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The phosphosulfonates are a new class of soil-active herbicides which control a variety of annual
grass and broadleaf weeds. Chirality at the phosphorus atom afforded the opportunity to explore
stereospecific requirements for herbicidal activity. Chiral (hydroxymethyl)phosphinate intermediates
were enzymatically resolved (Pseudomonas fluorescens lipase) from the racemic mixtures and then
used to prepare two pairs of enantiomeric phosphosulfonates. Biological testing of the enantiomeric
phosphosulfonate herbicides demonstrated that, in each case, the herbicidal activity was attributed
to the (+) enantiomer and that the (+) enantiomer is more active than the racemate.
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INTRODUCTION

Many agrochemicals have chiral structures, but for
ease of synthesis, they are initially prepared and often
marketed as racemic mixtures. It is desirable to prepare
and test pure enantiomers since the biological systems
with which the agrochemicals interact are chiral
(Williams, 1996; Kurihara et al., 1997). Several single
enantiomer herbicides and insecticides are currently
used commercially. It is possible that the pure enanti-
omers will have very different levels of the desired
biological activity, as well as varying levels of toxicity,
crop selectivity, rates of metabolism, etc. Enantiomeric
agrochemicals, in which one enantiomer is significantly
more active than the other, have the potential for lower
production costs, lower use rates, and reduced environ-
mental impact.

The phosphosulfonates (Scheme 1, 1-6) are a new
class of soil-applied herbicides with activity against a
variety of grassy weeds (Rosen et al., 1996). The size
and shape of the substituents on the phosphorus atom
of the phosphosulfonates have an impact on the herbi-
cidal potency because those phosphosulfonate molecules
containing an unsymmetrically substituted phosphorus
atom bearing one relatively large and one smaller group
are most herbicidally active. The phosphorus atom is
stereogenic in molecules with this substitution pattern.
Individual enantiomers are necessary to explore the
potential relationship between chirality at phosphorus
and herbicidal activity.

The structures of the racemic herbicides (1, 4) possess
no reactive group for asymmetric functionalization or
resolution; consequently, we chose to resolve the (hy-
droxymethyl)phosphinate intermediates (Scheme 2, 7
and 8) first and use the resolved (hydroxymethyl)-
phosphinates to prepare the desired chiral herbicide
molecules. Mikołajczyk et al. (1995) reported the syn-

thesis of chiral (R-hydroxyalkyl)phosphonates and re-
lated derivatives using the Abramov reaction of alde-
hydes with the appropriate chiral H-phosphonates or
phosphinates. However, in contrast to our synthetic
targets, Mikołajczyk et al. primarily used cyclic phos-
phorus compounds occasionally bearing additional chiral
auxiliaries. Considering the synthetic difficulty in pre-
paring the required starting H-phosphinates, O-isopro-
pyl methylphosphinate, and O-isopropyl ethylphosphi-
nate (for difficult syntheses of enantiomerically enriched
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Scheme 1. Phosphosulfonate Herbicides

Scheme 2. Resolution of Racemic O-Isopropyl
P-Alkyl-P-(hydroxymethyl)phosphinates
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H-phosphinates, see the following: Benschop and Van
den Berg, 1970; Reiff and Aaron, 1970; Szafraniec et
al., 1982), we have explored the possibility of using
enzymatic procedures to resolve racemic isopropyl alkyl-
(hydroxymethyl)phosphinates 7 and 8. Lipase-mediated
acetylation was selected as the most promising trans-
formation because racemic alcohols are considered good
substrates for this type of reaction (for recent reviews,
see the following: Jones, 1986; Chen and Sih, 1989;
Klibanov, 1990; Faber, 1996, Sih et al., 1992; Fukui et
al., 1990). Lipase-mediated acetylation has proven suc-
cessful for the resolution of C-chiral (R-hydroxyalkyl)-
phosphonates (Li and Hammerschmidt, 1993; Khushi
et al., 1993); however, in this paper, we describe the first
successful lipase-mediated resolution of racemic, P-
alkyl(hydroxymethyl)phosphinates in which the phos-
phorus atom is the sole stereogenic center. In addition,
we report the synthesis and biological testing of indi-
vidual enantiomers of the phosphosulfonate herbicides.

PROCEDURES

The general synthetic strategy is summarized below and
specific experimental details follow.

O-Isopropyl Alkyl(hydroxymethyl)phosphinates 7 and
8. Racemic O-isopropyl alkyl(hydroxymethyl)phosphinate start-
ing materials were prepared as described by Rosen et al. (1996)
by reacting the appropriate alkyldichlorophosphine with 2-pro-
panol and pyridine to form an O-isopropyl alkylphosphinate.
Reaction of this material with formaldehyde and base resulted
in the formation of the desired racemic O-isopropyl alkyl-
(hydroxymethyl)phosphinate.

Resolution of Racemic O-Isopropyl Alkyl(hydroxy-
methyl)phosphinates 7 and 8: General Strategy. The
racemic O-isopropyl alkyl(hydroxymethyl)phosphinates 7 and
8 were resolved into enantiomers via enzyme-promoted acetyl-
ation. Thus, racemates of 7 and 8 (Scheme 2) were individually
acetylated using vinyl acetate in the presence of Pseudomonas
fluorescens lipase (PFL). The reaction was performed under
kinetic resolution conditions; that is, it was stopped after ca.
50% conversion. In each case, the O-acetylated product, 11 or
12, was then separated from the remaining unreacted alcohol
chromatographically. Each was enaniomerically enriched, and
ee was determined using 1H NMR with (-)-tert-butylphe-
nylphosphinothioic acid as a chiral solvating agent (Drabowicz
et al., 1997) and by 31P NMR using (-)-ephedrine as a chiral
complexing agent. Since the first operation led to the desired
products with ee 60-80% only, the procedure was repeated
on each enantiomerically enriched sample. The levorotatory
enantiomers 9 and 10 were those which remained unreacted
during the acetylation. Methanolysis of the acetylated deriva-
tives, 11 and 12, gave in both cases the dextrorotatory
enantiomers 13 and 14.

Preparation of Optically Active 10 and 14. Racemic 8
(1.5 g, 9 mmol) was dissolved in diisopropyl ether (30 mL) and
P. fluorescens lipase (100 mg, 44.9 U/mg, Fluka) was added.
Vinyl acetate (3.6 mL) was added, and the mixture was stirred
at room temperature. The progress of the reaction was followed
by 31P NMR (for 10, δ ) 55 ppm and, for 12, δ ) 48 ppm in
diisopropyl ether). When the conversion reached 50% (2 h),
the enzyme was removed by filtration and the solvent and
excess vinyl acetate were removed by evaporation at room
temperature. The residue was chromatographed on a silica gel
column using a gradient of chloroform to chloroform/acetone
(5:1) to elute 12 (0.89 g) and then chloroform/methanol (20:1)
to elute (-)-10 (0.58 g). Optical rotations were obtained and
ee measured for these enantiomerically enriched samples.

12: [R]D +13.33 (c ) 1.0, chloroform), 64% ee from 1H NMR
using (-)-tert-butylphenylphosphinothioic acid as a chiral
solvating agent.

10: [R]D -13.55 (c ) 1.2, chloroform), >86% ee (from 1H
NMR as above and 31P NMR using (-)-ephedrine as a chiral
agent.

To obtain enantiomerically pure products, enzymatic acetyl-
ations were repeated using enantiomerically enriched samples.
In the case of 10, the same procedure was applied, but the
reaction was stopped after 40% conversion and only the
fractions containing 10 (0.31 g) were collected.

10: [R]D -14.5 (c ) 1.0, chloroform), ee > 95%. No trace of
the (+) enantiomer was detected by 1H or 31P NMR as
described above.

Preparation of 14. The sample of 12 (0.9 g) from above
was dissolved in anhydrous methanol (4 mL) and treated with
a solution of sodium methoxide in methanol (0.1 mL of a 1 M
solution). After 5 min, thin-layer chromatography of the
reaction mixture on silica gel using chloroform/methanol as
solvent (10:1) showed an absence of 12. A sufficient amount
of nonhydrated ion-exchange resin (Dowex 50 H+) was added
to neutralize the solution. When the solution reached pH 7,
the resin was removed by filtration and the methanol solvent
was evaporated under vauum. The residue was used in a
subsequent enzymatic acetylation and stopped at 50% conver-
sion. After workup as described above, pure 12 (0.34 g) was
isolated.

12: [R]D +18.43 (c ) 1.3, chloroform).
Deacetylation followed by column chromatography on silica

gel as described above gave 14 (0.54 g).
14: [R]D +14.0, (c ) 1.4, chloroform), ee > 95% by 1H and

31P NMR.
Preparation of Optically Active 9 and 13. 9 and 13 were

prepared from racemic 7 using the procedures described above
for 10 and 14.

11: [R]D +15.5 (c ) 1.84, chloroform).
9: [R]D -18.4 (c ) 0.9, chloroform), ee > 95%.
13: [R]D +19.64 (c ) 1.14, chloroform), ee > 95%.
Preparation of Optically Active Phosphosulfonate

Herbicides. A mixture of methylene chloride (20 mL) and
sodium hydroxide (0.21 g of a 50% aqueous solution) was cooled
to 0 °C and treated with 9 (0.37 g) and benzyltriethylammo-
nium chloride (50 mg). After 5 min, a solution of 2-ethyl-6-
(trifluoromethyl)benzenesulfonyl chloride (0.60 g) (Spangler,
1996) was added and the mixture stirred for 2 h at 0 °C. The
reaction mixture was poured into water, the phases were
separated, and the organic phase was washed with brine. The
organic phase was dried over sodium sulfate, and the solvent
was removed in vacuo to yield a pale oil which was then
chromatographed on a flash silica gel column (2 × 10 cm) with
50:50 ethyl acetate/hexane. The resulting oil (0.68 g) was
identified as 3 by GC and NMR characterization relative to a
known sample of the racemic material, 1 (Rosen et al., 1996).

3: [R]D -13.20 (c ) 2.0, methanol).
The other herbicides were prepared in a similar fashion (2

from 13; 5 from 14; 6 from 10).
2: [R]D +13.69 (c ) 2.4, methanol).
5: [R]D +13.92 (c ) 2.3, methanol).
6: [R]D -13.83 (c ) 2.6, methanol).
Greenhouse Methods. The compounds described above

were evaluated preemergence under greenhouse conditions on
five monocot weeds: green foxtail (Setaria viridis), Hungarian
millet (Setaria italica), large crabgrass (Digitaria sanguinalis),
green sprangletop (Leptochloa dubia), and barnyardgrass
(Echinochloa crus-galli).

A silt loam soil (Lawrenceville series) having about 2%
organic matter was amended with washed sand (2 parts soil
to 1 part sand). The amended soil was placed in 16 × 25 × 7
cm plastic trays to within 2 cm of the top. On top of the soil
was placed the appropriate number of seeds of each weed
species after which an additional 1 cm of amended soil was
layered over the seeds. A known amount of test compound was
dissolved in acetone and applied directly to the soil surface.
Herbicide applications equaled 19, 38, 75, 150, 300, and 600
g/ha and were done with a laboratory track sprayer calibrated
to deliver 234 L/ha using a 8002E nozzle (TeeJet) which
delivered a spray pressure of 200 kPa.

After treatment, the trays were placed in a greenhouse and
immediately watered overhead; subsequent watering was also
overhead. Visual ratings of weed control were made 3 weeks
after treatment. Results of the greenhouse evaluation were
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expressed on a 0-100 rating scale. The scale is based on visual
observation of plant stand, vigor, malformation, size, and
overall plant appearance as compared to an untreated control.
With this scale, 0 represents no injury and 100 represents
complete kill.

In Vitro Methods. Phosphosulfonate herbicides were dis-
solved in DMSO which was subsequently diluted into 20 mL
of a nutrient solution comprised of 0.131 g/L KH2PO4, 0.506
g/L KNO3, 1.181 g/L Ca(NO3)2‚4H2O, 0.241 g/L MgSO4, 2.5
mg/L H3BO3, 0.5 mg/L ZnCl2, 0.05 mg/L CuCl2‚2H2O, 0.084
mg/L NaMoO4‚2H2O, 0.5 mg/L MnCl2‚4H2O, and 2.5 mg/L
sodium ferric diethylenetriamine pentaacetate (Sequestrene
330, Ciba Geigy). Test solutions were obtained by 1:1 serial
dilutions with nutrient solution. Barnyardgrass (Echinochloa
crus-galli (L.) Beauv.) seeds were germinated and grown on
filter paper (Whatman No. 1) in 100 × 20 mm Petri dishes
containing 10 mL of test solution under four 48 in. fluorescent
lamps providing a light intensity of 50 µE m-2 s-1 of photo-
synthetically active radiation with a day-night cycle of 16 h
light and 8 h dark. After 7 days, shoot length was measured
to the nearest millimeter and was used as an index of
herbicidal activity. The concentration of herbicide resulting
in a 50% reduction in shoot length (I50) was estimated by fitting
the data to the dose-response equation (Streibig et al., 1993)
using nonlinear regression.

In this equation, y is shoot length, x is herbicide concentration,
A is the I50, b is a parameter which describes the slope of the
curve, and C and D are the minimum and maximum re-
sponses, respectively.

RESULTS AND DISCUSSION

The enantiopure and racemic phosphosulfonate her-
bicides were evaluated in both greenhouse and labora-
tory tests. Table 1 shows the results from a typical
greenhouse test where the herbicidal activity was
evaluated on several grass weeds in preemergence
applications at 38 g of active ingredient (ai)/ha. In both
analogue sets, the (+) enantiomers (2, 5) were signifi-
cantly more herbicidal than were the corresponding (-)
enantiomers (3, 6) or racemic mixtures (1, 4). The (+)-
methyl phosphinate analogue was slightly more active
than the (+)-ethyl phosphinate, as was observed for the
corresponding racemates. With either phosphosulfonate,
the (-) enantiomers had no herbicidal activity even
when tested as high as 150 g/ha (data not shown).

The herbicide analogues were also tested for inhibi-
tion of shoot elongation in a soilless laboratory assay
(Table 2). Similar to the greenhouse test results, the (+)
enantiomers were the most active of the enantiomeric
pairs in the laboratory tests. The (+) enantiomers were
two times more active than their corresponding racemic
mixtures, and the (+)-methyl phosphinate was ap-
proximately 1.5 times more active than the (+)-ethyl

phosphinate. The (-) enantiomers were inactive at the
highest concentrations tested (5.0 µM, 3; 2.5 µM, 6).

Taken together, these greenhouse and laboratory
tests demonstrate that the herbicidal action of the
phosphosulfonates possesses a stereospecific character.
Although the mechanism which underlies this ste-
reospecificity is unknown, there are several possibilities
which could explain the results. First, it may be that
the phosphorus portion of the molecule is involved in
binding to the unknown target site enzyme for the
phosphosulfonate herbicides. Alternatively, the (-)
enantiomers could be taken up by the plant tissue more
slowly than the (+) enantiomers or the two enantiomers
could be metabolized at different rates in vivo. It is
unlikely that this stereospecificity involves selective
detoxification in the soil because similar results were
obtained using both the soilless laboratory assay and
the greenhouse test.

Currently, we cannot differentiate between these
possible explanations for stereoselectivity; however, we
have shown that the use rate of a typical phosphosul-
fonate herbicide can be reduced, potentially by a factor
of 2, by using the active enantiomer rather than the
racemic mixture.

Supporting Information Available: NMR spectra (5
pages). Ordering information is given on any current masthead
page.
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