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Phosphate ester insecticides have become the dominant
form of insect control on the world market. First
synthesized in the 1930s and later developed in the 1940s
and 1950s, tetrasubstituted phosphorus(V) compounds
such as paraoxon, parathion, and diazinon (Figure 1)
became the commercial insecticides of choice after the
problems associated with the persistence in the environ-
ment of aromatic halocarbons such as DDT became
understood. As materials which will decompose slowly
in water,1,2 phosphotriesters such as paraoxon are be-
lieved to be less environmentally hazardous than other
categories of insecticides. Unfortunately, phosphate
insecticides are also most often responsible for the
poisoning of agricultural workers.3,4
The harmful effects of phosphotriester insecticides are

related to their inhibition of mammalian acetylcholinest-
erase, the enzyme responsible for regulating the in vivo
concentration of the neurotransmitter acetylcholine.
Early reports suggested that parathion was unreactive
toward mammalian acetylcholinesterase in vitro and was
presumably less toxic than paraoxon.5 It was rapidly
discovered, however, that parathion is converted into
paraoxon in vivo,6,7 by microsomal P450 enzymes via
oxidative desulfuration of phosphorus.8-10 Given the
broad substrate specificity of P450 enzymes, it is likely
that desulfuration occurs with other phosphorothioate
insecticides as well.
Antibodies have a long history of being used therapeu-

tically to treat poisoning by snake venoms and other
natural toxins by binding the foreign substances and
isolating them from susceptible tissues.11 We believe that
antibodies also have potential as a means of alleviating
the effects of overexposure to phosphate insecticides and
other phosphonate poisons, including nerve agents such
as sarin and tabun. This potential may be clinically
exploited further than has been done previously in
affinity based antibody therapies by using an antibody
to catalytically decompose the toxin of interest rather
than simply immobilize it. As part of a program of

applying antibody catalysis to phosphate hydrolysis,12 we
chose to study the antibody mediated hydrolysis of
paraoxon.
In designing haptens that will induce antibody cataly-

sis, two strategies may be followed. In the first, a
compound which mimics the geometry and charge dis-
tribution of the transition state as closely as possible is
used as the hapten. In the second strategy, which is
referred to as “bait and switch”, a compound which is not
necessarily a transition-state analog is synthesized with
the intent of inducing specific complementary amino acid
residues capable of mechanistic interaction with the
substrate.13-17 Previous demonstrations of this principle
have focused on the placement of a general base in the
active site of an antibody binding pocket. Each strategy
has advantages and disadvantages with regard to a
particular reaction and its mechanism. Unfortunately,
in the case of phosphotriesters, enzymatic systems do not
provide a useful guide for hapten design. There is one
known type of phosphotriesterase18,19 which is a highly
efficient catalyst but requires two zinc ions which are
held in place by four active site histidines for catalytic
activity. Previous work with antibodies has successfully
made use of metal cofactors to bring about catalysis.20-23

However, designing a hapten that will induce an antibody
which is capable of binding two metal cations in a precise
alignment with a substrate remains problematic at this
time, so other strategies were pursued.
The hydrolysis of phosphotriesters is first order in

hydroxide ion and is believed to proceed via an in-line
displacement mechanism through a trigonal bipyramidal
transition state with the nucleophile and leaving group
in the apical positions.24-27 This implies that the hy-
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Figure 1. Some representative phosphate insecticides.
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drolysis of paraoxon should be susceptible to specific base
catalysis. Paraoxon hydrolysis also might be accelerated
by either the protonation of the leaving-group alkoxide
or the stabilization of developing negative charge on the
PdO bond.
We believed that both of these catalytic processes

might be accessible using a bait and switch approach with
N-oxide 1 as the hapten. The partial positive charge on
the tetrasubstituted nitrogen could induce a general base
that would assist in the formation of hydroxide in the
appropriate location to attack the phosphorus atom. The
partial negative charge on theN-oxide oxygen can induce
either a residue capable of protonating the leaving group
according to a bait and switch strategy or a residue that
would stabilize the developing negative charge on the
phosphoryl oxygen as the transition state is approached.
We hoped to define whether antibodies raised against 1
would act to hydrolyze paraoxon primarily by stabilizing
transient charges in the transition state or by general
acid and general base mechanisms. Hapten 1 was
synthesized by treating piperidone with nitrobenzyl
bromide and then forming amine 3 via reductive amina-
tion (Scheme 1). Attachment of the linker by treatment
with glutaric anhydride followed by oxidation with
mCPBA gave 1.
Hapten 1 retains the nitrophenyl group and general

shape of paraoxon. Previous work has shown that
antibodies raised against the p-amino analog of paraoxon
would bind to the insecticide.28,29 However, the use of a
phosphate triester as a hapten would make the incorpo-
ration of useful charged functionality difficult. The
retention of a nitroaromatic moiety in the hapten was
also believed to be desirable for induction of a strong
immune response. As a result, the linker was attached
on the cyclohexyl side of the molecule rather than the
aromatic portion.
Of 25 monoclonal antibodies raised against 1, one

catalyzed the hydrolysis of paraoxon. Antibody 3H5
exhibited Michaelis-Menten kinetics and displayed turn-
over. At a pH of 8.25, hapten 1 is a competitive, tight-
binding inhibitor of antibody 3H5 with a Ki of 0.98 µM.
The kcat values of antibody 3H5 ranged from 3.8 × 10-4

min-1 to 1.9 × 10-3 min-1 and increased linearly with

hydroxide ion concentration in the pH range 7.8-9.1
(Figure 2, Table 1). The linear dependence of the rate of
catalysis on hydroxide ion concentration implies that
antibody 3H5 mediates the reaction primarily through
transition-state stabilization rather than general acid or
base catalysis. It is unclear whether this effect is due to
the inability of an N-oxide to induce a general base in
the antibody combining site, or whether it is simply that
any side chains capable of acting as a general base are
incorrectly positioned for the necessary in-line displace-
ment by hydroxide. Unfortunately, kinetic measure-
ments alone will not distinguish between these two
posssibilities.
In order to determine the substrate specificity of

antibody 3H5, four additional compounds were prepared
(Figure 3). Compound 5was prepared by treating diethyl
phosphorochloridate with p-methoxyphenol in the pres-
ence of base. Compound 6 was synthesized from paraox-
on by hydrogenolysis over platinum on carbon followed
immediately by acetylation with acetic anhydride and a
catalytic amount of DMAP. Compounds 7 and 8 were
prepared by reacting p-nitrophenyl phosphorodichlori-
date with 1,3-propanediol and N-acetylserinol, respec-
tively. Antibody 3H5 did not appreciably accelerate the
rate of hydrolysis of any of these compounds. This
suggests that the aromatic nitro group is one of the
primary recognition sites for the antibody. The fact that
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Scheme 1. Synthesis of N-Oxide Hapten 1

Figure 2. Change in kcat with pH. The slope of 1.1 suggests
that the rate of hydrolysis is proportional to hydroxide ion
concentration.

Figure 3. Compounds examined for hydrolytic activity by
antibody 3H5.

Table 1. Kinetic Parameters for the Hydrolysis of
Paraoxon between pH 7.8 and 9.1

pH kuncat (min-1) kcat (min-1) KM (mM)

7.80 7.97 × 10-7 3.99 × 10-4 1.60
8.25 1.80 × 10-6 7.00 × 10-4 1.92
8.51 2.23 × 10-6 1.15 × 10-3 3.73
8.75 2.95 × 10-6 1.30 × 10-3 4.40
9.15 5.64 × 10-6 1.95 × 10-3 5.05
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the hydrolysis of compounds 7 and 8 was not accelerated
suggests that the cyclohexyl and N-acyl portions of
hapten 1, which are closest to the KLH protein, are not
recognized by the antibody.
The ability of antibody 3H5 to hydrolyze paraoxon

suggests that catalytic antibodies may be an appropriate
means of decomposing toxins such as insecticides in vivo.
The advantage of using a catalytic antibody rather than
an antibody which only binds to the toxin is that
hydrolysis of the toxin and the subsequent release of
relatively innocuous decomposition products leaves the
antibody free for further substrate binding. To be fully
useful in clinical therapy, higher rates of catalysis and
lower KM values than observed with 3H5 will be needed.
We believe, however, that this work makes a significant
first step toward developing antibodies for use in treat-
ment of organophosphate insecticide poisoning. In the
future, this principle may be applied to other materials.

Experimental Section
General. 13C NMR spectra were obtained at 125 MHz.

Melting points were determined on open slides and are uncor-
rected. Flash and sinter funnel30 chromatography were carried
out with Mallinckrodt silica gel 60 (230-400 mesh). Analytical
TLC was performed on Merck glass plates coated with 0.25 mm
silica. Preparative TLC was performed with Merck glass plates
coated with 1 mm silica. Chromatographic and reagent solvents
were reagent grade and were used as received. All reagents
were obtained from commercial sources and were used without
further purification. Brine refers to a saturated solution of
sodium chloride. Elemental analyses were performed by Gal-
braith Laboratories Inc.
Antibody Preparation. Hapten 1 was coupled to keyhole

limpet hemocyanin (KLH) and bovine serum albumin using 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC)
as previously reported.14 Mice were immunized with the KLH
conjugate of 1, and monoclonal antibodies were obtained via
standard procedures.31,32 Antibody 3H5 was purified via DEAE
anion exchange chromatography, Protein G affinity chromatog-
raphy, and Mono Q anion exchange chromatography and was
demonstrated to be >98% homogeneous by SDS acrylamide gel
electrophoresis.
Assays. Paraoxon (90%) was purchased from Aldrich and

then purified via flash column chromatography using EtOAc/
CH2Cl2/hexanes as the mobile phase. Assays for the hydrolysis
of 6 and 7 were carried out on a Hitachi HPLC using a reverse
phase column and UV detection at λ ) 286 nm. All kinetic
assays for the release of p-nitrophenol were performed at 25 (
0.1 °C on a Molecular Devices Thermomax ELISA plate reader
using the absorbance of light at 405 nm to observe the formation
of p-nitrophenolate. Calibration curves for the absorbance of
p-nitrophenol were obtained for each pH.
All paraoxon hydrolysis reactions were performed in 96-well

microtiter plates containing 235 µL of 50 mM bicine with 20 µM
antibody and 5% DMSO. For each pH, kinetic parameters were
obtained from the average of two runs using substrate concen-
trations between 250 µM and 5 mM of paraoxon. Initial Dixon
plot experiments showed the hapten to be a tight-binding
inhibitor of antibody 3H5. As a result, the Ki was determined
using the Copeland33 variation of the Henderson plot.
4-Piperidinone, 1-[(4-Nitrophenyl)methyl]- (2). p-Ni-

trobenzyl bromide (7.35 g, 3.40 mmol) and 4-piperidone (5.00 g,
3.25 mmol) were suspended in 13 mL of DMF and 8 mL of Et3N.
The mixture was stirred at rt for 17 h, then filtered through a
celite pad, concentrated, and chromatographed using an IPA/
CH2Cl2 gradient to give 5.07 g (66%) of 2 as a white solid, mp
116-118. 1H NMR (300 MHz, CDCl3): δ 8.14 (d, J ) 8 Hz, 2
H), 7.53 (d, J ) 8 Hz, 2 H), 3.68 (s, 2 H), 2.72 (t, J ) 6 Hz, 4 H),
2.43 (t, J ) 6 Hz, 4 H). 13C NMR: δ 208.4, 147.2, 146.1, 129.2,

123.6, 61.1, 52.9, 41.1. HRMS (ESI+): calcd 235.1083, found
235.1076. Anal. Calcd for C12H14N2O3: C, 61.52; H, 6.02; N,
11.96. Found: C, 61.51; H, 6.13; N, 11.85.
4-Piperidinamine, 1-[(4-Nitrophenyl) methyl]- (3). (Ni-

trobenzyl)piperidone 2 (0.852 g, 3.64 mmol) was dissolved in 20
mL of MeOH, and 3 Å molecular sieves (1.5 g), NH4OAc (2.845
g, 37.0 mmol), and NaBH3CN (0.127 g, 2.02 mmol) were added.
The reaction mixture was stirred at rt for 16 h and then
concentrated. H2O (10 mL) was added, followed by 1 M HCl to
pH 2. After gas evolution had ceased, the flask was placed in
an ice bath and KOH (s) was added until the pH was 7. The
solvent was evaporated to give 6.36 g of solid, which was
subjected to sinter funnel chromagraphy using MeOH/NH4OH/
CH2Cl2 as the mobile phase to give 711 mg (83%) of yellow oil
as the product. HPLC (λ ) 254 nm) indicated that this material
was 96% pure. It was used in the next step without further
purification. 1H NMR (300 MHz, CD3OD): δ 8.14 (d, J ) 8 Hz,
2 H), 7.53 (d, J ) 8 Hz, 2 H), 3.57 (s, 2 H), 2.82 (d, J ) 12 Hz,
2 H), 2.70-2.65 (m, 1 H), 2.55-2.35 (m, 1 H), 2.13 (t, J ) 12
Hz, 2 H), 1.82 (d, J ) 12 Hz, 2 H), 1.43-1.33 (m, 2 H). 13C
NMR: δ 146.9, 146.7, 129.3, 123.3, 61.9, 52.4, 48.4, 35.6. HRMS
(ESI+): calcd 236.1399, found 236.1392.
Pentanoic Acid, 5-[[1-[(4-Nitrophenyl)methyl]-4-piper-

idinyl]amino]-5-oxo- (4). Amine 3 (521 mg, 2.21 mmol) and
glutaric anhydride (0.386 g, 3.38 mmol) were dissolved in 4 mL
of CH2Cl2 and then stirred at rt for 6.5 h. Evaporation of the
solvent followed by flash chromatography (NH4OH/MeOH/CH2-
Cl2) afforded 633 mg (82% yield) of yellow solid. 1H NMR (300
MHz, CD3OD): δ 8.14 (d, J ) 9 Hz, 2 H), 7.53 (d, J ) 9 Hz, 2
H), 4.86 (s, 1 H), 3.85 (s, 1 H), 3.85-3.70 (m, 1 H), 3.0 (d, J ) 12
Hz, 2 H), 2.05 (t, J ) 12 Hz, 2 H), 1.89 (d, J ) 12 Hz, 2 H),
1.64-1.39 (m, 2 H). 13C NMR: δ 178.4, 175.4, 175.0, 148.8,
145.7, 131.6, 124.5, 62.5, 53.3, 52.0, 47.4, 36.4, 35.4, 34.0, 32.0,
22.9, 21.8. HRMS (FAB): calcd 350.1716, found 350.1719.
Calcd for C17H23N3O5: C, 58.43; H, 6.63; N, 12.03. Found: C,
58.53; H, 6.86; N, 11.82.
Pentanoic Acid, 5-[[1-[(4-Nitrophenyl)methyl]-4-piper-

idinyl]amino]-5-oxo- (1). Amino acid 4 (43 mg, 0.123 mmol)
was dissolved in 5 mL of MeOH, andmCPBA (Aldrich 50-60%,
60 mg) was added. The reaction mixture was stirred at rt for 1
h. Purification by preparative TLC using 2% AcOH/10%MeOH/
88% CH2Cl2 as the mobile phase gave 38 mg (84%) of white solid
as product. HPLC (λ ) 254 nm) indicated that this material
was 99% pure. 1H NMR (300 MHz, CD3OD): δ 8.13 (d, J ) 9
Hz, 2 H), 7.80 (d, J ) 9 Hz, 2 H), 4.55 (s, 2 H), 3.75-3.9 (m, 1
H), 3.65-3.50 (t, J ) 12 Hz, 2 H), 3.47-3.35 (d, J ) 12 Hz, 2
H), 2.26 (t, J ) 7 Hz, 2 H), 2.19 (t, J ) 7 Hz, 2 H), 2.15-2.00 (m,
2 H) 1.95-1.75 (m, 4 H). HRMS (FAB): calcd 366.1665, found
366.1656.
Phosphoric Acid, Diethyl 4-Methoxyphenyl Ester- (5).

Hunig’s base (1mL) and p-methoxyphenol (255 mg, 2.06 mmol)
were dissolved in 3 mL of CH3CN, and diethyl phosphorochlo-
ridate was added (290 µL, 2.01 mmol). The reaction mixture
was stirred at rt for 15 h and then concentrated and redissolved
in 50 mL of EtOAc. After washing with citric acid (3 × 5 mL)
and brine (2 × 5 mL), the solution was evaporated and subjected
to flash chromatography using EtOAc/hexanes as the mobile
phase to give 345 mg of the known34 5 as a clear oil (66%). 1H
NMR (500 MHz, CDCl3): δ 7.12 (d, J ) 10 Hz, 2 H), 6.82 (d, J
) 10 Hz, 2 H), 4.22-4.16 (m, 4 H), 3.76 (s, 3 H), 1.33 (t, 7 Hz,
6 H). 13C NMR: δ 156.6, 144.2, 120.8, 114.5, 64.4, 55.5, 16.0.
HRMS (FAB): calcd 261.0892, found 261.0900.
Phosphoric Acid, 4-(Acetylamino)phenyl Diethyl Ester-

(6). A Parr hydrogenation bottle was placed under an Ar
blanket, and 5% Pt on C (20 mg) was added, followed by MeOH
(10 mL) and a solution of paraoxon (365 mg, 1.33 mmol) in 5
mL of MeOH. The flask was placed under 25 psi of H2 and
shaken at rt for 4 h. The resulting mixture was filtered, and
the solvent was evaporated to give 320 mg of brown oil. This
material was redissolved in 20 mL of CH2Cl2, and Ac2O (195
µL, 2.07 mmol), Hunig's base (340 µL, 1.95 mmol), and DMAP
(12 mg, 0.098 mmol) were added. The reaction mixture was
stirred at rt for 2 h, then diluted with CH2Cl2, washed with citric
acid, NaHCO3, and brine, then dried with Na2SO4, and evapo-
rated to give 350 mg of a brown oil. Flash chromatography using(30) Harwood, L. M. Aldrichimica Acta 1985, 18, 25.
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1% AcOH, 5% absolute EtOH, and 94% CH2Cl2 as the mobile
phase afforded 234 mg of 6 (61%) which HPLC (λ ) 283 nm)
indicated was >99% pure. 1H NMR (500 MHz, CDCl3): δ 8.44
(s, 1 H), 7.40 (d, J ) 9 Hz, 2 H), 7.05 (d, J ) 9 Hz, 2 H), 4.20
(pseudoquintet, 4 H), 2.12 (s, 3 H), 1.35 (t, J ) 7 Hz, 6 H). 13C
NMR: δ 168.9, 146.4, 135.4, 121.3, 120.2, 64.7, 24.1, 16.1.
HRMS (FAB): calcd 288.1001, found 288.0995.
1,3,2-Dioxaphosphorinane, 2-(4-Nitrophenoxy)-, 2-Oxide-

(7). A 100 mL flask equipped with a stir bar was flame dried,
cooled under N2, and placed in a rt water bath. p-Nitrophenyl
phosphorodichloridate (2.060 g, 8.048 mmol) was added, followed
by 20 mL of dry THF and 2 mL of dry pyridine. A solution of
1,3-propanediol (0.615 g, 8.082 mmol) dissolved in 4 mL of THF
was added, and the reaction mixture was stirred at rt for 14 h.
The resulting mixture was diluted with Et2O and filtered
through a pad of Celite. The resulting solution was concentrated
and subjected to flash chromatography using an EtOH/CH2Cl2
gradient as the mobile phase to give 0.898 mg of white solid as
product (43% yield). HPLC (λ ) 254 nm) indicated that this
material was >99% pure. 1H NMR (300 MHz, CDCl3): δ 8.26
(d, J ) 9 Hz, 2 H), 7.43 (d, J ) 9 Hz, 2 H), 4.65-4.45 (m, 4 H),
2.55-2.35 (m, 1 H), 1.87 (d of q, 14.9 Hz, 4.9 Hz, 2.4 Hz). HRMS
(FAB): calcd 260.0324, found 260.0321.
Acetamide, N-[2-(4-Nitrophenoxy)-2-oxido-1,3,2-dioxa-

phosphorinan-5-yl]- (8). A 100 mL flask was prepared as for
8, andN-acetylserinol (0.543 g, 4.078 mmol) was added, followed
by 10 mL of pyridine and p-nitrophenyl phosphorodichloridate

(1.054 g, 4.12 mmol). The reaction mixture was stirred at rt for
11 h. The pyridine was evaporated, and EtOAc (45 mL) and
citric acid (10 mL) were added. The layers were separated, and
the organic layer was washed with 3 × 6 mL of citric acid and
6 mL of brine. Evaporation of the solvent afforded 352 mg of
white solid. After flash chromatography using a gradient of IPA/
CH2Cl2 as the mobile phase, 95 mg of white solid was obtained
as product (7% yield). 1H NMR (300 MHz, CDCl3): δ 8.28 (d, J
) 9 Hz, 2 H), 7.55 (d, J ) 8 Hz, 1 H), 7.42 (d, J ) 9 Hz, 2 H),
4.71 (d, J ) 12 Hz, 2 H), 4.99 (d of d, J ) 12 Hz, 2 H), 4.35 (d,
J ) 8 Hz, 1 H), 2.09 (s, 3 H). HRMS: calcd M + Cs+ 449.9515,
found 449.9523.
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