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(Z),13(£)-dienoic acid) was purchased from Upjohn Diagnostics 
(Kalamazoo, MI). 

Platelet Antiaggregatory Activities. Blood was collected 
from normal human volunteers who reported to be free of med
ication for at least 10 days prior to blood collection. Platelet-rich 
plasma was prepared as described previously4 and used for all 
studies with the exception of thrombin-induced AA release. For 
the latter experiments, washed platelets were prepared and 
suspended in a modified Tyrode's solution, pH 7.4 as previously 
described.17 The platelet count was adjusted to 3 X 108/mL for 
aggregation, secretion, and biochemical studies. 

Platelet aggregation studies were performed according to the 
turbidometric method of Born18 in a Payton Model 600 dual-
channel aggregometer interfaced to an Apple microcomputer for 
acquisition, quantitation, presentation, and management of 

(17) Huzoor-Akbar; Navran, S. S.; Chang, J.; Miller, D. D.; Feller, 
D. R. Thromb. Res. 1982, 27, 405-417. 

(18) Born, G. V. R. Nature (London) 1962, 194, 927-929. 
(19) Huzoor-Akbar; Romstedt, K; Manhire, B. Thromb. Res., 1983, 

32, 335-341. 

Various organophosphorus esters irreversibly inhibit 
acetylcholinesterase (AChE) by phosphonylating a serine 
hydroxyl at the enzyme active site.1"7 Appropriately de
signed nucleophiles can reversibly bind to phosphonylated 
AChE and displace the phosphorus moiety, thereby re
storing enzymatic activity. The therapeutic use of such 
cholinesterase "reactivators" to t reat poisoning by orga
nophosphorus anticholinesterase agents is well-known.8-11 

Our own research12"15 has focused on compounds tha t 
combine the structural elements required for activity vs. 
phosphonylated AChE but tha t are devoid of any qua-

f Organic Chemistry Department, SRI International. 
I Biomedical Research Laboratory, SRI International. 
§ Current address: USDA, Southern Regional Research Center, 

New Orleans, LA. 
II Syntex Research, Palo Alto, CA. 

platelet aggregation data.19 All inducers were used at the min
imum concentrations required to stimulate maximal aggregation. 
Inhibitors were added 1 min prior to induction of platelet acti
vation, and inhibitory concentration-50 (IC60) values for each 
inhibitor were determined from changes in the amplitude of light 
transmittance after 6 min for ADP and 4 min for AA and U46619. 
Secretion of the contents of platelet-dense granules was measured 
by monitoring the release of radioactivity from platelets prelabeled 
with [uC]serotonin.17 Malondialdehyde formation induced by 
AA was determined as previously described.17 

To study the release of AA from platelet phospholipids, washed 
platelets were incubated with [3H]AA (3.6 ,uCi/109 platelets) for 
2 h at room temperature prior to the final centrifugation and 
resuspension of the washing procedure. Released [3H]AA was 
quantified17 from supernatants of stimulated platelet samples in 
a manner identical with the determination of serotonin secretion. 

Registry No. 3,103620-90-2; 12, 4068-78-4; 13,103620-87-7; 
14,103620-88-8; 14 (diol), 103620-89-9; ethyl (phenylmethoxy)-
acetate, 32122-09-1. 

ternary functionality. These nonquaternary reactivators 
should afford significant advantages over conventional 
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As an extension of an earlier investigation (J. Med. Chem. 1984, 27, 1431), we prepared a series of 3-substituted 
5-[(hydroxyimino)methyl]-l,2,4-oxadiazoles and the corresponding 5-thiocarbohydroximic acid 2-(iV,iV-dialkyl-
amino)ethyl S-esters. The compounds were evaluated in vitro as reactivators of phosphonylated electric eel and 
human erythrocyte (RBC) acetylcholinesterases (AChE). The compounds were characterized with respect to 
(hydroxyimino)methyl acid dissociation constant, nucleophilicity, octanol/buffer partition coefficient, reversible 
AChE inhibition, and kinetics of reactivating ethyl methylphosphonylated AChE. One compound was also tested 
for effectiveness in preventing AChE phosphonylation. All of the tested compounds significantly reactivate ethyl 
methylphosphonylated AChE: the 3-n-octyl- and 3-(l-naphthyl)-substituted aldoximes are as reactive (within a 
factor of 5-10) toward the inhibited enzymes as the benchmark pyridinium reactivators, 2-PAM and HI-6. All of 
the substituted thiocarbohydroximic acid S-esters are powerful reversible inhibitors of AChE's: the 3-n-octyl- and 
3-(l-naphthyl)-substituted thiocarbohydroximates inhibit eel AChE to 50% initial activity at concentrations <5 
MM. When added to an eel AChE solution at concentrations between 5 and 50 MM, the 3-phenyl-substituted 
thiocarbohydroximate effectively antagonizes AChE inhibition by ethyl p-nitrophenyl methylphosphonate (EPMP), 
suggesting the potential utility of this compound for preventing anti-AChE-agent poisoning. 
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Table I. Selected Data for 3-Substituted l,2,4-Oxadiazol-5-aldoximes and l,2,4-Oxadiazole-5-thiocarbohydroximates 

0 C(NOH)Y 

no. 

2ad 

2b 
2c 
2d(E)'1 

2d(Z) 
2e 
2f 
2g 
2h 
2i 
3a" 
3b 
3c 
3dd 

3e 
3f 
3g 
15 

R 

CeH5 

S-C4H9 

re-(CH2)7CH3 

CH3 

CH3 

1-naphthyl 
2-thienyl 
CH2C6H6 

4-pyridyl 
C6H6(5)« 
CeH5 

£-C4H9 

71-(CH2)7CH3 

CH3 

1-naphthyl 
CH2C6H5 

C6H5(5)' 
CeH5 

Y 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
SCH2CH2N(C2H5)2 

SCH2CH2N(C2H6)2 

SCH2CH2N(C2H5)2 

SCH2CH2N(C2H5)2 

SCH2CH2N(C2H6)2 

SCH2CH2N(C2H6)2 

SCH2CH2N(C2H6)2 

NHCH2CH2N(C2H6)2 

H 
R 

yield," % mp, °C 

7.9 
10 
43 

7.0 
2.0 

14 
1.5 

36 
83 
84 
27 
81 
39 
63 
84 
78 
98 
30 

166-168 
130.5-132 

84.5-85 
163.5-164 
128-128.5 
153-155 
129-131.5 
153-156 
249-250 
162-163 
199-201 
87-87.5 

120-121 
92-93.5 

193.5-196 
160-161 
175-176 
212-215 

PK. 

7.94 
7.91 
8.22 
8.11 
8.60 
8.05 
8.03 
7.94 
8.00 
8.12 
6.32 
6.61 
6.34 
6.32 
6.50 
6.19 
7.3.6 
9.85 

logP" 

2.61 
2.03 

>3.0 
0.47 
e 

>3.0 
2.38 
2.18 
e 
2.33 
1.78 
1.16 

>3.0 
-0.41 

2.92 
1.28 
1.83 
e 

formula0 

C9H7H302 

C 7 H „ N A 
C n H 1 9 N 3 0 2 

C4H6N302 

C4H6N302 

C13H9N302 

G7H5N302S 
C10H9N3O2 

C8H6N402 

C9H7N302 

C16H20N4O2S 
C13H24N402S 
C17H33N402SC1' 
C10H18N4O2S 
C19H23N402SC1' 
C16HMN402SC1' 
C16H24N402WC1<' 
C15H22N502C1/ 

analysis' 

d 
C, H, N 
C, H , N 
C, H, N 
C, H, N 
C, H, N 
C, H, N, S 
C, H, N 
C, H, N 
C, H, N 
d 
C, H, N, S 
C, H, N, S, CI 
d 
C, H, N, S 
C, H, N, S, CI 
C, H, N, S, CI 
C, H, N, CI 

scheme 

I / I I / I I I 
I 
I 
I 
I 
I 
I 
II 
III 
HI 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 

"Yield for production of target compound from immediate precursor. blog P is the octanol/ buffer partition 
phosphate buffer. c Elemental analytical results for indicated elements were within ±0.4% of theoretical, 
determined. ^Isolated as HC1 salt. ^Isomeric 5-aryl-3-[(hydroxyimino)methyl]-l,2,4-oxadiazole. 

coefficient for 0.1 M, pH 7.6 
d Reported in ref 15. ' N o t 

reactivators, such as 2-[(hydroxyimino)methyl]-l-
methylpyridinium iodide (2-PAM), with respect to pene
tration through hydrophobic cell membranes into critical 
tissue regions (such as the central nervous system). 

We previously examined a series of a-keto thiocarbo-
hydroximic acid (iV,iV-dialkylamino)alkyl S-esters, l,12 

heteroaromatic aldoximes, 2, and heteroaromatic thio-
carbohydroximic acid (A^,iV-dialkylamino)alkyl S-esters, 
3,15 for activity in vitro vs. electric eel AChE inhibited by 
ethyl p-nitrophenyl methylphosphonate (EPMP). These 

Scheme I. Alkyllithium-Induced Nitrosation" 

RC(NOH)NH, 

, / " 

R 

.CH, 
c, d Cr CHNOH 

H 
0 

0 N' 

R - C —C —S(CH2)nN(R')2'HCI 

1 
H 

N — 0 
II 

N y N 

2 , Z = H 
3 , Z = SCH2CH2NfC2H5)2. HCI 

studies revealed particularly high reactivity for the 3-
phenyl-l,2,4-oxadiazol-5-aldoxime (2a). Furthermore, the 
corresponding 3-phenyl-l,2,4-oxadiazole-5-thiocarbo-
hydroximic acid 2-(iV,./V-diethylamino)ethyl S-ester (3a) 

"a, aqueous C2H5OH, A; b, (CH3CO)20, A; c, n-BuLi, THF, 
DC; d, i-C3H7ONO, H+ . 

-78 

proved to be a powerful competitive, reversible inhibitor 
of AChE. These findings suggested the 1,2,4-oxadiazole 

CeHe 

2a. 
3a, 

Z = H 
Z = SCH2CH2NEt2.HCI 

(10) 
(11) 

(12) 

(13) 

Ellin, R. I.; Wills, J. H. J. Pharm. Sci. 1964, 53, 995. 
McNamara, B. P. "Oximes As Antidotes in Poisoning by An
ticholinesterase Compounds"; Edgewood Special Publication 
5B-SP-76004, avail. NTIS AD-AO/23243, 1976. 
Kenley, R. A.; Howd, R. A.; Mosher, C. W.; Winterle, J. S. J. 
Med. Chem. 1981, 24, 1124. 
Kenley, R. A.; Bedford, C. D.; Howd, R. A.; Miller, A.; Win
terle, J. S.; Dailey, O. D. "Nonquaternary Cholinesterase 
Reactivators"; Annual Report, Contract DAMD17-79-C-9178; 
Aug 1982. 

(14) Bedford, C. D.; Howd, R. A.; Kenley, R. A. "Nonquaternary 
Cholinesterase Reactivators"; Final Report, Contract 
DAMD17-79-C-9178; Oct 1985. 
Kenley, R. A.; Bedford, C. D.; Howd, R. A.; Dailey, O.; Miller, 
A. J. Med. Chem. 1984, 27, 1201. 

(15) 

ring system as a likely target for structural "fine-tuning" 
to improve maximal activity. Accordingly, 14 new type 
2 and type 3 compounds representing the 1,2,4-oxadiazole 
ring system were synthesized. As before, these compounds 
were evaluated with respect to (hydroxyimino) methyl acid 
dissociation constant, nucleophilicity, lipophilicity, re
versible inhibition of AChE, and kinetics of reactivating 
EPMP-inhibited electric eel AChE. We also extended our 
studies to test the in vitro activity of type 2 and type 3 
compounds vs. EPMP-inhibited human erythrocyte AChE 
and their effectiveness in preventing eel AChE inhibition 
by EPMP. For comparison we also report results for the 
previously prepared 3-methyl and 3-phenyl type 2 and type 
3 compounds15 and for the well-known pyridinium reac
tivators, 2-PAM and 4-carbamoyl-2'-[(hydroxyimino)-
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Scheme II. Hydrolysis of an Aldehyde Equivalent0 

„/°\^H2Br 
\\ 1.1 <v 

Scheme III. Ozonolysis" 

Al 3-Alkyl.Aryi Substituted 1,2,4-Oxadi3zoiyl-5-Carboxaldehydes 

a,b N - - 0 V C H " C H C 6 H 5 c,d 

/ ° v _ C H = N(0)C6H4N(CH3)2 

% - • 

r - '°N,C(0)H 

\ // 
+ H2° N / U V C H , 0 H I 2 

' A // 
> N 

- H , 0 

^ / u \ ^ C H N O H 

B) 5-Alkyl/Ary] Substituted 1,2,4-Oxadiazolyl-3-Carboxaldehydes 

^C(0)H 

\ \ / / H,0 
N / V C H ( 0 H ) 2 
\\ // 
y.—M U 

„CHNOH 

" a, 2 equiv of NC5H5, A; b, iV,iV-dimethylnitrosoamline, NaOH: 
c, H+; d, C2H5OH, NH2OH. 

methyl]-l,l'-oxydimethylenebis(pyridinium chloride), HI-6. 

Results and Discussion 
Synthesis and Structure. Fourteen new type 2 and 

type 3 compounds were prepared. Table I provides 
structures and selected physical data for these new com
pounds, as well as those previously reported materials 2a, 
3a, 2d(E), and 3d. 

Three routes were used to prepare type 2 compounds. 
As previously described,15 appropriately substituted ni-
triles, 4, were converted to their corresponding amidoximes, 
5, and subsequently to the 3-substituted 5-methyl-l,2,4-
oxadiazole, 6, yielding the oxime precursors (Scheme I). 
Alkyllithium-induced nitrosation then provided the desired 
l,2,4-oxadiazol-5-aldoximes, 2. 

As an alternative, compounds 2a and 2g were prepared 
via hydrolysis of an aldehyde equivalent, 9, followed by 
oximation of the aldehyde, 10 (Scheme II). Compounds 
2a and 2h were obtained via ozonolysis of the corre
sponding styryloxadiazole, 12, followed by oximation of the 
resulting aldehyde (Scheme III). Scheme III provided 2a 
under milder conditions and in higher yield than either 
Scheme I or Scheme II. Additionally the ozonolysis me
thod gave a convenient route to the isomeric 5-substituted 
l,2,4-oxadiazol-3-aldoxime 2i. 

Type 3 compounds were prepared (Scheme IV) from the 
corresponding type 2 compounds by chlorination and 
thioesterification as reported previously.15 Treating the 
hydroxyimoyl chloride 14 with a primary amine gave the 
analogous 1,2,4-oxadiazolyl-substituted amidoxime 15. 

We separated and characterized the (E)- and (Z)-(hy-
droxyimino)methyl isomers derived from nitrosation of 
3,5-dimethyl-l,2,4-oxadiazole 2d. As expected, the physical 
properties differed substantially, as shown in Table I. The 
major component (80%) of the mixture exhibited an NMR 
proton resonance at 5 12.06 (NOH) and 8.26 (CH), whereas 
the minor isomer showed peaks at 8 12.34 (NOH) and 7.77 
(CH). By analogy to literature examples,16,17 we assigned 
the E and Z configurations, respectively, to the major and 
minor components of the 2d isomer mixture. We postulate 
that the higher pKa of the Z isomer results from hydrogen 

(16) Kleinspeln, G. G.; Jung, J. A.; Studniarz, A. J. Org. Chem. 
1967, 32, 460. 

(17) Kosower, E. M. An Introduction to Physical Organic Chem
istry; Wiley: New York, 1968. 

H.C.CH-CHCN — H5C6CH=CHC(NOH)NH2 

y— N \\ // = w // 

w // 

"a, Cinnamoyl chloride, K2C03 , DMK; b, A; c, 03 , CH2C12, -78 
°C; d, Me2S; e, NH2OH, C2H6OH; f, acid chloride or anhydride, 
K2C03, DMF; g, A. 

Scheme IV. Thiocarbohydroximate Synthesis" 

) N 
R 

N / °S^C(NOH)C I 

M 
14 

N / u \ ^C(NOH)S(CH 2 ) 2 N'(R ' ) 2 

A // 
>—N 

"a, NCS, DMF, A; b, HSCH2CH2N(R')2/NH2CH2CH2N(R')2, 
CH2C12. 

bonding between the hydroxyimino proton and ring het-
eroatoms. Such six-membered ring conformations were 
postulated to explain the remarkable stability of the 3- and 
5-substituted geminal diols 11 over the generally preferred 
carboxaldehyde structures, 10, in the 1,2,4-oxadiazole ring 
systems.18 

n H 

...H-0 U ' ° 
N 

11 
/ 

-° / 
N N 

/ H - 0 

, V N and/or 

H 

Chemical and Physical Properties. All of the type 
2 compounds listed in Table I exhibited (hydroxyimino)-
methyl acid dissociation constant (pKa) values near the 

(18) Palazzo, G.; Baiacchi, L.; Piccni, G. J. Heterocycl. Chem. 1979, 
16, 1469. 
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Table II. Characteristic Constants for Reversible Inhibition of AChE (IC50) and for the Rate of EPMP-Inhibited AChE Reactivation 
(fe0x and £HOX) by Various Test Compounds 

compd" 

2a 
2b 
2c 
2d(E) 
2d(Z) 
2e 
2f 
2g 
2h 
2i 
3a 
3b 
3c 
3d 
3e 
3f 
3g 
15 
2-PAM* 
HI-6" 

substituent 

CeH5 

t-C4H9 

n-C8H17 

CH3 

CH3 

1-naphthyl 
2-thienyl 
C6H5CH2 
4-pyridyl 
C6H5(5)6 

CeH5 

f-C4H9 

i-C8H17 

CH3 

1-naphthyl 
CeH5CH2 

C6H5(5)fc 

QMs 

IC50, mM 

>1.0 
>1.0 
>1.0 
>1.0 
>1.0 
>1.0 
>0.5 
>1.0 
c 
>1.0 
0.0075 
0.099 
0.0014 
0.104 
0.0013 
0.055 
0.22 
0.89 
0.4 
0.4 

eel AChE 

&ox> M"1 min -1 

848 
67.1 
2170 
542 
154 
2240 
1550 
368 
c 
3.1 
21.9 
0.94 
c 
3.1 
41.2 
1.5 
36.7 
327 
15260 
412 

&HOX, M"1 min"1 

270 
22.1 
419 
130 
14.0 
587 
327 
116 
c 
0.72 
20.8 
0.85 
64.5 
2.9 
38.2 
1.4 
23.3 
19.4 
4418 
281 

IC60, mM 
>1.0 
>1.0 
>1.0 
>1.0 
>1.0 
>1.0 
>0.36 
>1.0 
>1.0 
>1.0 
0.006 
0.39 
0.001 
0.09 
c 
0.030 
c 
0.26 
>1 
>1 

human AChE 

kox, M"1 min -1 

141 
23.4 
761 
47.4 
24.0 
390 
104 
158 
358 
1.4 
33.2 
d 
c 
1.5 
c 
1.5 
13.9 
c 
1877 
5041 

&H0X. M"1 min"1 

48.5 
31.6 
147 
11.2 
2.4 
102 
28.2 
49.6 
102 
0.3 
31.6 
d 
c 
1.4 
c 
1.4 
8.8 
c 
543 
3435 

"See Table I for structure and other details. 'Isomeric 5-aryl-3-[(hydroxyimino)methyl]-l,2,4-oxadiazole. cNot determined. dNo sig
nificant reactivation at highest test-compound concentration (0.5 mM). e2-PAM, 2-[(hydroxyimino)methyl]-l-methylpyridinium halide; 
HI-6, l-[[[4-(aminocarbonyl)pyridino]methoxy]methyl]-2-[(hydroxyimino)methyl]pyridinium dichloride. 

optimal8 value of pKa = 8. Converting the type 2 com
pounds to the type 3 analogues lowered the dissociation 
constants by ca. 1.5-2 pKa units. The amidoxime deriv
ative 15 had a significantly higher pKa value of 9.85, far 
outside the useful therapeutic range. 

To assess the inherent nucleophilicities of the target 
compounds, we determined the bimolecular rate constant, 
kn, for reaction of the anionic (oximate) form of selected 
test compounds toward acetylthiocholine (AcSCh) using 
methods described previously.15 Combining kn and pKa 

values for the compounds listed in Table I with parallel 
data taken from Table II of ref 15 provided the linear 
least-squares regression line shown in eq 1 with n = 27 and 

log kn = -3.48 (±0.33) + 0.63 (±0.043)pKa (1) 

squared correlation coefficient R2 = 0.89. Thus the 
Bronsted behavior established previously for type 2 and 
3 compounds extends to the new compounds reported 
herein. 

The octanol/ buffer coefficients were determined for the 
compounds listed in Table I. All the tested compounds 
partitioned primarily into the organic phase, whereas 2-
PAM and HI-6 partition almost entirely into the aqueous 
phase (log P = -3.24).19 Converting the type 2 aldoximes 

(19) Benschop, H. P.; Vandenberg, G. R.; Van Hooidonk, C; De-
Jong, L. P. A.; Kientz, C. E.; Berends, F.; Kepner, L. A.; 
Meeter, E.; Visser, R. P. L. S. J. Med. Chem. 1979, 22, 1306. 

(20) Fukuto, T. R.; Metcalf, R. L. J. Am. Chem. Soc. 1959, 81, 372. 
(21) Ekstrand, A. G. Chem. Ber. 1887, 20, 219. 
(22) Richter, R. Chem- Ber. 1889, 22, 2249. 
(23) Tiemann, F. Chem. Ber. 1884, 17, 126. 
(24) Freund, M.; Lenze, F. Chem. Ber. 1891, 24, 2150. 
(25) Nordmann, E. Chem. Ber. 1884, 17, 2746. 
(26) Tiemann, F.; Kruger, P. Chem. Ber. 1884, 17, 1685. 
(27) Kruger, P. Chem. Ber. 1885, 18, 1053. 
(28) Moussebois, C; Eloy, F. Helv. Chim. Acta. 1964, 47, 838. 
(29) Benn, M. H. Can. J. Chem. 1964, 42, 2393. 
(30) Albert, A.; Sergeant, E. P. Ionization Constants of Acids and 

Bases, 3rd ed.; Chapman and Hall: New York, 1984. 
(31) Fujita, T.; Iwasa, J.; Hansch, C. J. Am. Chem. Soc. 1964, 86, 

5175. 
(32) Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. 

Biochem. Pharmacol. 1961, 7, 88. 

to the corresponding thiocarbohydroximates lowered the 
partition coefficient by ca. 0.8 log unit. Some of the type 
2 compounds were extremely hydrophobic; for example, 
compounds 2c and 2e exhibited log P values greater than 
3. Both 2c and 2e were poorly soluble in water, even at 
the low test-compound concentrations (10-3 to 10~5 M) 
employed in reactivation experiments (below). Conse
quently, all kinetic experiments were performed in pH 7.6 
aqueous buffer with 4% ethanol added to prevent test-
compound precipitation. 

Reversible Inhibition and Reactivation of AChE. 
Our previous investigation15 with EPMP-inhibited eel 
AChE established that the interactions of type 2 and type 
3 compounds with ethyl methylphosphonylated AChE and 
with active enzyme are adequately described by eq 2-6 

EI + R ^=t [EI-R] (2) 

[EI-R] - ^ E (3) 

(4) 

E (5) 

HOX ^=t OX- + H+ (6) 

where R is a test compound, EI is ethyl methyl
phosphonylated AChE, [EI-R] is a reversibly formed 
complex between reactivator and phosphonylated AChE, 
E is active enzyme, [E-R] is a reversibly formed (inactive) 
complex between AChE and reactivator, HOX is the 
protonated (oxime) form of added test compound, and OX_ 

is the anionic (oximate) form of added test compound. 
Suitable control experiments were performed with the 
EPMP-inhibited human erythrocyte AChE and showed 
that eq 2-6 also extend to the human enzyme. 

In the absence of EPMP, test compounds inhibited 
AChE in a reversible, time-independent fashion. Therefore 
we express the reactivator-AChE inhibition as the IC50, 
that is, the concentration of test compound that inhibits 
50% of AChE activity. 

With test compound added in exess over EPMP-inhib
ited enzyme, pseudo-first-order reactivation kinetics were 

E + R ;=± [E-R] 

EI 
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Figure 1. Correlation between the bimolecular rate constant kox 
for reactivation of EPMP-inhibited eel AChE vs. EPMP-inhibited 
human AChE for oxadiazole aldoximes 2. 

observed. Following the previously derived kinetic 
treatment,15 it is convenient to express reactivation potency 
as fe0x ( = kr/Kr), the bimolecular rate constant for reac
tivation in the limit of low reactivator concentration ([OX] 
« KT). Because various type 2 and type 3 compounds 
ionize to different extents at pH 7.6 (the pH of the buffer 
used in the in vitro evaluations), the effective rate constant 
for reactivating inhibited AChE, feHox> w a s defined as the 
product of kox and the fraction of added test compound 
present as oximate at pH 7.6: kox[l + antilog (pXa - 7.6)]. 
Table II summarizes data for reversible inhibition of AChE 
activity by the compounds and for reactivation of ethyl 
methylphosphonyl-AChE by the compounds. 

The table shows that the reactivation data divide into 
two groups according to compound structure. Thus the 
type 2 compounds reversibly inhibit AChE poorly (or not 
at all) and reactivate EPMP-inhibited enzyme well, 
whereas the opposite is true for the type 3 compounds. 
The poor reactivation potency of the type 3 compounds 
derives from their low (hydroxyimino) methyl pKfl values 
and the concomitantly low nucleophilicities (see eq 1). 
Strong reversible AChE inhibition by the type 3 com
pounds suggests "two-site" binding to AChE via hydro
phobic and Coulombic interactions as previously pro
posed.15 

Oximes 2c and 2e exhibited the highest kQX values of 
the nonquaternary compounds tested. Indeed these two 
compounds are the most potent nonquaternary reactiva
tors of EPMP-inhibited AChE that we have prepared to 
date and are the first nonquaternary reactivators that 
approach (within 1 order of magnitude) the activity of 
2-PAM. 

It is interesting to note that (except for HI-6) the com
pounds tested showed parallel kox values toward both 
sources of AChE. Figure 1 is a plot of log kox values for 
reactivation of EPMP-inhibited eel vs. human enzymes, 
log-linear least-squares regression analysis of the data gave 
eq 7 with n = 10, R2 = 0.961, and uncertainties about the 
log kox (human) = 

[log feox(eel)](0.884 ± 0.068) -(0.761 ± 0.087) (7) 

slope and intercept values expressed as ±95% confidence 
limits. For this series of compounds, the eel enzyme serves 
as a reasonable in vitro model for human AChE. It is 
unknown what factors contribute to the anomolously high 
reactivity of HI-6 vs. EPMP-inhibited human AChE. 

Highly quantitative structure-activity relationships for 
the type 2 and type 3 reactivators were not apparent. The 
heterogeneity of structures presented in Table I probably 

Bedford et al. 
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Figure 2. Percentage of control eel acetylcholinesterase activity, 
100(A(/AC) vs. incubation interval, t, for reaction of enzyme (Ac 
= 5.11 nM min-1) with 20 nM ethyl p-nitrophenyl methyl -
phosphonate in the absence (•) or presence (O) of initially added 
3a. 

accounts at least in part for the failure to observe quan
titative relationships. Stepwise multiple linear regression 
of IC50 or kox values vs. pKa values, plus steric, hydro
phobic, and electronegativity substituent constants gave 
only modest correlations. The most significant correlation 
was eq 8 with n = 11, F = 9.2, and R2 = 0.696. Probably, 

feox(eel) = -4680 + 467 log P + 588pKa (8) 

hydrophobicity does play an important role in controlling 
activity of the nonquaternary type 2 and 3 compounds, but 
additional compounds must be prepared and tested to 
provide a quantitative basis for describing the influence 
of hydrophobicity on reactivation potency. 

Finally, comparing kHOX values from Table II for com
pounds 2a, 2d, 3d, and 2-PAM with feHOx values reported 
for the same compounds in Table V of ref 15 reveals 2- to 
3-fold differences in reactivity toward ethyl methyl-
phosphonylated eel AChE. Presumably the reactivity 
differences reside in the slightly different reaction con
ditions employed: the data reported herein pertain to 
buffer solutions containing 4% EtOH, whereas as the ex
periments reported in ref 15 did not use EtOH in the 
buffer solutions. It is recognized that organic solvents can 
influence AChE activity and thereby reactivation kinet
ics.33"35 Because the data reported herein all used 4% 
ethanolic buffer, the results are internally consistent. 
However, direct comparisons of the data in Table II with 
results obtained in other reaction media will be of ques
tionable validity. 

Antagonism of AChE Inhibition by EPMP. The 
strong reversible inhibition of AChE by the type 3 com
pounds and the previous demonstration15 that inhibition 
by 3a is competitive suggested that it might be possible 
to protect the enzyme active site from irreversible phos-
phonylation by preincubating AChE with a thiocarbo-
hydroximate prior to adding organophosphonate inhibitor. 
To test this, we incubated AChE with excess 3a prior to 

(33) Nolen, H. W.; Miller, A.; Howd, R. A.; Bedford, C. D. Proc. 
West. Pharmacol. Soc. 1985, 28, 303. 

(34) Maglothin, J. A.; Wins, P.; Wilson, I. B. Biochim. Biophys. 
Acta. 1975, 403, 370. 

(35) Wang, E. I. C ; Braid, P. E. J. Biol. Chem. 1967, 242, 2683. 
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Table III. Eel AChE Activities after Reaction of Enzyme with 
Ethyl p-Nitrophenyl Methylphosphonate in the Presence of 
Initially Added 3a 
[3a], MM 
100 
30.0 
10.0 
3.00 

incubation interval, min 
25 
25 
33 
33 

100(At/Ac)° 
102 • 
91 
79 
46 

"At corrected for AChE inhibition by 3a in the assay solution 
according to the expression A, = (observed activity)[100/(100 -1)]. 

adding EPMP (which was also in excess over AChE) and 
assayed AChE activities as a function of 3a concentration 
and incubation interval after adding EPMP. 

Figure 2 shows the dependence of AChE activity on 
incubation interval for the reaction of the enzyme with 20 
nM EPMP in the absence of 3a and in the presence of 300 
fiM 3a. In the figure, the percentage observed activity at 
time t (At) relative to control activity (Ac) includes a 
correction for enzyme inhibition (J) by 3a in the assay 
using the expression At = (observed activity) 100/(100 -
T). The figure reveals pseudo-first-order loss of AChE 
activity in the absence of 3a. We repeated the inhibition 
experiment in the absence of 3a three times and calculated 
a bimolecular rate constant, kb for AChE inhibition by 
EPMP according to eq 9 and 10. For the three runs, we 
found fej = 1.1 (±0.25) X 107 M"1 min"1. 

In (At/Ac) = k9t (9) 

k9 = fei[EPMP] (10) 

Figure 2 also reveals that incubating AChE with 300 MM 
3a before adding EPMP markedly reduced the degree of 
inhibition at any incubation interval after addition of 
EPMP. The data for AChE activity in the presence of 3 
showed a rapid initial loss of enzyme activity, followed by 
a plateau in activity corresponding to establishment of a 
steady state. 

We also determined the AChE activity after adding 
EPMP as a function of 3a concentration. In these ex
periments, we preincubated AChE with 100 to 3.00 MM 3a, 
added 20 nM EPMP, and determined percentage AChE 
at an incubation interval (t = 17 to 33 min) corresponding 
to the plateau region in Figure 2. Table III summarizes 
these data. Here, the relationship between AChE activity 
and [3a] was clear: residual AChE activity increased 
monotonically with [3a]. Even at the lowest concentration 
of 3a (3 MM), AChE activity did not decrease below 40% 
of control during the experiment. 

Conclusions 

The present study reveals that, as a class, 3-substituted 
l,2,4-oxadiazol-5-aldoximes are relatively potent reacti
vators of both eel and human AChE's inhibited in vitro 
by ethyl p-nitrophenyl methylphosphonate (EPMP). 
Within the class, the 3-rc-octyl- and 3-(l-naphthyl)-sub-
stituted oximes (compounds 2c and 2e, respectively) are 
the most potent reactivators. Compounds 2c and 2e rival 
the benchmark reactivator, 2-PAM, for activity vs. 
EPMP-inhibited AChE and probably represent the most 
inherently active nonquaternary reactivators known. 

Another important observation is that incubating eel 
AChE with compound 3a (the 3-phenyl-l,2,4-oxadiazole-
5-thiocarbohydroximate) effectively protects the enzyme 
against irreversible inhibition by EPMP in vitro. This 
protection is significant even at 3a concentrations as low 
as 3 ^M. The demonstrated antagonism of irreversible 
phosphonylation plus its modest reactivation potency 
suggest that compound 3a has potential as a pretreatment 
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drug to prevent poisoning following exposure to organo-
phosphonates. 

This report concludes our synthesis and in vitro testing 
program of a-heteroaromatic aldoximes and thiocarbo-
hydroximate reactivators. Structural "fine-tuning" of the 
3-substituted 1,2,4-oxadiazole system has now provided 
several compounds with interesting properties. Although 
additional structural modifications, for example, to in
crease hydrophobicity, could lead to candidate compounds 
with even higher inherent activity, the current evidence 
suggests that activity gains would be modest. Also, in
creasingly hydrophobic reactivators face some practical 
dosage form design limitations because of very poor 
aqueous solubility. We now have several examples of 
nonquaternary reactivators with reasonably high inherent 
activity in vitro. Whether improved tissue distribution of 
the nonquaternary reactivators in vivo will afford signif
icant antidotal efficacy gains relative to well-known py-
ridinium oximes is the important issue that remains to be 
established in future investigations. 

Experimental Section 
Materials. Nuclear magnetic resonance (NMR) spectra were 

recorded on a Varian Associates EM-360 or EM-390 spectrometer. 
Chemical shifts are reported in parts per million (b) from an 
internal tetramethylsilane standard. Splitting patterns are 
designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; 
m, multiplet; br, broad. Infrared (IR) spectra were obtained on 
a Perkin-Elmer Model 1420 spectrophotometer. Melting points 
were determined on a calibrated Fisher-Johns melting point 
apparatus. Microanalyses were performed by Galbraith Labo
ratories, Inc., Knoxville, TN, and the results are reported in Table 
I. 

Tetrahydrofuran (THF) was distilled from calcium hydride or 
benzophenone ketyl and stored under nitrogen over a 4A molecular 
sieve. Metalation reactions were performed under a positive 
nitrogen pressure. Analytical thin-layer chromatography (TLC) 
was performed on Analtech Uniplate silica gel GF (scored 10 X 
20 cm plates, 250 /*m); preparative TLC was performed on Un
iplate silica gel GF (20 X 20 cm plates, 2000 Mm). Column 
chromatography was done on reagent silica gel (90-200 mesh) 
obtained from Accurate Chemical and Scientific Corp. Eel 
acetylcholinesterase lyophilized powder was from Worthington. 
Human erythrocyte enzyme was obtained from Sigma. Ethyl 
p-nitrophenyl methylphosphonate (EPMP) was prepared by 
conversion of diethyl methylphosphonate to ethyl methyl-
phosphonochloridate followed by reaction with p-nitrophenol.20 

CAUTION! EPMP is an extremely toxic anticholinesterase 
agent. It must be handled with gloves and in a fume hood or at 
high dilutions at all times. 

General procedures for synthetic steps are given below along 
with details for individual representative compounds. 

General Procedure for Preparation of Amidoximes 5. All 
amidoximes were prepared from the corresponding nitriles by use 
of previously reported procedures.21"27 Generally, 1 equiv of 
sodium hydroxide dissolved in water was added to a solution of 
hydroxylamine hydrochloride (1 equiv) dissolved in 95% ethanol. 
The appropriate aryl or alkyl nitrile (0.25-1.0 mol) in 95% ethanol 
was added to the above solution. The mixture was heated under 
reflux for 8-24 h. After cooling, the solvent was removed in vacuo 
at 60 °C, the residue was treated with a slight excess of 3 M 
hydrochloric acid, and the mixture was heated to boiling. Insoluble 
material was filtered and the cool filtrate extracted with di-
chloromethane. The aqueous layer was adjusted to pH 8 with 
concentrated ammonium hydroxide. The precipitate was collected 
and recrystallized from an appropriate solvent, furnishing the 
desired amidoximes in 45-70% yield. The amidoximes prepared 
exhibited the following properties. 

Benzamidoxime (5a). Benzamidoxime was prepared on a 
1.0-molar scale. The crude product was recrystallized from 
benzene/hexane, giving 96.9 g (57%) of 5a, mp 70-71 °C (lit.23 

mp 70-70.5 °C). 
2,2-Dimethylpropionamidoxime (5b) was prepared on a 

0.5-molar scale. The crude product was recrystallized from 
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toluene, giving 26.1 g (45%) of 5b, mp 112-114 °C (lit.24 mp 
115-116 °C). 

n -Nonanamidoxime (5c) was prepared on a 0.25-molar scale. 
The crude product was recrystallized from toluene, giving 20.2 
g (59%) of 5c, mp 160-163 °C. 

Acetamidoxime (5d) was prepared on a 1.0-molar scale and 
was isolated as the hydrochloride salt in 46% yield, mp 140-142 
°C (lit.25 mp 140 °C). 

1-Naphthalenamidoxime (5e) was prepared on a 0.25-molar 
scale. The crude product was recrystallized from 60% aqueous 
ethanol to give 25.6 g (55%) of 5e, mp 149.5-151.5 °C (lit.23 mp 
148-149 °C). 

2-Thiophenamidoxime (5f) was prepared on a 0.25-molar 
scale. The crude product was obtained as a black crystalline solid 
and was used without further purification after drying in vacuo, 
mp 88-90 °C (lit.21 mp 91-92 °C). 

Phenylacetamidoxime (5g) was prepared on a 0.5-molar scale. 
The crude product was recrystallized from toluene, giving 43.5 
g(57%)of5g. 

4-Pyridinamidoxime (5h) was prepared on a 0.20-molar scale. 
The crude product was recrystallized from ethanol, giving 18.0 
g (53%) of 5h, mp 207-208 °C. 

4-Phenyl-2-oxobutanamidoxime (5i) was prepared on a 
0.20-molar scale.28 The crude product was recrystallized from 
diethyl ether to give 27.7 g (88%) of 5i. 

General Procedure for Preparing 3-Substituted 5-
Methyl-l,2,4-oxadiazoles (6). The 1,2,4-oxadiazole ring system 
was prepared by treating the appropriate amidoxime (5) at reflux 
for 15-30 min with an excess of an anhydride or acid chloride. 
For example, the 3-substituted 5-methyl-l,2,4-oxadiazoles were 
prepared by heating the amidoximes 5 at reflux in an excess of 
acetic anhydride. The resulting solution was cooled and diluted 
with water, and the pH was adjusted to 8 with concentrated 
ammonium hydroxide. The mixture was extracted with ether, 
and the combined ether extracts were washed with brine and dried 
over anhydrous MgS04. Removal of solvent afforded the 3-
substituted 5-methyl-l,2,4-oxadiazoles 6, which were further 
purified by distillation or column chromatography on silca gel. 
The synthesized 3-substituted 5-methyl-l,2,4-oxadiazoles exhibited 
the following properties. 

3-Phenyl-5-methyl-1,2,4-oxadiazole (6a). Benzamidoxime 
(106 g, 0.78 mol) was converted to 106 g (85%) of 6a, which was 
isolated as white crystals, mp 36-37.5 °C (lit.26 mp 40-41 °C). 

3-ter*-Butyl-5-methyl-l,2,4-oxadiazole (6b). 2,2-Di-
methylpropionamidoxime (21.3 g, 0.184 mol) was converted to 
23.2 g (90%) of 6b isolated as a colorless liquid. A 5-g portion 
was distilled to furnish an analytical sample, bp 147-148 °C (760 
torr). 

3-a-Octyl-5-methyl- 1,2,4-oxadiazole (6c). A mixture of 19.3 
g (0.12 mol) of 5c and 50 mL of acetic anhydride was refluxed 
for 20 min. Workup in the standard fashion afforded 19.8 g of 
material, which was purified by column chromatography on 450 
g of silica gel. Elution with dichloromethane provided 13.5 g (68%) 
of 6c as a light yellow oil, bp 97-100 °C (2.5 torr). 

3,5-Dimethyl-1,2,4-oxadiazole (6d).27 Acetamidoxime hy
drochloride (20.0 g, 0.181 mol) was converted to 10.6 g (60%) of 
fid, which was isolated as a colorless liquid. 

3-(l-Naphthyl)-5-methyl-l,2,4-oxadiazole (6e). A mixture 
of 20.0 g (0.107 mol) of 5e and 50 mL of acetic anhydride was 
heated at reflux for 15 min. After general workup, removal of 
solvent afforded 25.0 g of material, which was placed on a column 
containing 450 g of silica gel. Elution with dichloromethane 
provided 17.0 g (75%) of 6e, mp 28-29.5 °C. Recrystallization 
from petroleum ether gave needles melting at 29-30 °C (lit.21 mp 
36 °C). 

3-(2-Thienyl)-5-methyl-l,2,4-oxadiazole (6f). 2-Thiophen
amidoxime (5f; 24.5 g, 0.172 mol) was converted to 20.5 g (72%) 
of 6f, which was recrystallized from petroleum ether, mp 50.5-52 
°C. 

3-Benzyl-5-(bromomethyl)-l,2,4-oxadiazole (7). Treatment 
of phenylacetamidoxime (36.0 g, 0.24 mol) with excess bromoacetyl 
chloride yielded 40.1 g (70%) of 7, which was isolated as a yellow 
oil. The crude product was chromatographed on silica gel with 
dichloromethane as eluent, yielding an analytical sample of 7: XH 
NMR (CDC13) 5 7.25 (s, 5 H, phenyl), 4.30 (s, 2 H, CH2) 4.00 (s, 
2 H, CH2). Anal. (C10H9N2OBr) C, H, N, Br. 

3-(4-Pyridyl)-5-styryl-l,2,4-oxadiazole (12a). The styryl-
substituted oxadiazoles were prepared via a two-step reaction 
sequence. To a cold (0 °C), stirred suspension of 10.0 g of 5h and 
4.0 g of K2C03 in 100 mL of acetone was added dropwise 9.7 g 
of cinnamoyl chloride in 60 mL of acetone. The solution was 
allowed to warm to room temperature and stirred for an additional 
2 h. The acetone was evaporated, and the residue was washed 
with water to give 14.5 g (94%) of the crude cinnamoyl acylated 
amidoxime. A portion of this material was recrystallized from 
ethanol (95%) to give white plates of analytically pure O-acylated 
amidoxime: mp 168-169 °C; SH NMR (Me2SO-d6) 5 8.75 (d, 2 
H, J = 7.0 Hz, aryl), 7.92 (d, 1 H, J = 14.0 Hz, CH), 7.75 (d, 2 
H, J = 7.0 Hz, aryl), 7.70 (m, 2 H, aryl), 7.40 (m, 3 H, phenyl), 
7.23 (br s, 2 H, NH2), 6.80 (d, 1 H, J = 14.0 Hz, CH). Anal. 
(C15H13N302) C, H, N. 

The O-acylated amidoxime was converted to the desired 
1,2,4-oxadiazole by heating under vacuum for 1-5 h. Thus, 8.2 
g of the above O-acylated amidoxime was heated (neat) at 150 
°C under vacuum for 2 h. The cyclized product crystallized on 
cooling to give 7.17 g (94% yield) of the desired crude styryl 
product (12a). Recrystallization from acetone/hexane gave an 
analytical sample of the styryl derivative: mp 109-110 °C; *H 
NMR (acetone-d6) 8 8.90 (d, 2 H, J = 8.0 Hz, aryl), 8.13 (d, 1 H, 
J = 14.0 Hz, CH), 8.00 (d, 2 H, J = 8.0 Hz, aryl), 7.93 (m, 2 H, 
phenyl), 7.56 (m, 3 H, phenyl), 7.27 (d, 1 H, J = 14.0 Hz, CH). 
Anal. (C15HnN30) C, H, N. 

5-Styryl-3-phenyl- 1,2,4-oxadiazole (12b). A procedure sim
ilar to that described for 12a above was used to prepare 12b in 
80% yield. Recrystallization from acetone/hexane gave an 
analytical sample of 12b as light-yellow needles: mp 92-93 °C 
(lit.28 95-96 °C); >H NMR (CDC13) 8 8.16 (m, 2 H, phenyl), 7.72 
(d, 1 H, CH), 7.42 (m, 8 H, phenyl), 6.95 (d, 1 H, CH). 

3-Styryl-5-phenyl- 1,2,4-oxadiazole (13). The 3-styryl-sub-
stituted oxadiazole was prepared as described above for 12a. To 
a stirred solution of 16.0 g (99 mmol) of 5i and 6.8 g of K2C03 
in 100 mL of acetone at 0 °C was added 11.4 mL of benzoyl 
chloride. The solution was warmed to room temperature and 
stirred overnight (15 h). The crude reaction mixture was decanted 
from the K2C03 and the solvent evaporated in vacuo. A portion 
of this material was purified on a silica gel column using a 2% 
methanol/methylene chloride eluent. The O-acylated amidoxime 
was recrystallized from hexane/dichloromethane, yielding fine 
white needles: *H NMR (CDC13) 6 8.13 (d, 2 H, phenyl), 7.65 (d, 
1 H, CH), 7.50 (m, 8 H, phenyl), 7.01 (d, 1 H, CH), 5.12 (br s, 2 
H, NH2). Anal. (C16H14N202) C, H, N. 

The O-acylated amidoxime was converted to the desired 
1,2,4-oxadiazole by heating at 170 °C under vaccum for 2 h. Crude 
13 (20.4 g, 837c) was obtained by cooling the above crude reaction 
mixture. The cyclized product was purified on a silica gel column 
using a 1% methanol/dichloromethane eluent to give 10.0 g of 
13. Recrystallization from acetone/hexane gave an analytical 
sample of the styryl derivative as white needles: mp 100-101 °C; 
*H NMR (CDCI3) 8 8.10 (d of d, 2 H, phenyl), 7.75 (d, 1 H, CH), 
7.33 (m, 8 H, phenyl), 6.95 (d, 1 H, CH). Anal. (C16H12N20) C, 
H, N. 

General Procedure for Preparation of 3-Substituted 
l,2,4-Oxadiazol-5-aldoximes (2). Scheme I preparation involved 
alkyllithium deprotonation of the type 6 oxadiazole ring com
pounds followed by nitrosation with an alkyl nitrite. The general 
procedure was as follows. 

To a solution of the appropriate 5-methyl-l,2,4-oxadiazole 
dissolved in THP at -70 °C was added 1 equiv of ra-butyllithium 
(temperature generally rose to ca. -45 °C). The resulting dark-red 
solution was warmed to -20 °C over a 10-min period and then 
recooled to -70 °C with a dry ice-acetone bath. After 5 min, a 
slight excess of isopropyl nitrite was added, and the solution was 
warmed to room temperature. The crude reaction mixture was 
treated with 25 mL of 3 M HC1 and extracted with ether (3 X 
50 mL). The combined ether extracts were washed with 50 mL 
of brine and dried (Na2S04). Removal of solvent yielded crude 
aldoxime 2, which was partitioned between ether (50 mL) and 
0.5 N sodium hydroxide (2 X 50 mL). The aqueous solution was 
adjusted to pH 6 with 3 M HC1 and extracted with dichloro
methane (2 X 50 mL). The organic solution was then washed with 
40 mL of brine, dried (Na2S04), and concentrated on the rotary 
evaporator. The crude acidic product was purified further by 
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column chromatography on silica gel followed by repeated re-
crystallizations from appropriate solvents. Details for specific 
type 2 compounds are given below. 

3-Phenyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole (2a). 
See ref 15. 

3-ter£-Butyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2b). Compound 2b was prepared from 6.10 g (43.5 mmol) of 
oxadiazole 6b and purified by column chromatography. The crude 
acidic product (2.18 g) was placed on a column containing 100 
g of silica gel. Elution with 10% ether/90% hexane gave 0.73 
g (9.9%) of 2b, mp 128-130 °C. Two recrystallizations from 
acetone /hexane afforded the analytical sample: mp 130.5-132 
°C; IR (KBr) 3220, 3150, 3005, 2970, 2875,1595,1570,1355,1270, 
1195, 1060, 1000 cm"1; NMR (acetone-d6) 8 1.41 (s, 9 H, t-Bu), 
8.30 (s, 1 H, CH), 12.07 (s, 1 H, NOH); NMR (Me2SO-d6) 5 1.36 
(s, 9 H, t-Bu), 8.38 (s, 1 H, CH), 13.01 (s, 1 H, NOH). Anal. 
(C 7 HnNA) C, H, N. 

3-n-Octyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole(2c). 
Compound 2c was prepared from 8.0 g (41 mmol) of oxadiazole 
6c and purified by column chromatography. Removal of solvent 
gave 3.64 g of crude material, which was placed on a chromato
graphic column (2.5 X 30 cm) containing 100 g of silica gel. Elution 
with 60% ether/40% hexane afforded 3.3 g (43%) of the crude 
aldoxime. Two recrystallizations from hexane plus a trace of 
acetone furnished the analytical sample of 2c: mp 84.5-85.0 °C; 
IR (KBr) 3100, 3050, 2900, 2850, 1600, 1050, 850 cm'1; NMR 
(CDC13) 5 0.9 (t, 3 H, CH3), 1.35 (m, 10 H, (CH2)5), 1.8 (m, 2 H, 
CH2), 2.85 (t, 2 H, H2C), 8.3 (s, 1 H, CH), 11.1 (s, 1 H, NOH). 
Anal. (CuH19N302) C, H, N. 

(£)-3-Methyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2d(E)). The crude acidic product (2.05 g) was placed on a column 
containing 100 g of silica gel. Elution with 20% ether/80% hexane 
provided 0.67 g (6.9%) of 2d. Two recrystallizations from ace-
tone/hexane afforded the analytical sample: mp 163.5-164 °C; 
JH NMR (acetone-d6) S 2.42 (s, 3 H, CH3), 8.26 (s, 1 H, CH), 12.06 
(s, 1 H, NOH); NMR (Me2S0-d6) <5 2.43 (s, 3 H, CH3), 8.34 (s, 1 
H, CH), 13.02 (br s, 1 H, NOH). Anal. (C4H5N302) C, H, N. 

(Z)-3-Methyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2d(Z)). The minor component isolated from the above chro
matography proved to be the Z isomer of 2d. Two recrystalli
zations from petroleum ether/ether yielded an analytical sample 
of 2d(Z): mp 128-128.5 °C; 'H NMR (acetone-d6) 5 12.34 (s, 1 
H, NOH), 7.77 (s, 1 H, CH), 2.45 (s, 3 H, CH3). Anal. (C4H5N302) 
C, H, N. 

3-(l-Naphthyl)-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2e). Compound 2e was prepared from 1.6 g (7.6 mmol) of ox
adiazole 6e. Removal of solvent gave 0.68 g of material, which 
was placed on a column containing 60 g of silica gel. Elution with 
20% ether/80% hexane afforded 0.25 g (147o) of crude oxime, 
mp 147-149 °C. Two recrystallizations from hexane plus a trace 
of acetone furnished the analytical sample: mp 153-154 °C; IR 
(KBr) 3220, 3165, 3060, 2885, 1570, 1005, 775 cm"1; NMR (ace
tone-rig) S 7.4-8.4 (m, 5 H, arom), 8.48 (s, 1 H, CH), 8.98 (m, 2 
H, arom), 12.26 (s, 1 H, NOH); NMR (Me2SO-d6) 5 7.37-8.50 (m, 
5 H, arom), 8.59 (s, 1 H, CH), 8.70-9.13 (m, 2 H, arom), 13.25 (s, 
1 H, NOH). Anal. (C13H9N302) C, H, N. 

3-(2-Thienyl)-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2f). Compound 2f was prepared from 16.6 g (0.1 mol) of oxa
diazole 6f. The crude acidic product (5.44 g) was placed on a 
column containing 100 g of silica gel. Elution with 10% ether/90% 
hexane afforded 1.28 g of material, which on recrystallization from 
acetone/hexane yielded 200 mg (1.5%) of the impure aldoxime. 
The oxime was purified on two preparative TLC silica gel plates 
with use of 2% methanol/dichloromethane as solvent and was 
recrystallized from hexane/acetone, yielding 140 mg of the oxime: 
mp 129-131.5 °C; NMR (Me2SO-d6) & 7.3 (m, 1 H, arom), 8.0 (m, 
2 H, arom), 8.45 (s, 1 H, CH). Anal. (C7H6N302S) C, H, N, S. 

General Procedure for Preparation of 3-Phenyl- and 3-
Benzyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazoles. Scheme 
II used hydrolysis of the p-nitroso-iV,iv"-dialkylanilino derivative 
9, an aldehyde equivalent, followed by treating the resulting 
aldehyde 10 (or its hydrate, 11) with hydroxylamine hydrochloride 
to yield the desired aldoximes. 

3-Phenyl-5-(methylpyridino)-l,2,4-oxadiazole Bromide 
(8a). To 5 g (21 mmol) of 3-phenyl-5-(bromomethyl)-l,2,4-oxa-
diazole18 in 25 mL of ethanol was added 2 equiv of pyridine (3.13 

mL). The solution was refluxed for 20 h and cooled, and ether 
was added to precipitate the pyridinium bromide salt, yielding 
5.85 g (87%) of a crude brown oil. The crude material was used 
in subsequent reactions without further purification. 

iV-[p-(JV,JV-Dimethylamino)phenyl]-a-(3-phenyl-l,2,4-
oxadiazol-5-yl)nitrone (9a).18 To a stirred mixture of 8a (5.85 
g, 18.4 mmol) in 40 mL of water and N,iV-dimethylnitrosoaniline 
(2.76 g, 17 mmol) in 50 mL of ethanol was added dropwise 40 mL 
of 1 N NaOH over a 30-min period. A slight rise in temperature 
was noted during base addition. The mixture was stirred for an 
additional 15 min, and the resulting precipitate was filtered, 
washed with 2 X 10 mL portions of water, and air-dried to yield 
3.4 g (60%) of a dark-orange solid. This material was hydrolyzed 
without further purification. 

3-Phenyl-5-formyl-l,2,4-oxadiazole Hydrate (11a). To 3.3 
g (11 mmol) of the above compound in 150 mL of ether was added 
150 mL of 3 N HC1. The mixture was vigorously shaken for 15 
min, the ether layer was separated, and the aqueous layer was 
extracted with 2 X 50 mL portions of ether. The combined 
ethereal extracts were concentrated in vacuo, yielding 2.0 g (97%) 
of a brown solid. Recrystallization from hot water yielded 1.9 
g of white needles: mp 111-112 °C (lit.18 mp 105-108 °C); lU 
NMR (acetone-d6) 5 8.15 (m, 2 H, phenyl), 7.60 (m, 3 H, phenyl), 
6.70 (s, 2 H, OH), 6.30 (s, 1 H, CH). Anal. (C9H8N203) C, H, N. 

3-Phenyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole (2a). 
To a stirred solution of the above geminal diol (2.0 g, 10 mmol) 
and 0.72 g (10 mmol) of hydroxylamine hydrochloride in 25 mL 
of absolute ethanol at 5 °C was added dropwise 1 equiv (1.43 mL) 
of triethylamine. The mixture was refluxed overnight and then 
cooled, and 10 mL of 0.5 N NaOH was added. The oxime pre
cipitated from solution. Recrystallization from aqueous ethanol 
yielded 1.5 g (70%) of 2a, mp 169.5 °C. All other physical data 
were consistent with those reported in ref 15. 

3-Benzyl-5-(methylpyridino)-l,2,4-oxadiazole Bromide 
(8b). The pyridinium salt was prepared from 7 as described above 
for the phenyl derivative. Thus, treatment of 7 (10.9 g, 42.9 mmol) 
with 2 equiv of pyridine followed by refluxing for 20 h yielded 
12.5 g (88%) of the crude pyridinium salt. The crude material 
was used in the subsequent reaction without further purification. 

iV-[p-(JV,A''-Dimethylamino)phenyl]-a-(3-benzyl-l,2,4-ox-
adiazol-5-yl)nitrone (9b). Compound 9b was prepared as de
scribed above for the phenyl compound. A 12.5-g (37.7 mmol) 
sample of the pyridinium salt was converted to 8.6 g (70%) of 
product, isolated as a reddish solid, mp 136.5-138 °C. This 
material was hydrolyzed without further purification. 

3-Benzyl-5-formyl-l,2,4-oxadiazole (10b). To 8.5 g (26.0 
mmol) of the compound described above in 150 mL of ether was 
added 150 mL of 3 N HC1. Shaking of the resulting mixture for 
15 min followed by separation of the ether layer and extraction 
of the aqueous layer with 2 X 50 mL portions of ether gave, on 
concentration, 5.2 g (95%) of a red oil, which solidified on standing. 
The crude aldehyde was converted to the oxime without further 
purification. 

3-Benzyl-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole (2g). 
To a stirred solution of the crude 10b (3.4 g, 16.4 mmol) and 1.14 
g of hydroxylamine hydrochloride in 25 mL of absolute ethanol 
was added dropwise 1 equiv of triethylamine. A workup similar 
to that described above yielded 1.2 g (36%) of 2g. Recrystalli
zation from benzene gave an analytical sample: mp 153-155 °C; 
lH NMR (Me2SO-d6) 5 12.95 (s, 1 H, NOH), 8.30 (s, 1 H, CH), 
7.30 (s, 5 H, phenyl), 4.10 (s, 2 H, CH2); IR (KBr) 3350-2800 (br, 
NOH), 1600, 1570, 1500, 1440, 1350, 1300, 1260, 1050, 920, 850, 
780 cm"1. Anal. (C10H9N3O2) C, H, N. 

General Procedure for Ozonolysis of 5-Styryl-l,2,4-oxa-
diazoles. The 3-phenyl- and 3-(4-pyridyl)-5-styryl-l,2,4-oxa-
diazoles (12a and 12b) were prepared by treating the corre
sponding amidoximes 5a and 5h, respectively, with cinnamoyl 
chloride to give O-acyl amidoxime followed by thermal rear
rangement to the desired 1,2,4-oxadiazole as described above. 

A solution of the 5-styryl-l,2,4-oxadiazole dissolved in di-
chloromethane and cooled to -70 °C was reacted with ozone 
generated from a Welsbach ozonator. On completion of the 
ozonolysis (as determined by TLC disappearance of starting styryl 
compound), excess dimethyl sulfide was added, and the reaction 
mixture was warmed to room temperature with stirring over a 
2-h period. The methylene chloride solution was then washed 
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with 2 X 25 mL portions of water, dried over anhydrous Na2S04, 
and evaporated, yielding the desired product contaminated with 
benzaldehyde. The mixture solidified on standing, and the re
sulting solid was washed with carbon tetrachloride to remove 
residual benzaldehyde. Recrystallization from appropriate solvents 
yielded the desired aldehyde 10 or hydrate 11. 

3-Phenyl-5-formyl-l,2,4-oxadiazole Hydrate (11a). This 
material was obtained in 32% yield and recrystallized from water 
to give analytically pure white needles of the hydrate, mp 97-98 
°C (lit.17 mp 105-108 °C). This material was identical to the 
sample of 1 la previously prepared above. 

3-(4-Pyridyl)-5-formyl-l,2,4-oxadiazole Hydrate (lie). Due 
to precipitation of the styryloxadiazole 12a from a -70 °C 
methylene chloride solution, the ozonolysis was conducted at room 
temperature. Workup gave the aldehyde hydrate in 72% yield. 
Recrystallization from ethanol-water gave an analytical sample: 
mp 119-120 °C; JH NMR (MesO-d6) 5 8.88 (d, 2 H, J = 8.0 Hz, 
aryl), 7.90 (d, 2 H, J = 8.0 Hz, aryl), 7.43 (br s, 1 H, OH), 7.34 
(br s, 1 H, OH), 6.00 (t, 1 H, CH). 

3-(4-Pyridyl)-5-[(hydroxyimino)methyl]-l,2,4-oxadiazole 
(2h). A stirred solution of 1.0 g (5.2 mmol) of l ie , 360 mg of 
hydroxylamine hydrochloride, and 7.0 mL of triethylamine in 50 
mL of ethanol was refluxed for 5 h. The ethanol was evaporated, 
and the solid residue was washed with water to remove any salts, 
yielding 820 mg (83%) of the crude oxime. Recrystallization from 
ethanol gave analytically pure light-yellow needles of 2h, mp 
249-250 °C; LH NMR (Me2S0-d6) <5 13.25 (br s, 1 H, NOH), 8.92 
(d. 2 H, J = 6.0 Hz, aryl), 8.43 (s, 1 H, CH), 7.93 (d. 2 H, J = 6.0 
Hz, aryl). Anal. (C8H6N402) C, H, N. 

5-Phenyl-l,2,4-oxadiazole-3-carboxaldehyde Hydrate (lib). 
The isomeric geminal diol was obtained from oxadiazole 13 in 79% 
yield and recrystallized from water to give analytically pure white 
needles of the hydrate: mp 80-82 °C (lit.17 mp 90-91 °C); *H NMR 
(Me2SO-d6) 5 8.13 (m, 2 H, phenyl), 7.70 (m, 3 H, phenyl), 6.82 
(br s, 2 H, OH), 6.00 (s, 1 H, CH). Anal. (C9H8N203) C, H, N. 

3-[(Hydroxyimino)methyl]-5-phenyl-l,2,4-c-xadiazole (2i). 
To a stirred solution of the above diol (770 mg) and 278 mg of 
hydroxylamine hydrochloride in 30 mL of ethanol was added 0.56 
mL of triethylamine. The mixture was refluxed for 5 h, the solvent 
was evaporated, and the resulting solid was washed with water 
to remove any salts, yielding 640 mg (85%) of 2i. Recrystallization 
from ethanol gave analytical flat plates of 2i: mp 162-163 °C; 
*H NMR (acetone-d6) 6 11.65 (br s, 1 H, NOH), 8.42 (s, 1 H, CH), 
8.20 (m, 2 H, phenyl), 7.84 (m, 3 H, phenvl). Anal. (C9H7N302) 
C, H, N. 

General Procedure for Preparation of Thiocarbo-
hydroximic Acid S-Esters (S).29 The intermediate hydroximoyl 
chlorides (14) were obtained by adding 1 equiv of A^-chloro-
succinimide to a solution of the appropriate oxime 2 (0.9-1.5 
mmol) in 6-12 mL of DMF at 23-24 °C. After 5 min, 10 mL of 
gas from the headspace of a concentrated hydrochloric acid bottle 
was added via syringe. After 10 min, the solution was heated to 
45 °C and stirred for 40 min. The cooled mixture was poured 
into 50 mL of water and extracted with ether (3 X 50 mL). The 
combined ether layers were washed with water (2 X 50 mL) and 
brine (50 mL) and dried (Na2S04). Removal of solvent furnished 
the crude hydroximoyl chloride 14 (90% yield), which was used 
in the subsequent conversion to thiocarbohydroximate 3 without 
further purification. 

Triethylamine (excess) was added to a stirred solution of 1 equiv 
of 14 and 1 equiv of 2-(./V,iV-diethylammo)ethanethiol hydro
chloride in dichloromethane. After 2 h, the solution was diluted 
with additional dichloromethane, washed with 1 M sodium bi
carbonate and brine, and dried over anhydrous Na2S04. The 
resulting crude products were purified by column chromatography, 
furnishing the desired thiocarbohydroximic acid .S-esters in 
60-90% yield. The individual S-esters are described below. 

3-Phenyl-l,2,4-oxadiazole-5-thiocarbohydroximic Acid 
2-(iV,iV-Diethylamino)ethyl S-Ester (3a). See ref 15. 

3-tert-Butyl-l,2,4-oxadiazole-5-thiocarbohydroximic Acid 
2-(iV,JV-Diethylamino)ethyl S-Ester (3b). Compound 3b was 
prepared by using 283 mg (1.29 mmol) of 14b. The crude product 
was purified by preparative TLC (silica gel, ether) to give 340 mg 
(81%) of 3b, mp 86-87.5 °C. Recrystallizations from acetone/ 
hexane and acetone afforded the analytical sample: mp 87-87.5 
°C: !H NMR (acetone-de) n . 0 0 (t, 6 H, J = 7.5 Hz, CH3), 1.43 

(s, 9 H, CH8), 2.56 (q, 4 H, J = 7.5 Hz, CH2), 2.56-3.53 (m, 4 H, 
CH2CH2), 9.78 (br s, 1 H, NOH). Anal. (C13H24N402S) C, H, N, 
S. 

3-n -Octyl-1,2,4-oxadiazole-5-thiocarbohydroximic Acid 
2-(iV,JV-Diethylamino)ethyl S-Ester Hydrochloride (3c). 
Compound 3c was prepared as described above by using 0.51 g 
(2.0 mmol) of 14c. Removal of solvent yielded 0.5 g of crude 
product, which was placed on a chromatographic column con
taining 50 g of silica gel. Elution with dichloromethane yielded 
0.3 g (39%) of the free base as a colorless oil. A solution of 200 
mg of 3c free base in 25 mL of ether was treated with ether 
saturated with HC1 gas to provide 130 g (60%) of 3c, mp 120-121 
°C. Anal. (CnHsaNASCl) C, H, N, S, CI. 

3-Methyl-l,2,4-oxadiazole-5-thiocarbohydroximic Acid 
2-(JV,iV-Diethylamino)ethyl S-Ester (3d). See ref 15. 

3-(l-Naphthyl)-l,2,4-oxadiazole-5-thiocarbohydroximic 
Acid 2-(iV,JV-Diethylamino)ethyl S-Ester Hydrochloride 
(3e). Compound 3e was prepared in the same fashion as 3a by 
using 323 mg (1.18 mmol) of 14e. Removal of solvent yielded 546 
mg of crude product, which was placed on three silica gel prep
arative TLC plates using ether as developing solvent. Extraction 
of the lower Rf UV-active band with acetone yielded 366 mg (84%) 
of 3e free base as a colorless oil: 'H NMR (acetone-d6) & 0.95 (t, 
6 H, J = 8 Hz, CH3), 2.55 (d, 4 H, J = 8 Hz, CH2), 2.7-3.7 (m, 
4 H, CH2CH2), 7.48-9.25 (m, 7 H, aryl), 9.55 (s, 1 H, NOH). A 
solution of 338 mg of 3e free base in 25 mL of ether was treated 
with ether saturated with HC1 gas to provide 333 mg (90%) of 
the hydrochloride salt, mp 193.5-196 °C dec. Anal. (C19H23-
N402SC1) C, H, N, S. 

3-Benzyl-l,2,4-oxadiazole-5-thiocarbohydroximic Acid 
2-(JV,iV-Diethylamino)ethyl S-Ester Hydrochloride (3f). 
Compound 3f was prepared in the same fashion as 3a by using 
500 mg (2.1 mmol) of 14f and 360 mg (2.1 mmol) of 2-{N,N-di-
ethylamino)ethanethiol hydrochloride. Removal of solvent gave 
550 mg (78% yield) of a yellow oil, which was chromatographed 
on a silica gel column using a diethyl ether eluent. Compound 
3f free base was obtained as a colorless oil: *H NMR (CDC13) 
& 10.02 (s, 1 H, NOH), 7.35 (s, 5 H, phenyl), 4.21 (s, 2 H, CH2), 
3.65 (m, 2 H, SCH2), 2.74 (m, 6 H, CH2), 1.20 (t, 6 H, CH3). A 
solution of 200 mg of 3f free base in 25 mL of ether was treated 
with ether saturated with HC1 gas to provide 200 mg (90%) of 
the hydrochloride salt, mp 160-161 °C. Anal. (C16H23N402SC1) 
C, H, N, S, CI. 

5-Phenyl-l,2,4-oxadiazole-3-thiocarbohydroximic Acid 
2-(JV,JV-Diethylamino)ethyl S-Ester (3g). Compound 3g was 
prepared in the usual manner. Thus, 330 mg (1.5 mmol) of 14g 
in 50 mL of methylene chloride containing triethylamine and 
2-(iV,iV-diethylamino)ethanethiol yielded 470 mg (98%) of crude 
3g. The material was chromatographed on 10 g of silica gel with 
use of a diethyl ether eluent, from which 240 mg of the free base 
was recovered as an oil: :H NMR (CDC13) b 10.80 (br s, 1 H, 
NOH), 8.23 (m, 2 H, phenyl), 7.55 (m, 3 H, phenyl), 3.27 (t, 2 H, 
CH2S), 2.51 (m, 6 H, CH2), 1.00 (t, 6 H, CH3). The recovered 
material was converted to the HC1 salt in THF; mp 175-176 °C. 
Anal. (C15H21N402SC1) C, H, N, S, CI. 

iV-[2-(iy,JV-Diethylamino)ethyl]-3-phenyl-l,2,4-oxadia-
zole-5-amidoxime (15). The hydroximoyl chloride 14a (150 mg, 
0.67 mmol), dissolved in 10 mL of THF, was treated with 78 mg 
(0.67 mmol) of 2-(iV,iV-diethylamino)ethylamine. The reaction 
mixture was stirred overnight at room temperature and then 
filtered, and the precipitate was dried in vacuo, yielding 60 mg 
(30%) of a white solid. Recrystallization from ethanol yielded 
36 mg of analytically pure 15 as the hydrochloride salt: mp 
212-215 °C; NMR (CDC13) 5 1.10 (t, 6 H, CH3), 2.70 (m, 6 H, CH2), 
3.70 (m, 2 H, CH2), 6.20 (m, 1 H, NH), 7.50 (m, 3 H, phenyl), 8.10 
(m, 2 H, phenyl), 9.00 (br s, 1 H, NOH). Anal. (C15H22N502C1) 
C, H, N, CI. 

Methods. Physical Measurements. Reactivator pXa values 
were determined spectrophotometrically in 0.1 M phosphate buffer 
by the method of Albert and Sergeant.30 Octanol/ water partition 
coefficients were determined spectrophotometrically by the 
method of Fujita et al.31 The aqueous phase for all log P de
terminations was pH 7.4, 0.1 M phosphate buffer. 

Competitive Inhibition of Eel and Human Acetylcholin
esterase. For analysis of AChE competitive inhibitory potency, 
AChE plus four to six different concentrations of the compounds 
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were dissolved in 0.1 M phosphate buffer containing 4% C2H5OH, 
and duplicates were assayed three times over a period of ca. 3 
h. The results, invariant with time, were averaged for each 
concentration, and the ICso determined from a plot of log (AChE 
activity) vs. log (inhibitor concentration). Only values between 
10% and 90% inhibition were used for the calculation. The exact 
procedure was as follows. 

Drug solutions were made up in aqueous ethanol at appropriate 
concentrations between 10~3 and 10~7 M. Aliquots of 50 iiL of 
an AChE solution in pH 7.6, 0.1 M morpholinopropanesulfonic 
acid (MOPS) buffer at 1.5 U/mL were added, and the solution 
was mixed well and then incubated at 25 °C. To 960-^L aliquots 
were added 30 ixh of 0.10 dithiobis(nitrobenzoic acid) (DTNB) 
and 10 ML of 0.075 M acetylthiocholine (AcSCh), and the in
creasing absorbance was monitored at 412 nm (AChE = 0.016 
U/mL, DTNB = 3 x 10"3 M, AcSCh = 7.5 x 10"4 M). 

Eel Acetylcholinesterase Reaction after EPMP Inhibition. 
Unless otherwise noted, all experiments were conducted at 25.0 
± 0.1 °C in pH 7.6, 0.1 M MOPS buffer plus NaN3 (0.002%), 
MgCl2 (0.01 M), and bovine serum albumin (0.01%). Enzyme 
activities were assayed by the Ellman32 method on a Gilford-
modified DU spectrophotometer coupled to an HP-85 laboratory 
computer for automatic rate determination. All rate constants 
were determined by least-squares linear regression analysis. 

In general, eel AChE was reacted with the quantity of EPMP 
giving approximately 90% inhibition of activity in 20 min. Al
iquots of inhibited enzyme were then withdrawn and diluted in 
MOPS buffer containing known concentrations of reactivators. 
The inhibited enzyme was incubated with reactivators for time 
intervals and assayed (in duplicate) for activity. In parallel ex
periments, uninhibited AChE and inhibited AChE in the absence 
of added reactivator were assayed for activity to determine, re
spectively, rates of enzyme denaturation and spontaneous reac
tivation. As a control in our AChE assay and to check for hy-
drolytic stability of the type 2 compounds, acetylthiocholine 
hydrolysis by the compounds was determined as a function of 
time. For each compound, observed thiocholine production rates 
(d[thiocholine]/dt) were invariant to within ±10% over the 3-4-h 
incubation period normally used in the in vitro assay of EPMP 
reactivation. Observed enzyme activities were corrected for in
hibition by the test compounds and for spontaneous and reac-
tivator-induced substrate hydrolysis. Reference 15 details specifics 
of the procedures employed. 

Human Erythrocyte Acetylcholinesterase Reactivation 
after EPMP Inhibition. These experiments were performed 
generally as described for eel AChE reactivation, except that the 
initial reaction of enzyme with EPMP was conducted at pH 10.2 
in borate buffer, to improve enzyme solubility. After the enzyme 
inhibition step, aliquots were diluted into 0.1 M MOPS buffer 
containing reactivator at the desired concentration. An actual 

procedure is as follows. 
To inhibit the AChE, 100 nL of 5 X 10~7 M EPMP in borate 

buffer (freshly diluted from an alcohol stock) was added to 250 
ML of 3 U/mL AChE in 0.01 M, pH 10.2 borate buffer containing 
0.01% BSA. The uninhibited AChE control comprised 500 nL 
of 3 U/mL AChE in borate plus 20 fiL of borate buffer. After 
2 h of incubation at 25 °C, 120 /xL of the AChE solution was added 
to pH 7.44 MOPS buffer containing the test compounds to a final 
volume of 3.5 mL. The final pH of the mixture should be 7.6 (the 
relative volumes and pH values to reach the appropriate final pH 
were determined each time a buffer was prepared). The solutions 
were incubated at 25 °C in stoppered 1.5-mL plastic tubes, and 
duplicate 300-AtL aliquots were removed at 0.5,1, 2, and 3 h. For 
assay, these aliquots are added to 660 ML of pH 8.5, 0.1 M 
phosphate buffer, 30 pL of 0.1 M DTNB, and 10 ixL of 0.075 M 
acetylthiocholine (final pH in assay = 8.0), and absorbance was 
monitored for 3.4 min at 412 nm. 
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