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Metolachlor, one of the most wide-
ly used herbicides worldwide,
has been forced, in a manner of

speaking, to look itself in the mirror and
get a bit of a makeover. First in Europe,
then in Canada, and then, to a partial
extent, in the United States, the formula-
tion for this compound with two chiral
centers has been changed from a racemic
mixture to a product enriched to contain
about 85% S-enantiomer. This is not a
change that you would necessarily notice
on first analysis, as the physicochemical
properties of the enantiomers are, of course,
virtually identical. However, upon appli-
cation of the weed killer, the significance
of this adjustment becomes evident. Biolog-
ical molecules of the natural world are, by
and large, “single-handed”, and thus, enan-
tioselective reactions are the norm.

“It is beneficial to the environment
because 90% of the [herbicidal] activity
resides in the S-enantiomers,” says Wayne
Garrison, a research chemist at the U.S.
EPA’s Ecosystems Research Laboratory
(www.epa.gov/athens). Much less of the
S-enriched metolachlor needs to be applied
to achieve the same effect as the racemate,
resulting in a lower persistent environ-
mental concentration of the chemical
and a reduction in potential side effects
on nontarget organisms. 

Chiral separations of organic environ-
mental contaminants, including pesticides
and polychlorinated biphenyls (PCBs), only
really began to hit the research journals
in the early 1990s, according to Garrison,
predominantly from European groups as
their governments came to the “realiza-
tion that the use of only the active enan-
tiomer of a chiral pesticide is good for the
environment.” GC, and particularly GC-
MS, using cyclodextrin stationary phases
(see Figure 1) has generally been the
method of choice for such separations,
although HPLC and CE have seen some
use for particularly polar compounds. 

Since the research began in the early

1990s, scientists have noticed the preva-
lence of chirality in persistent organic pollu-
tants. About 25% of pesticides currently
on the market are chiral compounds or
have chiral components, as do many that
have been taken off the market, includ-
ing chlordane and hexachlorocyclohexane
(HCH). In addition, 19 of the 209 PCBs
are chiral because they contain an asym-

metric chlorine substitution pattern and
have enough ortho chlorines that restrict
rotation about the central C–C bond (see
Figure 2). Except for some recent exam-
ples, all of these chemicals were manu-
factured and released as racemates. Besides
opening up an opportunity for new prod-
uct development, this adds a new analyt-
ical dimension to assessing the legacy of
past pollutants and the transformations
they undergo in nature. 

Blame It on the Microbe?
Conclusively explaining the origin and fate
of a pollutant in a particular location is a
complicated endeavor, mainly because of
the intricate array of organisms, chemical
compounds, and physical forces that tend
to coexist in the same area. Chiral chro-

matography, however, can offer significant
insight, because the relative amounts of
enantiomers of a racemic mixture are affect-
ed only in biological processes. “If you see
a pesticide residue disappearing in your
field, for instance, it is not always clear
whether this is chemical hydrolysis or
biological activity or a combination of
both,” says Terry Bidleman, a senior research
scientist at Canada’s Centre for Atmospheric
Research Experiments (www.msc-smc.ec.gc.
ca/arqp/care_e.cfm). “But if it happens to
be a chiral compound, and two enantiomers
have degraded at different rates, simply
the observation that you have nonracemic
residues in the environment tells you
that there has been a biological process
that has taken place.” 

This type of measurement has been
particularly important in looking at PCBs.
For example, several years ago Garrison and
colleagues from the EPA and the National
Water Quality Laboratory at the United
States Geological Survey (USGS, http://
nwql.usgs.gov) measured the enantiomeric
compositions of chiral PCBs in various aquat-
ic bed sediments using chiral capillary GC-
MS (1). In sediment sites in Lake Hartwell
in South Carolina, the Hudson River in New
York, the Husatonic River in Connecticut,
and other waterways, they detected
nonracemic enantiomer ratios (ERs) of seven
PCBs, which confirmed previous inconclu-
sive reports of microbial-induced reductive
dechlorination of PCBs on these sites.

In a more recent study, some of the same
scientists and others from the University
of Toronto (www.utoronto.ca) and Clemson
University (www.clemson.edu) demonstrat-
ed more conclusive evidence of stereose-
lective dechlorination taking place in
Lake Hartwell by performing microcosm
experiments in which they took sediment
samples to the laboratory and spiked
them with chiral PCBs (2). Two of the
compounds—PCB91 and PCB95—distinct-
ly showed nonracemic ERs, but no enan-
tioselectivity was observed for two others,
although achiral measurements in these
controlled conditions indicated the occur-
rence of dechlorination for these com-
pounds. These results begin to paint a more
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Chiral GC separations add a new dimension to
environmental analysis and pesticide design.

FIGURE 1: The seven-ringed unit β-cyclodex-
trin forms a truncated cone shape that can
provide an enantioselective fit in a GC
column for chiral environmental analytes. 
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refined picture of the Lake Hartwell envi-
ronment and its affects on PCBs.

Bring on the Animals
Of course, differentiating between micro-
bial and purely chemical influences on
the fate of a pollutant doesn’t tell the whole
story. A whole set of walking, flying,
slithering, and swimming critters ingest
parts of their surroundings and are ingest-
ed themselves, adding plenty of potential
pathways for contaminants. In another

report on their aquatic PCB research, EPA
and USGS scientists determined enan-
tiomeric PCB concentrations in animals such
as fish, water snakes, and barn swallows
in the same areas from which they took
the sediment measurements (3). In all of
the species, they found that enantioselec-
tive metabolism occurred for selected PCBs,
and there were marked differences in ERs
between these biota samples and the previ-
ous sediment measurements, as well as
species-specific enantiomer patterns. The
observation of nonracemic PCBs in fish was
particularly significant because previous
achiral studies indicated that fish have a
very limited ability to metabolize organo-
chlorine compounds and therefore tend to
accumulate these chemicals. The observa-
tion of enantioselectivity was supported by
a more recent controlled study of rainbow
trout eating food spiked with PCBs, trans-
chlordane, and α-HCH (4). Thus, prior
models of aquatic food webs in which fish
metabolism of such chemicals was set to
zero might have to be reconsidered.

These results point out the value of
using enantiomer signatures to directly
follow the bioaccumulation of pollutants
in food chains and pinpoint where key
changes are occurring. For example, accord-
ing to Bidleman, Arctic cod are the major
food for the ring seal. “The chlordanes in
Arctic cod,” he says, “quite nicely reflect

the chlordanes in seawater, and they are
very close to racemic. But then when you
get one step up into the food chain into
the ring seal, you see major enantiomer
metabolism, which tells you that the animal
is not just taking the chlordanes from the
Arctic cod and stuffing it into its blubber.
It is also processing them.” 

A Small World
Alas, the complexity of tracing pollutants
doesn’t end with the influence of a partic-

ular ecosystem. Because of the common
occurrence of soil-to-air and water-to-air
exchanges and subsequent global atmos-
pheric transport, a persistent pesticide
banned for years in the developed world
can evaporate into the air 25 years after
use and wind up halfway around the world.
This same compound might be currently
in use (legally or illegally) in developing
regions and drift from there to any other
spot on the globe. Sorting out where and
when the contents of a particular sample
originated is not straightforward, but enan-
tiomeric signatures can help address this
challenge as well. 

Biodegradation processes don’t take
place once a compound has evaporated
into the air. “So,” says Bidleman, “you can
follow movement of pesticides from soil
to air or from water to air by looking at
the enantiomeric signature of the residues
that are in the air compared to what is in
the soil.” A good example of this sort of
application is work done on chlordane
transport by Bidleman, Renee Falconer from
Chatham College (www.chatham.edu), and
others. Falconer’s group initially detected
nonracemic residues of chlordanes in
soils in the midwestern United States—
where chlordanes were last used as lawn
and garden insecticides in the early 1980s—
and found matching ERs in samples taken
from the air directly above this soil, indi-

cating soil-to-air exchange. More recently,
Bidleman and colleagues studied Arctic air
samples for chlordanes and metabolites with
chiral GC and discovered that the nonracemic
signatures closely agreed with those found
in the midwestern United States (5). These
results suggest that chlordane found in the
Arctic comes mainly from soil emissions
from warmer regions of the northern hemi-
sphere arising from past applications rather
than from current usage. The hypothesis,
says Bidleman, is that “the sources of chlor-
dane to the Arctic have probably changed
over time.” This has been strongly confirmed
in work yet to be published, in which Bidle-
man’s team was able to obtain historical air
samples that had been collected from
Sweden in 1971 (when chlordanes were in
active use) and compare them with 1998
Swedish air samples. The 1971 samples were
racemic, and the 1998 samples were clear-
ly nonracemic. “This really put the icing
on the cake,” says Bidleman.

An Emerging Field
A good deal of work in chiral separations
over the past decade has uncovered valu-
able information about the fates of persist-
ent organic contaminants and the biodegra-
dation processes they undergo. However,
much less is known about the distinct toxi-
cological and biological properties of enan-
tiomers of chiral pollutants. “It is still an
emerging field,” says Bidleman. “There is
a large number of pesticides out there that
are still being produced as racemates for
which we don’t have good toxicological data
about which enantiomer is effective and
which enantiomer is more persistent in the
environment.” Achieving product makeovers
by the metolachlor model, of course, will
depend on this type of information, as will
the endeavor of accurately assessing the
long-term risks of chiral pollutants. 

References
(1) Wong, C. S.; Garrison, A. W.; Foreman, W. T.

Environ. Sci. Technol. 2001, 35, 33–39.
(2) Pakdeesusuk, U.; et al. Environ. Sci. Technol.

2003, 37, 1100–1107.
(3) Wong, C. S.; et al. Environ. Sci. Technol. 2001,

35, 2448–2454.
(4) Wong, C. S. ; et al. Environ. Sci. Technol. 2002,

36, 1257–1262.
(5) Bidleman, T. F.; et al. Environ. Sci. Technol.

2003, 36, 539–544.

David Filmore is an associate editor of
Today’s Chemist at Work. Send your
comments or questions about this article to
tcaw@acs.org or to the Editorial Office
address on page 3. ◆
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FIGURE 2: PCB 136 (2,2’,3,3’,6,6’-hexachlorobiphenyl) is one of the 19 chiral PCBs. A
nonracemic enantiomer ratio (ER) of this compound was detected with a β-cyclodextrin
chiral GC column in Lake Hartwell (South Carolina) sediment, indicating that microbial
degradation had taken place (Spectrum reprinted with permission from reference 1).
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