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Monitoring Chemical Warfare Agents:
A New Method for the Detection of
Methylphosphonic Acid**
Jon A. Ashley, Chao-Hsiung Lin, Peter Wirsching,*
and Kim D. Janda*

Issues surrounding chemical warfare agents are currently of
great importance with regard to national security and world
affairs. The lethal compounds 1 (sarin), 2 (soman), and 3 (VX)
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Scheme 1. Equilibrium of the triradical and zwiterionic structures of 2.

Experimental Section

Tris[p-(N-tert-butyl-N-hydroxyamino)phenyl]amine: To a solution of
tris(p-bromophenyl)amine (2.0 g, 4.15 mmol) in THF (40 mL) was added
tert-butyllithium (1.6m pentane solution, 18.2 mL) at ÿ78 8C. The mixture
was warmed to 0 8C over 10 min and then cooled again to ÿ78 8C. 2,2-
Dimethylnitrosoethane (1.45 g, 16.6 mmol) was added, and the mixture was
warmed to room temperature and stirred for 1 h. Saturated aqueous
ammonium chloride and ether were added, and the organic layer was
separated, washed with water, dried over MgSO4, and evaporated under
reduced pressure. The residue was washed with dichloromethane to afford
tris[p-(N-tert-butyl-N-hydroxyamino)phenyl]amine (0.77 g, 37%) as a
white powder. M.p. 153 8C (decomp.); 1H NMR (270 MHz, [D6]DMSO):
d� 8.20 (s, 3 H), 7.92 (d, J� 8.57 Hz, 6H), 6.84 (d, J� 8.57 Hz, 6 H), 1.06 (s,
27H); 13C NMR (67.8 MHz, [D6]DMSO): d� 145.34, 143.74, 125.29, 122.23,
59.19, 25.99; FAB MS calcd for C30H42N4O3: 506.3257, found: 506.3256.

2 : To a solution of tris[p-(N-tert-butyl-N-hydroxyamino)phenyl]amine
(100 mg, 0.20 mmol) in dichloromethane (30 mL) was added an excess of
freshly prepared Ag2O (ca. 300 mg), and the mixture was stirred for 2 h.
The reaction mixture was filtered, and the solvent was removed under
reduced pressure at ambient temperature. The residue was subjected to
chromatography on aluminum oxide with dichloromethane as eluent and
recrystallized from n-heptane/dichloromethane (2/1) to give 2 as dark
violet crystals (86 mg, 87 %). M.p. 190 ± 192 8C; FAB MS: m/z 503 [M�];
elemental analysis calcd for C30H39N4O3: C 71.54, H 7.80 N 11.12; found: C
71.44, H 7.79, N 11.08.

Magnetic measurement: Fine crystalline or polymer film samples were
mounted in a capsule (Japan Pharmacopoeia NO. 5, Æ4.5� 11 mm) and
measured on a Quantum Design MPMS-5S SQUID susceptometer at
500 G. Corrections for the diamagnetic contribution were made with
Pascal�s constants.
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have been feared as the ªnuclear weaponsº of the poorer
nations because their manufacture is relatively simple and the
starting materials are inexpensive and readily available.
Recently, sarin was implicated in attacks by Iraq on Kurdish
communities[1] and in the terrorist activity in the Tokyo
subway.[2] Since these and other nerve agents degrade
naturally in the environment to methylphosphonic acid
(MPA) 4 or can be degraded in the laboratory to MPA, a
convenient detection method for this substance is necessary.
Therefore, the development of a simple, portable, and
inexpensive immunoassay kit would be valuable to monitor
various treaty compliances and also during military opera-
tions.[8]

As a result of immunogenicity problems, monoclonal
antibodies (mAbs) that bind MPA could not be successfully
obtained. Consequently, we reasoned that if MPA were
readily derivatized with recognition elements, mAbs that
bound the MPA derivative could be elicited by using a
structurally congruent, immunogenic hapten. In this way, the
presence of MPA itself could be assessed indirectly through
formation and detection of the derivative. Since diazome-
thane rapidly and quantitatively forms methyl esters from
either carboxylic or phosphonic acids,[3] it was anticipated that
a more complex diazo compound might also prove useful. We
decided to utilize 3,5-dichlorophenyldiazomethane 5 since
this compound was prepared in high yield and showed
excellent stability.[4] Moreover, the dichloro-substituted aro-
matic ring presented a potent epitope as part of the hapten
structure.

The best solvent for the esterification of 4 with 5 [Eq. (1)]
was found to be dioxane/0.5 % water wherein the small
amount of water was used to ensure complete solubility of

MPA. Although the yield of isolated and purified bis(3,5-
dichlorobenzyl) methylphosphonate 6 was good (67 %), the
estimated in situ yield was near 80 % by visual colorimetric
comparison to authentic standard solutions eluted by thin-
layer chromatography and stained with cerium molybdate.
The remaining 20 % of the mass balance was accounted for by
an impurity in 5 (10 %) and the formation of a by-product,
MPA mono(3,5-dichlorobenzyl) ester (10%). The latter was
formed since we chose to use only a stoichiometric amount of
5 (2 equiv). Despite the presence of water in the reaction,
hydrolysis of the diazo reagent to 3,5-dichlorobenzyl alcohol
was not observed.

The hapten 11 (CDC) corresponding to the derivative 6 was
then prepared (Scheme 1). The CDC was conjugated to the
carrier protein keyhole limpet hemocyanin (KLH) and
entered into our standard immunization program in mice.
An enzyme-linked immunosorbent assay (ELISA) protocol in
a competition format[5] was used during the hybridoma

Scheme 1. Synthesis of the hapten 11 structurally related to the MPA
derivative 6. a) diethyl phosphite (1.2 equiv), NaH (1.2 equiv), DMF,
0 8C!25 8C, 2 h; b) H2, Pd/C, methanol, 25 8C, 1 h; c) 2-trimethylsilyletha-
nol (1.2 equiv), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,
1.2 equiv), 4-dimethylaminophenol (DMAP, cat), DMF, 25 8C, 16 h, d) 1)
Me3SiBr (2.1 equiv), CH2Cl2, 25 8C, 1 h; 2) oxalyl chloride (3 equiv), DMF
(cat.), CH2Cl2, 25 8C, 1 h; e) 3,5-dichlorobenzyl alcohol (2.1 equiv), NEt3

(2.5 equiv), DMAP (cat), 25 8C, 16 h; f) trifluoroacetic acid (TFA, 5 equiv),
0 8C!25 8C, 1 h.

screening and cloning process to increase the likelihood of
cloning antibodies with high specificity for 6. Hence, clones
were selected on the basis of the best binding of the free
ligand 6 versus a bovine serum albumin (BSA) conjugate of
11. A panel of 11 mAbs that bound 6 were isolated of which
CDC27B4 showed the highest affinity (Kd� 1 mm). Based
on previous work in our laboratory, this apparent Kd was
likely up to an order of magnitude higher than the true Kd

since competition ELISA tends to overestimate the value.
Importantly, CDC27B4 showed excellent specificity when
examined for cross-reactivity versus alternate ligands 4, and
12 ± 18 .

At concentrations of 10 mm, no binding of these compounds
was detected using competition ELISA. Even at 100 mm of 16,
the derivative of the first breakdown product of sarin, no
binding was observed. Given the presence of the 3,5-
dichlorophenyl substituent as an anticipated strong haptenic
determinant, the specificity was rather exquisite. The results
suggested that both rings were recognized during the immune
response and were required for binding. Moreover, the
antibody was specific for the chemical nature and coordina-
tion sphere of the phosphorus species as revealed by the
phosphate esters 17 and 18. Despite the presence of at least
two 3,5-dichlorophenyl substituents, the hydroxyl group of 17
and the steric bulk of the extra ring of 18 precluded binding at
10 times the Kd of the derivative 6. The Kd for these
compounds was about 300 mm.
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[Mn(en)]3[Cr(CN)6]2 ´ 4H2O:
A Three-Dimensional Dimetallic Ferrimagnet
(Tc� 69 K) with a Defective Cubane Unit**
Masaaki Ohba,* Naoki Usuki, Nobuo Fukita, and
Hisashi OÅ kawa*

Recently, there has been increasing interest in metal
assemblies of ordered networks.[1±11] One fascinating target
in this research area are molecular-based magnets that exhibit

Based on principles of antibody fine specificity and that the
ligands tested were structurally related to 6, there should be
no interference from other compounds present at test sites. It
was estimated that 170� 10 ppb of MPA analyte could be
assayed as derivative 6. A sensitivity comparable to many
reported instrumental technologies that are expensive and
usually necessitate specialized training. The sensitivity was
also similar to other immunoassays developed for chemical
warfare agents themselves.[6] Depending on the confidence
limit chosen for detection, we anticipate the derivatization ±
ELISA procedure will accurately reflect the presence of MPA
in an appropriate field sample.

Other methods routinely used for MPA analysis invoked
chromatographic and/or spectrometric techniques.[7] Most of
these approaches also required a prior derivatization step and
furthermore were generally not amenable for the testing of
crude samples. Our method is inexpensive, sensitive, conven-
ient, robust, and would require only a minimum of sample
preparation. For instance, a field sample from a suspected
chemical warfare agent manufacturing, storage, or deploy-
ment site could be obtained by swipe and extracted with
dioxane/water or a collected wet sample evaporated and
redissolved. A simple filtration step might then be employed
followed by addition of the reagent 5 and then assay. Notably,
the presence of 5 in a 100-fold molar excess relative to
antibody had no detrimental effects on binding. Hence, no
other handling or purification steps should be necessary.
While refinements are necessary to establish a field kit, we
believe derivatization ± ELISA can complement other MPA
detection methods. These efforts and adaptation to other
compounds related to chemical warfare agents are in progress.

Experimental Section

6: Reagent 5 (187 mg, 1 mmol) was added slowly to a solution of MPA
(48 mg, 0.50 mmol) in 1,4-dioxane/0.5% water (5 mL). Bubbling was

immediately observed upon addition. The resulting solution was stirred at
room temperature for 1 h and then diluted with ethyl acetate (10 mL).
After washing with brine (5 mL), the organic layer was dried with MgSO4

and concentrated to give a yellow solid. The solid was purified using flash
chromatography (95/5 CH2Cl2/EtOAc) affording a white solid (138 mg,
67%).

Received: November 4, 1998
Revised version: February 22, 1999 [Z 12619 IE]

German version: Angew. Chem. 1999, 111, 1909 ± 1911

Keywords: analytical methods ´ chemical warfare agents ´
immunoassays ´ methyl phosphonic acid ´ phosphorus

[1] R. M. Black, R. J. Clarke, R. W. Read, M. T. J. Reid, J. Chromatogr. A
1994, 662, 301 ± 321.

[2] a) H. Nozaki, N. Aikawa, Lancet 1995, 345, 1446 ± 1447; b) T. Suzuki, H.
Morita, K. Ono, K. Maekawa, R. Nagai, Y. Yazaki, Lancet 1995, 345,
980 ± 981.

[3] A. I. Vogel, Practical Organic Chemistry, 3rd ed., Longhams Green,
London, 1970.

[4] X. Creary in Organic Synthesis Collect Vol. VII (Eds.: J. P. Freeman,
O. L. Chapman, I. Fleming, A. S. Kende, R. Noyori, G. Saucy, M. F.
Semmelhack, R. V. Stevens), Wiley, New York, 1990, pp. 438 ± 443.

[5] P. Tijssen, Practice and Theory of Enzyme Immunoassays, Elsevier,
Amsterdam, 1985.

[6] D. E. Lenz, A. A. Brimfield, L. A. Cook, ACS Symp. Ser. 1997, 657, 77 ±
86.

[7] Some examples: a) W. D. Vermillion, M. D. Crenshaw, J. Chromatog-
raphy A 1997, 770, 253 ± 260; b) M. T. Mesilaakso, Environ. Sci.
Technol. 1997, 31, 518 ± 522; c) D. K. Rohrbaugh in Proc. ERDEC Sci.
Conf. Chem. Biol. Def. Res. (Ed.: D. A. Berg), National Tech. Info.
Service, Springfield, VA, 1996, pp. 543 ± 549; d) W. H. Robins, B. W.
Wright, J. Chromatography A 1994, 680, 667 ± 673; e) M. C. Roach,
L. W. Ungar, R. N. Zare, L. M. Reimer, D. L. Pompliano, J. W. Frost,
Anal. Chem. 1987, 59, 1056 ± 1059; f) A. Verweij, H. L. Boter,
C. E. A. M. Degenhardt, Science 1979, 204, 616 ± 618.

[8] Recently a highly sensitive sensor capable of detecting trace amounts of
nerve agents was described: Chem. Eng. News, Jan 11, 1999, A. L.
Jenkins, O. M. Uy, G. M. Murray, Anal. Chem. 1999, 71, 373 ± 378.

[*] Dr. M. Ohba, Prof. H. OÅ kawa, N. Usuki, N. Fukita
Department of Chemistry, Faculty of Science
Kyushu University, Hakozaki
Higashi-ku, Fukuoka 812-8581 (Japan)
Fax: (�81) 92-642-2607
E-mail : ohbascc@mbox.nc.kyushu-u.ac.jp

[**] This work was supported by a Grant-in-Aid for Scientific Research on
Priority Area ªMetal-assembled Complexesº (No. 09044093) and for
Encouragement of Young Scientists (No. 09740494) from the Ministry
of Education, Science, Sports and Culture, Japan.

Supporting information for this article is available on the WWW
under http://www.wiley-vch.de/home/angewandte/ or from the author.


