersee, analyzed
using enantioselective GC-MS. The chro-
matograms show that the enantiomer com-
position of the residues in Baldeggersee
prior (March) to the input in 1999 was
racemic. In July 1999, during the time of
major input, this composition was changed
and showed a clear excess of (§)-isomers.
Eventually, chromatograms of the major in-
puts in 2000 and 2001 show compositions
virtually identical to that of S'metolachlor.
The chromatograms clearly document the
changing enantiomer composition of
metolachlor in the lake, verifying that
racemic metolachlor was replaced by
S-metolachlor.

It can be assumed that the concentra-
tions of metolachlor in the lake would have
been larger if solely the racemic compound
with a higher use rate had been used (addi-
tional input of (R)-isomers). From the con-
centration and the enantiomer composition
actually measuredinthelake (e, EE=0),
the predicted concentration (G, is calcu-
lated as

Cored = Crmess (1+EE)

This concentration is up to 1.78 times
higher, when the residues in the lake show
contributions of Smetolachlor (EE =0.78).
The predicted concentrations calculated in
this way are also plotted in Fig. 3 (upper
panel, dashed line).

In terms of absolute concentrations of
metolachlor in Baldeggersee, no direct evi-
dence could be obtained for a replacement
of the racemic by the enantioenriched prod-
uct inthe catchment areaof thelake. Infact,
concentrations in 1999 to 2001 were simi-
lar and even higher than in preceeding
years, due to more surface run-off as are-
sult of intensive rainfall during the applica-
tion period. In addition, use of other herbi-
cides may have gone down in favor of
metolachlor-containing products, so that
more metolachlor may have been used in
the catchment area of the lake, despite the
lower application rates. Furthermore, actu-
al herbicide usage depends on the area
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.Fig. 4. El SIM chromatograms (m/z 238) of metolachlor residues in surface water from the
Baldeggersee, analyzed using enantioselective PS086-BSCD columns, and showing a racemic
composition from earlier applications of racemic metolachlor in March 1999, and non-racemic
compositions from increasing contributions of S-metolachlor following the peak inputs in 1999,
2000 and 2001. Note that different columns were used for analyses resulting in different reten-

tion times.

treated and type of agricultural production
(e.g. corn versus other crops) and is thus
aso subject to year-to-year variations.
Therefore, concentration measurements
alone, at least on a short term basis, cannot
be used to verify substitution of racemic by
Smetolachlor.

The enantiomeric composition of the
residues, on the other hand, is much less
sensitive to these above mentioned factors.
The data clearly demonstrate substantial
change of the enantiomeric composition of
metolachlor residuesin the lakes, reflecting
the successive replacement of racemic
metolachlor by S metolachlor. The data al-
so demonstrate the rapid response of envi-
ronmental residues to this replacement in
terms of enantiomer composition.
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