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MICROWAVE-ASSISTED SYNTHESIS OF
N,N-DIALKYL-P-ALKYLPHOSPHONAMIDIC ANHYDRIDES

Rajesh Kumar, A. K. Gupta, and M. P. Kaushik
Process Technology Development Division, Defence R & D Establishment,
Gwalior, India

A new rapid, efficient, solvent-free, microwave-assisted, and high-yielding method for
the synthesis of N,N-dialkyl-P-alkylphosphonamidic anhydrides has been developed. The
method involves the use of 4-dimethylaminopyridine and water under microwave irradi-
ation. The reaction of N,N-dialkylaminoalkyl/phenyl phosphonochloridates 2a–h with 4-
dimethylaminopyridine (DMAP) gave pyridinium salts, which were converted into N,N-
dialkyl-P-alkylphosphonamidic anhydrides 4a–h.

Keywords N,N-Dialkylaminoalkyl/phenylphosphonochloridates; N,N-dialkyl-P-alkylphos-
phonamidic anhydrides; 4-dimethylaminopyridine (DMAP); microwave irradiation

INTRODUCTION

The chemistry of organophosphorus (OP) compounds is a rapidly developing area of
research because of their importance in industrial, agricultural, biochemical, and medicinal
applications.1 It is interesting to note that the variation in their physical, chemical, and bi-
ological properties is governed by the selection of the group attached to phosphorus atom.
Phosphorous compounds containing the P–C bond are not particularly abundant in nature;
nevertheless they have diverse biological activity, and as a consequence they have attracted
the attention of synthetic as well as medicinal chemists. Similarly, other OP compounds con-
taining the P–N–C linkage have also been reported as insecticides, fungicides, herbicides,
fire retardants, and lubricants.2 In particular, anhydrides of organophosphorus compounds
(pyrophosphates) having the P–O–P linkage are known to have a rich history both in terms
of their synthetic utility as well as their biological importance.3 Recently, these anhydrides
have been reported to serve as potent inhibitors and activators of enzymes.4–6 There are
several methods for the synthesis of pyrophosphates7–10 and phosphonamidic anhydrides.11

However, anhydrides of the N,N-dialkyl-P-alkylphosphonamidic acids have not been fully
explored. The biological activity of pyrophosphates has prompted us to develop the rapid
and efficient synthetic procedure for the synthesis of N,N-dialkyl-P-alkylphosphonamidic
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766 R. KUMAR ET AL.

anhydrides. Perusal of the literature revealed that reported methods for the synthesis py-
rophosphates are associated with several drawbacks, such as longer reaction times, use of
carcinogenic solvents, harsh reaction conditions, and tedious workup, and chromatographic
techniques are often used to afford the compounds of desired purity.7–11 Recently, there has
been considerable interest in the microwave (MW)-assisted synthesis of a variety of or-
ganic compounds due to the selective absorption of microwave energy by polar molecules.12

Microwave-assisted organic synthesis is known for the spectacular accelerations produced
in many reactions as a consequence of the heating rate, a phenomenon that can not be easily
reproduced by classical heating. As a result, higher yields, mild conditions, and shorter
reaction times can often be achieved.13

RESULTS AND DISCUSSION

Inspired by the concept of microwave heating, we thought that N,N-dialkyl-
P-alkylphosphonamidic anhydrides could be prepared from N,N-dialkylamino
alkyl/phenylphosphonic chlorides 2a–h.14 In this regard, initially, we prepared alkyl/phenyl
phosphonic dichloride 1 by a reported method by Kinnear and Parren.15 After obtaining
the N, N-dialkylamino alkyl/phenylphosphonic chlorides 2a–h, we optimized the reaction
conditions for the overall two-step process. In this regard, each of N,N-dialkylamino
alkyl/phenylphosphonic chlorides 2a–h were treated with various organic bases [dimethyl
aminopyridine (DMAP), pyridine, triethylamine, diethyl aniline, N-methyl imidazole, and
diisopropyl ethylamine] in presence of microwave irradiations under identical conditions.
The yield of product 4a–h was compared. However, the better yield was obtained when
DMAP was used to produce the pyridinium salts 3a–h. Best overall yields of N,N-
dialkyl-P-alkylphosphonamidic anhydrides 4a–h were obtained when N,N-dialkylamino
alkyl/phenylphosphonic chlorides were first treated with DMAP followed by water in the
molar ratio of 1:1:0.5 (Table I) at 180 W. The yields of products 4a–h were excellent
ranging from 85–93%. The purity of the compounds was checked on silica TLC plate
using a benzene:acetone mixture (8:2). The compounds 4a–h were characterized by IR,
NMR, GC-MS, and elemental analysis. The IR showed strong and broad bands in the range
of 975–969 cm−1, due to antisymmetric stretching of the P O P linkage.16 The other
frequencies assigned for P N C, P C, and P O linkage were found to be comparable
to those reported in the literature.17 It was observed that compounds 4a–h showed two
signals in 31P NMR due to the presences of two diastereotropic phosphorus atoms. The
results of other analyses of 4a–h are compiled in the Experimental section.

The results in Table I showed the novelty of the method, as compounds 4a–h can
be prepared in less than 10 min for each case with out isolating pyridinium salts 3a–h. A
further interesting aspect of this method is that the reactions are carried out in the absence
of an organic solvent, hence making a more environmentally attractive process.

CONCLUSION

In conclusion, we have developed a rapid and efficient method for the synthesis
of N,N-dialkyl-P -alkylphosphonamidic anhydrides 4a–h with excellent yields. The main
advantage of this method is that reactions were clean and had operational simplicity.
Since column chromatography was not required to get pure products, this reaction is more
attractive for organic chemists.
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SYNTHESIS OF PHOSPHONAMIDIC ANHYDRIDES 767

Table I Synthesis of N,N-dialkyl-P-alkylphosphonamidic anhydrides 4a–h using microwave irradiations

Reaction Yield Mp 31P NMR
Substrate Product time (min.) (%)a (◦C) (δ ppm)b

CH3 P

O N(C3H7)2

Cl

CH3 P

O N(C3H7)2

O P

O N(C3H7)2

CH34a

5 85 oil 27.14, 26.25

CH3 P

O N(C4H9)2

Cl

CH3 P

O N(C4H9)2

O P

O N(C4H9)2

CH34b

5 90 oil 27.00, 26.16

C3H7
i P

O N(C3H7)2

Cl

C3H7
i P

O N(C3H7)2

O P

O N(C3H7)2

iC3H74c

6 91 38 33.95, 33.34

C3H7
i P

O N(C4H9)2

Cl

C3H7
i P

O N(C4H9)2

O P

O N(C4H9)2

iC3H74d

6 88 39 33.48, 32.84

C3H7
i P

O N(iC4H9)2

Cl

C3H7
i P

O N(iC4H9)2

O P

O N(iC4H9)2

iC3H74e

6 87 40 32.98, 32.56

C6H5 P

O N(C2H5)2

Cl

C6H5 P

O N(C2H5)2

O P

O N(C2H5)2

C6H54f

7 90 42 16.53, 16.23

C6H5 P

O N(C3H7)2

Cl

C6H5 P

O N(C3H7)2

O P

O N(C3H7)2

C6H54g

7 89 47 16.74, 16.50

C6H5 P

O N(iC4H9)2

Cl

C6H5 P

O N(iC4H9)2

O P

O N(iC4H9)2

C6H54h

7 93 50 18.24, 17.99

aProduct yields.
b31P NMR spectra were recorded in CDCl3 at 162 MHz.

EXPERIMENTAL

Melting points were determined on a hot stage microscope and are uncorrected. IR
spectra were recorded on Bruker FT-IR spectrometer model Tensor 27 on KBr disk, and
solid compounds were analyzed by making KBr pellets. 1 H, 13C, and 31P NMR spectra
were recorded in CDCl3 on a Bruker DPX Avance FT-NMR at 400, 100, and 162 MHz,
respectively, using tetramethylsilane as an internal standard for 1 H, 13C, and 85% H3PO4 as
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768 R. KUMAR ET AL.

R P

O Cl

Cl

HN(R1)2

N(C2H5)3

R P

O N(R1)2

Cl

N

DMAP

N

CH3

Cl-

H2O

R P

O N(R1)2

O P

O N(R1)2

R

R = CH3, iC3H7, C6H5

R1 = C2H5 , C3H7, C4H9, iC4H9

1 2a-h

3a-h
4a-h

180 W, 4 min.

MW

 180 W, 1min.MW,
R P

O N(R1)2

CH3

Scheme 1

an external standard for 31P NMR. A Chemito GC model 1000 instrument was used with a
flame ionization detector (FID). A capillary column (30 m × 0.25 mm LD-BP5) packed with
5% phenyl and 95% dimethyl polysiloxane (SGE) coated on fused silica was employed.
The injection port and detector block were maintained at 280◦C and 260◦C, respectively,
and the column oven was at programmed temperature profile that began at 50◦C and ramped
up to 280◦C at 25◦C/min. Nitrogen was used as carrier gas (at a flow rate of 30 mL/min).
Air for FID was supplied at 300 mL/min and hydrogen at 30 mL/min. In all analyses,
0.1 µl sample was injected and peaks were recorded on Iris32 data acquisition station. The
GC-MS analyses were performed in EI (70 eV) in full scan mode with an Agilent 6890
GC equipped with a model 5973 mass selective detector (Agilent Technologies, USA). An
SGE BPX5 capillary column with 30 m length × 0.32 mm internal diameter × 0.25 µm
film thickness was used at temperature program of 80◦C (2 min)–20◦C/min–280◦C (3 min).
Helium was used as the carrier gas at a constant flow rate of 1.2 mL/min. The samples were
analyzed in split less mode at injection temperature. For these studies, a microwave oven
(Samsung CE 2977N operating at 2450 MHz with an oven cavity of 336 × 241 × 349 mm
and 28 L volume) at a power level of 180 W, equipped with inverter technology was used.
The purity of compounds was checked on TLC plate (silica gel coated on aluminium plate)
using benzene/acetone mixture (8:2), and the Rf value for each final product was found at
0.6–0.77.

General Procedure for the Preparation of N,N-Dipropyl-P-methylphos-

phonamidic Anhydride (4a–h)

To 4-dimethylaminopyridine (1.22 g, 0.01 M) in a conical flask was added N,N-
dipropyl methylphosphonochloridate (1.97 g, 0.01 M) and the resulting mixture was mixed
well. Following this, the mixture was irradiated with microwaves of 180 W energy for
4 min, resulting in salt production. Water (900 µL, 0.005 M) was added to the resultant
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SYNTHESIS OF PHOSPHONAMIDIC ANHYDRIDES 769

salt, and the reaction mixture was shaken until dissolution occurred. The mixture was
further irradiated at 180 W for 1 min. The progress of the reaction was monitored by
31P NMR until the signal of N, N-dipropyl methylphosphonochloridate disappeared. The
reaction mass was washed and extracted with n-pentane (4 × 25 mL), and the solvent was
evaporated to afford N,N-dipropyl-P-methylphosphonamidic anhydride. The product was
triturated with pentane to get analytical purity.

N,N-Dipropyl-P-methylphosphonamidic anhydride (4a). Anal. Calcd.
C14H34N2O3P2: C, 49.40; H, 10.07; N, 8.23. Found: C, 49.43; H, 10.05; N, 8.25. IR
(KBr): 694(P C), 971 (P O P), 1089, 1152 (P N C), 1237 (P O), 1434 (C N),
2885 (C H) cm−1; 1H NMR (400 MHz, CDCl3) : δ 0.88 (t, J = 7.3 Hz, 12H, CH3), 1.53
(m, J = 7.3 Hz, 8H, CH2), 1.67 (d, JP H = 18.6 Hz, 6H, CH3), 2.98 (m, 3JP H = 11.4
Hz, 8H, CH2); 13C NMR (100 MHz, CDCl3): δ 10.53 (CH3), 18.90 (CH2), 21.06 (JP C

= 150.5 Hz, CH3), 46.50 (3JP C = 5.5 Hz, CH2); GCMS (EI); m/z (%): 340 (4.46), 240
(78.57), 226 (20.53), 162 (41.07), 168 (22.32), 100 (100), 43 (19.64).

N,N-Dibutyl-P-methylphosphonamidic anhydride (4b). Anal. Calcd.
C18H42N2O3P2: C, 54.53; H, 10.68; N, 7.07. Found : C, 54.50; H, 10.65; N, 7.08. IR
(KBr): 698(P C), 970 (P O P), 1080, 1150 (P N C), 1235 (P O), 1435 (C N), 2889
(C H) cm−1; 1H NMR (400 MHz, CDCl3) : δ 0.93 (t, J = 7.2 Hz, 12H, CH3), 1.27 (m,
J = 7.2 Hz, 8H, CH2), 1.33 (m, J = 7.0 Hz, 8H, CH2), 1.63 (d, JP H = 18.6 Hz, 6H, CH3),
3.01 (m, 3JP H = 11.4 Hz, 8H, CH2); 13C NMR (100 MHz, CDCl3): δ 10.35 (CH3),15.73
(CH2), 18.95 (CH2), 20.09 (JP C = 150.5 Hz, CH3), 44.67 (3JP C = 5.5 Hz,CH2); GCMS
(EI); m/z (%): 396 (4.46), 318 (6.25), 275 (100), 190 (74.10), 148 (38.28), 128 (74.10),
106 (22.32), 92 (31.25), 41 (24.10).

N,N-Dipropyl-P-isopropylphosphonamidic anhydride (4c). Anal. Calcd.
C18H42N2O3P2 : C, 54.53; H,10.68; N, 7.07. Found : C, 54.50; H,10.65; N 7.09. IR
(KBr): 696 (P C), 975 (P O P), 1088, 1153 (P N C), 1237 (P O), 1437 (C N),
2888 (C H) cm−1; 1H NMR (400 MHz, CDCl3) : δ 0.82 (t, J = 6.3 Hz, 12H, CH3), 1.10
(dd, 3JP H = 21.4 Hz, 12H, CH3), 1.54 (m, J = 6.3 Hz, 8H, CH2), 2.05 (m, J P-H = 19.9
Hz, 2H, CH), 3.0 (m, 3JP H = 11.3 Hz, 8H, CH2); 13C NMR (100 MHz, CDCl3): δ 10.23
(CH3), 15.97 (3JP C = 10.0 Hz, CH3), 18.45 (CH2), 21.05 (JP-C = 144.3 Hz, CH), 44.56
(3JP C = 5.6 Hz, CH2); GCMS (EI); m/z (%): 396 (3.6), 353 (5.45), 296 (24.54), 254 (50),
224 (12.72), 190 (18.18),148 (25.45), 100 (100), 43 (23.63).

N,N-Dibutyl-P-isopropylphosphonamidic anhydride (4d). Anal. Calcd.
C22H50N2O3P2: C, 58.38; H,11.14; N, 6.19. Found: C, 58.35; H,11.15; N 6.20. IR (KBr):
705(P C), 978 (P O P), 1090, 1155 (P N C), 1235 (P O), 1435 (C N), 2887(C H)
cm−1; 1H NMR (400 MHz, CDCl3) : δ 0.75 (t, J = 6.4 Hz, 12H, CH3), 1.05 (dd, 3JP H =
21.4 Hz, 12H, CH3), 1.10 (m, J = 6.4 Hz, 8H, CH2), 1.52 (m, J = 6.5 Hz, 8H, CH2), 2.05
(m, JP H = 19.9 Hz, 2H, CH), 3.02 (m, 3JP H = 11.3 Hz, 8H, CH2); 13C NMR (100 MHz,
CDCl3): δ 9.98 (CH3), 14.36 (3JP C = 10.0 Hz,CH3), 18.36 (CH2), 21.05 (JP C = 144.2
Hz, CH), 23.06 (CH2), 46.50 (3JP-C = 5.5 Hz, CH2); GCMS (EI); m/z (%): 452 (4.5), 409
(3.6), 324 (18.18), 282 (12.72), 176 (20.90), 141 (18.18),128 (100), 41 (10.35).

N,N-Diisobutyl-P-isopropylphosphonamidic anhydride (4e). Anal. Calcd.
C22H50N2O3P2 : C, 58.38; H,11.14; N, 6.19. Found: C, 58.35; H,11.15; N 6.20. IR (KBr):
698 (P C), 980 (P O P), 1090, 1150 (P N C), 1240 (P O), 1436 (C N), 2885 (C H)
cm−1; 1H NMR (400 MHz, CDCl3) : δ 0.80 (d, J = 6.5 Hz, 12H, CH3), 1.05 (dd, 3JP-H =
21.4 Hz, 12H, CH3), 1.52 (m, J = 6.1Hz, 4H, CH), 2.05 (m, JP H = 19.9 Hz, 2H, CH),
3.02 (m, 3JP H = 11.3 Hz, 8H, CH2); 13C NMR (100 MHz, CDCl3): δ 9.98 (CH3), 14.36
(3JP C = 10.0 Hz,CH3), 19.56 (CH), 21.05 (JP C = 144.2 Hz, CH), 46.47 (3JP C = 5.5 Hz,
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770 R. KUMAR ET AL.

CH2); GCMS (EI); m/z (%): 452 (7.23), 409 (4.56), 324 (24.28), 282 (14.24), 176 (20.90),
141 (18.18),128 (100), 41 (10.35).

N,N-Diethyl-P-phenylphosphonamidic anhydride (4f). Anal. Calcd.
C20H30N2O3P2: C, 58.82; H, 7.40; N, 6.86. Found: C, 58.80; H, 7.39; N, 6.87. IR (KBr):
698 (P C), 975 (P O P), 1089, 1150 (P N C), 1240 (P O), 1437 (C N), 2888
(C H), 2995 (C6H5), cm−1; 1H NMR (400 MHz, CDCl3) : δ 1.02(t, J = 6.5 Hz, 12H,
CH3), 2.99 (m, 3JP H = 11.3 Hz, 8H, CH2), 7.44–8.23(m, JP H = 20.1 Hz, 10H, Ar H);
13C NMR (100 MHz, CDCl3): δ 10.32 (CH3), 47.15 (3JP C = 5.5 Hz, CH2), 128–135
(JP C = 147.2 Hz,Ar C); GCMS (EI); m/z (%): 408 (8.89), 336 (18.15), 260 (9.34), 196
(28.10), 124 (9.72), 72 (100), 43 (10.56).

N,N-Dipropyl-P-phenylphosphonamidic anhydride (4g). Anal. Calcd.
C24H38N2O3P2 : C, 62.06; H, 8.25; N, 6.03. Found : C, 62.07; H, 8.24; N 6.05. IR (KBr):
698 (P C), 974 (P O P), 1085, 1150 (P N C), 1240 (P O), 1441(C N), 2890
(C H), 2975 (C6H5) cm−1; 1H NMR (400 MHz, CDCl3) : δ 0. 76 (t, J = 6.5 Hz, 12H,
CH3), 1.65 (m, J = 6.7 Hz, 8H, CH2), 3.05 (m, 3JP-H = 11.3 Hz, 8H, CH2), 7.35–7.95 (m,
JP-H = 20.1Hz,10H, Ar H); 13C NMR (100 MHz, CDCl3): δ 10.32 (CH3), 18.25 (CH2),
46.45 (3JP C = 5.6 Hz, CH2), 128–135 (JP C = 147.4 Hz, Ar C); GCMS (EI); m/z (%):
464 (3.55), 364 (24.27), 292 (7.76), 224 (24.27), 150 (14.50), 140 (14.72), 100 (100), 43
(14.56).

N,N-Diisobutyl-P-phenylphosphonamidic anhydride (4h). Anal. Calcd.
C28H46N2O3P2 : C, 64.60; H, 8.91; N, 5.38. Found: C, 64.62; H, 8.90; N, 5.40. IR (KBr):
690 (P-C), 969 (P-O-P), 1085, 1150 (P-N-C), 1238 (P = O), 1437 (C-N), 2889 (C-H), 2988
(C6H5) cm−1; 1H NMR (400 MHz, CDCl3) : δ 0. 75 (d, J = 6.5 Hz, 12H, CH3), 1.92 (m, J
= 6.6 Hz, 4H, CH), 2.95 (m, 3JP-H = 11.3 Hz, 8H, CH2), 7.35–7.85 (m, JP-H = 20.1Hz,
10H, Ar-H); 13C NMR (100 MHz, CDCl3): δ 10.35 (CH3), 18.25 (CH), 44.46 (3JP-C = 5.7
Hz, CH2), 128–135 (JP-C = 147.4 Hz, Ar-C); GCMS (EI); m/z (%): 520 (4.43), 392 (100),
338 (9.70), 252 (14.56), 217 (4.58), 196 (14.56), 152 (19.40), 128 (68.93), 57 (16.47), 41
(18.44).

REFERENCES

1. (a) J. P. Majoral, New Aspects in Phosphorus Chemistry I & II (Springer-Verlag, Berlin, 2000);
(b) B. W. Wilson and C. R. Walkar, Proc. Natl. Acad. Sci. USA, 71, 3194 (1974); (c) D. E. Metzler,
Biochemistry (Academic Press, New York, 1977), Vol. 371, p. 1013; (d) P. A. Bartlett and L. A.
Lamdem, Bioorg. Chem., 14, 356 (1986); (e) G. M. Kosolapoff, Organic Phosphorus Compounds
(Wiley-Interscience, New York, 1950), vol. 6, p. 510; (f) D. E. C. Corbridge, Phosphorus: An
Outline of Its Chemistry, Biochemistry and Technology, 4th ed. (Elsevier Science Publisher,
B.V., Amsterdam, The Netherlands, 1990), Chapter 5, p. 403; (g) F. Camps, J. Coll, G. Fabrias,
and A. Guerrero, Tetrahedron, 40, 2871 (1984); (h) J. J. De Frank, In Applications of Enzyme
Biotechnology, J. W. Kelly and T. O. Baldwin, eds., (Plenum, New York, 1991), pp. 165–180.

2. (a) J. A. Sikorski and E. W. Logusch, In Handbook of Organophosphorus Chemistry, R. Engel,
ed. (Marcel Dekker, New York, 1992), p. 739; (b) M. Eto, In Handbook of Organophosphorus
Chemistry, R. Engel, ed. (Marcel Dekker, New York, 1992), p. 807; (c) P. Hinkle and R. Y.
McCarty, Sci. Amer., 104, 238 (1978); (d) R. Van Wazer John, Phosphorus and Its Compounds,
Vol. II (Interscience Publishers, Inc., New York, 1961); (e) R. Engel, Chem. Rev., 77, 349 (1977);
(f) R. Hildebrand, The Role ofPhosphonates in Living Systems (CRC Press, Boca Raton, 1983);
(g) J. Hiratake and J. Oda, Biosci. Biochem., 61, 211 (1997); (h) K. A. Schug and W. Linder,
Chem. Rev., 105, 64 (2005); (i) K. Moonen, I. Laureyn, and C. V. Stevens, Chem. Rev., 104,
6177 (2004); (j) F. Palacios, C. Alonso, and J. M. De los Santos, Curr. Org. Chem., 8, 1481

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

hi
ca

go
 L

ib
ra

ry
] 

at
 0

9:
16

 0
8 

D
ec

em
be

r 
20

14
 



SYNTHESIS OF PHOSPHONAMIDIC ANHYDRIDES 771

(2004); (k) S. Gryaznov, T. Skorski, C. Cucco, M. Nieborowska-Skorska, C. Y. Chiu, D. Lloyd,
J. K. Chen, M. Koziolkiewiez, and B. Calabretta, Nucleic Acids Res., 24, 1508 (1996); (l) E.
Uhlmann and A. Peyman, Chem. Rev., 90, 543 (1990).

3. (a) D. S. Tarbell, Accounts Chem. Res., 2, 296 (1969); (b) K. Soai, Yuki Gosei Kagaku Kyokaishi,
45, 1148 (1987); (c) A. A. Martin and G. Barnikow, Z. Chem., 27, 90 (1987); (d) L. Eberson
and K. Nyberg, Encycl. Electrochem. Elem., 12, 261 (1978);

4. (a) D. Karibian, C. Jones, A. Gertler, K. J. Dorrington, and T. Hofmann, Biochemistry, 13,
2891 (1974); (b) A. Hampton and P. Harper, J. Arch. Biochem. Biophys., 143, 2891 (1971);
(c) M. Yamaguchi and Y. Hatefi, J. Arch. Biochem. Biophys., 243, 20 (1985); (d) K. Takahashi,
J. Biochem., 81, 641 (1977); (e) A. Moulin, J. D. Fourneron, G. Pieroni, and R. Verger,
Biochemistry, 28, 6340 (1989); (f) A. Hampton, P. J. Harper, T. Sasaki, P. Howgate, and R. K.
Preston, Biochem. Biophys. Res. Commun., 65, 945 (1975).

5. (a) K. Iijima, J. Katada, and Y. Hayashi, Biorg. Med. Chem. Lett., 9, 413 (1999); (b) A. R.
Moormann and R. H. Abeles, J. Am. Chem. Soc., 104, 6785 (1982); (c) D. J. Baek, P. E. Reed,
S. B. Daniel, and J. A. Katezenellenbogen, Biochemistry, 29, 4305 (1990); (d) M. H. Gelb and
R. H. Abeles, J. Med. Chem., 29, 585 (1986); (e) K. Ito, K. Igarashi, M. Muraamatsu, T. Harada,
Y. Hayashi, J. Katana, and K. Uno, Biochem. Biophys. Res. Commun., 96, 850 (1997).

6. M. Eto, Organophosphorus Pesticides: Organic and Biological Chemistry (CRC Press: Cleve-
land, OH, 1974), Chapter 5.

7. G. Schrader, Die Entwicklung neuer insektizide Phosphosäure-Ester (Verlag Chemie, Weinheim,
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