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Twenty-four diethyl substituted phenyl phosphates were quantitatively examined for 
toxicity to insects and inhibition of insect cholinesterase, and these properties were com- 
pared with the lability of the phosphorus-oxygen-aromatic bond as measured by hydro- 
lytic stability, infrared stretching frequencies, and Hammett's sigma values. The correlation 
between insect cholinesterase inhibition and the lability of the phosphorus-oxygen-aromatic 
bond was excellent, although steric factors appear to operate in some cases. There 
was some correlation between insect toxicity and insect cholinesterase inhibition. Insect 
metabolism, steric factors, and ionic charges all appear to influence the insecticidal activity. 
Several new compounds predicated on high sigma values are of outstanding insecticidal 
effectiveness, notably, diethyl p-cyanophenyl phosphate, and diethyl p-methylmercapto- 
phenyl phosphate and its sulfoxide and sulfone oxidation products, thus demonstrating the 
practical value of the physicochemical approach. 

ETAILED MECHANISMS OF ORGANIC- D PHOSPHORUS INSECTICIDE toxicity to 
insects and mammals depend largely 
on the biochemical processes of the ani- 
mal and the physicochemical properties 
of the phosphorus compound. Funda- 
mentally, however. the toxic symptoms 
produced in animals by these organic 
phosphates are manifestations of the 
inhibition of certain enzyme systems. 
I t  is generally agreed that the toxicity 
to mammals is associated with the in- 
hibition of the cholinesterase enzymes. 
although other enzymes such as liver 
esterase, chymotrypsin. and trypsin are 
also inhibited (76); and from recent 
work (4, 9, 27, 23) it appears that the 
toxicity to insects is clearly associated 
with the cholinesterase enzyme system. 

The reaction mechanisms between 
these organophosphorus compounds and 
various esterases have been studied in 
much detail. I t  is generally concluded 
that the inhibition of these enzymes re- 
sults from irreversible phosphorylation 
of the enzyme a t  some active site by the 
phosphorus compound. Thus the in- 
hibition of chymotrypsin by diethyl ;6- 
nitrophenyl phosphate (paraoxon) and 
diisopropyl fluorophosphate (DFP) re- 
sults from equimolar reaction of the 
phosphate with the enzyme (75 ,  76). 
producing inactive phosphorylated chy- 
motrypsin. Aldridge and Davison (7 )  
have shown that the inhibition of eryth- 
rocyte cholinesterase by paraoxon and 

some of its analogs follows first-order phates. This series was selected be- 
kinetics and is bimolecular. The bi- cause of the direct relationship between 
molecular rate constants for this inhibi- the substituent X (or substituents) 
tion were determined for the various on the benzene nucleus and the re- 
paraoxon analogs and these values were activity of the phosphorus-oxygen bond 
usually parallel to the rates of hydrolysis shown in the structure below. The 
of these phosphates in water. phosphates were preferred to the cor- 

responding thionophosphates (parathion) 
tion of these enzymes by the organo- series because of ease of purification 
phosphorus compounds may be de- resulting from the absence of isomerides, 
picted as follows (7 ,  73): and the simplicity of action resulting 

A mechanism proposed for the inhibi- 

0 0 0 
I '  Ke 1 '  k, 1 1  

EH + (RO)?P-X e EH.(RO)*P-X ---c E-P(0R)y f HX (1 1 
where EH is the enzyme. R is any short- 
chain alkyl group. and X is any dis- 
placeable group-e.g.. halogen, alkoxy, 
or aryloxy. O n  the basis of the mech- 
anism proposed it is apparent that the 
enzyme-inhibiting ability of an organo- 

0 
1 1  

I 
phosphorus compound (R0)zP-X is 
directly related to the lability of the 
P-X bond. Therefore, the inhibition 
of the enzyme may be thought of as a 
simple bimolecular reaction between 
enzyme and organic phosphate, and it 
becomes possible to correlate structure 
and reactivity on this basis. 

To explore further the relationships be- 
tween structure and activity, it was de- 
cided to investigate the reaction between 
the cholinesterase enzyme and a series 
of diethyl substituted phenyl phos- 

from freedom from oxidative metabo- 
lism (27> 22). 

0 

For meta and para substituents a 
quantitative relationship is furnished 
by Hammett's equation (72) 

log k/k, = pa 

k ,  and k being rate constants for the un- 
substituted reactant and for the sub- 
stituted reactant. respectively. for any 
reaction series. The substituent con- 
stant, 6, determines the nature of the 
substituent X and is independent of the 
reaction. The reaction constant. p ,  is 
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a constant for all substituents in a given 
reaction series. 

.4 number of diethyl substituted 
phenyl phosphates containing substitu- 
ents over a wide range of u values were 
synthesized, and their inhibition to 
fly-brain cholinesterase and toxicity to 
insects and mites was determined. 

Experimental Procedure and Materials 

The anticholinesterase activity of the 
diethyl phenyl phosphates was measured 
by the standard Warburg manometric 
method (20), using a brei of three 
homogenized fly brains per milliliters 
of 0.025M sodium bicarbonate, 0.1 5M 
sodium chloride, 0.04M magnesium 
chloride? and 0.01M acetylcholine bro- 
mide. The inhibitors were added as 
standard molar concentrations in 0.1-ml. 
aliquots in acetone solution, and after 
flushing with 95% nitrogen-5% car- 
bon dioxide, and 15-minute equilibra- 
tion? the volume of carbon dioxide 
produced at  37.5' C. in 30 minutes was 
measured and compared with that of a 
standard without inhibitor. The values 
obtained were plotted as log molar 
concentration against percentage in- 
hibition, and the 50% inhibition values 
were determined by inspection of the 
resulting straightline plots. 

It has been shown by Aldridge and 
Davison ( 7 )  that a number of diethyl 
substituted phenyl phosphates contain 
small amounts of a powerful cholines- 
terase inhibitor ~ . I i ich  can be destroyed 
in alkaline media ivithout affecting the 
phosphate. In  this work the diethyl 
phenyl phosphates were allowed to 
stand 24 hours in 0.1M diethyl barbituric 
acid buffer (pH !).5) just prior to the 
inhibition measurements. Further stand- 
ing in buffer had no effect on the degree 
of inhibition. 

Diethyl Hydrogen Phosphite. Di- 
ethyl hydrogen phosphite was prepared 
according to the method of McCombie, 
Saunders, and Stacey (75), using 207 
grams of absolute ethyl alcohol and 206 
grams of phosphorus trichloride in 
375 ml. of carbon tetrachloride. The 
product distilled a t  83' C. (20 mm.). 
The yield was 168 grams. 

Diethyl Chlorophosphate. This 
compound also was prepared according 
to the method of McCombie? Saunders, 
and Stacey (78)> by passing chlorine 
gas into diethyl hydrogen phosphite. 
The product distilled at  59.5-61' C. 
(2.0 mm.). 

m-tert-Butylphenol. This compound 
was prepared acccsrding to the six-step 
procedure of Carpenter: Easter, and 
Wood (7 ) .  Forty grams of m-tert- 
butylphenol (melting point 39-41 ' C.) 
was obtained from 138 grams of acetani- 
lide. 

p-Cyanophenol. This compound was 
prepared according to the method of 
Ashley, and coivorkers ( 3 )  by the Sande- 

meyer reaction on p-aminophenol. The 
product distilled a t  132' C. (0.3 mm.) 
and solidified upon standing (melting 
point 110' (2.). 

m-Dimethylaminophenol. m-Di- 
methylaminophenol methiodide was pre- 
pared according to Stedman (26) from 
m-aminophenol and methyl iodide (melt- 
ing point 183' C., decomposes). The 
methiodide was heated to 180 to 190' C. 
under water-aspirator vacuum until 
complete decomposition occurred. The 
product was then distilled (boiling point 
137' C. a t  7 mm.), and crystallized from 
n-hexane. The m-dimethylaminophenol 
melted at  83" C. 

p-Methylmercaptophenol. This 
compound was prepared according to 
the method of Miller and Read (24). 
From 110 grams of p-aminophenol. 95 
grams of thiohydroquinone was ob- 
tained (boiling point 92 to 96' C. a t  
0.1 mm.). The thiohydroquinone was 
then converted to p-methylmercapto- 
phenol by treating it with methyliodide 
and sodium carbonate in ethyl alcohol. 
The product distilled a t  96 to 100" C.  
(0.3 mm.) and solidified upon standing 
(melting point 81" C.). 

p-Methylsulfinylphenol. p-Methyl- 
mercaptophenol was converted to p -  
methylmercaptophenyl acetate (melting 
point 42' C.), by the method of Chatta- 
way (8) .  The acetate was then oxidized 
and hydrolyzed top-methylsulfinylphenol 
by the procedure of Zincke and Ebel (27). 
The product was recrystallized from 
benzene (melting point 90-1' C.). 

p-Methylsulfonylp henol. This 
compound was prepared by the oxidative 
procedure of Zincke and Ebel (27) 
from p-methylmercaptophenyl acetate. 
The p-methylsulfonylphenol was recrys- 
tallized from benzene (melting point 

m-Methoxyphenol. Resorcylic acid 
was prepared according to the method 
described by Blatt ( 6 ) .  To 80 grams of 
resorcylic acid and 150 grams of di- 
methyl sulfate in 150 ml. of methanol 
\vas added 84 grams of potassium h>-- 
droxide dissolved in 200 ml. of water. 
The mixture \vas stirred and heated for 
1 hour, and another 60 grams of potas- 

94' C.). 

sium hydroxide \+as then added. The 
mixture was heated for another hour 
and acidified with concentrated hydro- 
chloric acid, and the p-methoxyresor- 
cylic acid lvhich separated was collected 
and recrystallized from ethyl alcohol 
and water (melting point 154-6" C.). 
The p-methoxyresorcylic acid was de- 
carboxylated to the phenol by refluxing 
a water solution for 24 hours. The 
m-methoxyphenol was then extracted 
from the aqueous mixture with rther, 
dried over anhydrous sodium sulfate, 
and distilled (boiling point 80" C. a t  
0.05 mm.). 

The phenols p-methoxyphenol and 
p-hydroxybenzaldehyde were Eastman 
white label grade and were used without 
further purification. 

Diethyl Phenyl Phosphates. The 
diethyl substituted phenyl phosphates 
described in Table I were prepared by 
the condensation of diethyl chloro- 
phosphate and the sodium salts of the 
phenols. The following procedure for 
the synthesis of diethyl p-methoxyphenyl 
phosphate is typical. Sodium (2 grams) 
was dissolved in 20 ml. of absolute 
ethyl alcohol. Anhydrous benzene and 
10.4 grams of p-methoxyphenol (\ere 
added. and the ethyl alcohol was removed 
by azeotropic distillation with benzene 
until the temperature of the distillate 
reached 79' C. The sodium salt of 
p-methoxyphenol precipitated out of 
solution at  this point. The temperature 
of the mixture was lowered to 70' to 
80' C., and 14.4 grams of diethyl chloro- 
phosphate was added with stirring. The 
mixture was stirred for 2 hours and fil- 
tered; the benzene solution was washed, 
first with dilute sodium carbonate and 
then several times with water, and was 
dried over anhydrous sodium sulfate. 
The benzene was removed and the prod- 
uct was distilled under reduced pres- 
sure (boiling point 114' C. a t  0.05 mm.). 

Diethyl m-dimethylaminophenyl phos- 
phate compound (X, Table I) has been 
reported by Morrison and .4therton (25) 
(boiling point 116-20' C. a t  0.003 mm.; 
n;; 1.5112). X was further character- 
ized by converting it to diethyl m-di- 
methylaminophenyl phosphate methio- 

The yield was 30 grams. 

Table 1. Physical Constants of Diethyl Substituted Phenyl Phosphates 
Boiling Analysis 

Diefhyl Subsfitufed Poinf, Empirical Calc. Found 
Phenyl Phosphafe OC. (0.05 mm.) n y  formula P P 

I. m-Sitro 
11. p-Cyano 
111. m-tert-Butyl 
IV. m-Methoxy 
V. p-Sfethoxy 
VI. p-Methylmercapto 
VII. p-Methylsulfinyl 
VIII. p-Methylsulfonyl 
IX. p-Formyl 
X.  m-Dimethylamino 

140 (0.1 mm.). 
103 
110 

114-1 18 
114 

131-133 
165 
185 
130 
135 

a Distilled in falling-film molecular still. 

1 ,4972 
1 ,4920 
1 ,4770 
1 ,4842 
1 ,4861 
1.5254 
1.5146 
1 ,5028 
1 ,5002 
1.5100 

11 .3  
12.2 
10.8 
11.9 
11.9 
11.2 
10.6 
10.1 
12.0 

11 .o  
12.7 

11.6 
1 2 . 1  
11 . I  
10 .2  

9 . 8  
12.4 

10 .7  

~~~ 
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Figure 1. Relation of -log fly-brain cholinesterase to Harnmett's 
constants for rneta- and para-substituted phenyl diethyl phosphates 

Table II. Biological Activity of Diethyl Substituted Phenyl Phosphates 

Diethyl Subsfifufed 
Phenyl Phosphates 

XIX. 2,4-di-N02 
XVI. p-NOn 
XVII. +NO? 
I. m-NO2 
XXII. 2,4,5-tri-C1 
XXIII. 2,4,6-tri-C1 
XXIV. 2,4-di-C1 
XXI. 0-e1 

XII .p -~ (CHs)2 .CH3SOa  
xx. p-c1 

VIII. P-SOnCH3 
VII. P-SOCHs 
VI, P-SCHI 
XI.  m-i+(CH3)31- 
X. m-T\;(CHZ)Z 

IV. m-OCH3 
V. P-OCHa 

11. p-CN 

111. m-tert-butyl 
XVIII. p-tert-butyl 

XIV. H 
IX. p-CHO 

XV. p-CH3 

XIII.p-COOH 

I50 
Fly-brain ChE, 
M o l .  Concn. 

3.0 x 10-9 
2.6 X 
5.0 x lo-* 
5.0 X 10-8 
6.0 x 10-9 
3.3 x 10-6 
5.0 X 10-7 
2.0 x 10-5 
3.0 X 10-5 
3.4 x 10-9 
2.5 x 10-7 
3.1 x 10-6 
3.3 x 10-6 
3.0 X 10-8 
4.0 x 10-7 
1.3 X 10-7 
1.3 x 10-4 

> i . o  x 10-3 
9.0 X 10-7 
1.0 x 10-4 

> i . o  x 10-3 
> i .o  x 10-3 

1 . 5  x 10-7 
8.5 x 10-7 

155 
0 . 5  
7 . 0  
9 . 8  
8 . 0  

15.0 
175 

250 
150 

17.5 
2 .5  
1 . 5  
2 . 0  

>500 
25 

>500 
> 500 

500 
> 500 
>500 
>SO0 
> 500 

150 

3 . 5  

0 .01  
0.0001 
0.001 
0.005 
0.03 
0 . 0 3  
0.003 
0.01 
0.01 
0.0002 
0.0001 
0.0001 
0.0001 

> O . l  
0 . 1  
0.00002 
0.02 
1 . o  
0.003 
0 . 1  

>0.1 
> 0 . 1  

0.05 
0.005 

% Y 2 n n .  

0.01  
0.001 
0.003 
0.03 
0.0003 
0 .03  
0 . 1  

>0 .1  
>O.l 

0.001 
0,001 
0.0008 
0.0002 

>0.1 
0 . 1  
0.002 
0 . 3  
1 . o  

>0.1  
>0 .1  
> O . l  
>0.1 

0 . 0 5  
0 .01  

4 The standard deviation of 5 replicate LDj0 determinations by the methods employed 
was f 3 0 7 , .  

dide (XI), a hygroscopic solid. Analysis. 
Calculated for C13H2304r\*PI: I, 30.60; 
found: 1: 31.20. 
Diethylp-methylmercaptophenyl phos- 

phate (VI) !vas converted to the metho- 
sulfate by heating it with an equivalent 
amount of dimethyl sulfate on the steam 
bath for several hours. The product, 
diethyl methylmercaptophenyl phos- 
phate methosulfate (XII), was a thick, 
viscous oil that could not be induced to 
crystallize. Analysis. Calculated for 
C13H230sPS2: P, 7.7;  found: P, 7.5. 

Diethyl p - formylphenyl phosphate 
( IX) was oxidized to diethyl p-carboxy- 
phenyl phosphate (XIII)  by treatment 
\vith alkaline potassium permanganate. 
The product was not distilled, n g  
1.4923. Analysis. Calculated for (211- 

HljOgP: P, 11.3; found: P, 11.4. 
The techniques for determination of 

the contact toxicity of the phenyl 
phosphates to the citrus red mite, 
Metatetranjchus citri (McG.), the green- 
house thrips, Heliothrips haemorrhoidalis 
(Bouch6), and the common house fly, 
Musca dornestica L.? have been described 

The rate of hydrolysis of a number of 
the diethyl substituted phenyl phos- 
phates was determined colorimetrically 
a t  37.1 O C. in 0.1.M diethyl barbituric 
acid buffer (pH 9.5) by colorimetric 
measurement of free phenol by reaction 
with 4-aminoantipyrine and alkaline 
potassium ferricyanide (77). The hy- 
drolysis of diethyl p-nitrophenyl, rn- 
nitrophenyl, and 2.4-dinitrophenyl phos- 
phates was determined colorimetrically 
by measuring the amount of liberated 
phenate ion (77). 

The infrared spectra were determined 
in a Perkin-Elmer Model 21 self-re- 
cording infrared spectrophotometer, with 
sodium chloride optics and carbon tetra- 
chloride as a solvent. 

(20> 22). 

Discussion of Results 

O n  the hypothesis that the diethyl 
phenyl phosphates inhibit the cholines- 
terase enzyme by reacting with it to 
form the phosphorylated inactivated 
enzyme, it is of interest to compare the 
effect of variation in substituents of the 
benzene nucleus on the degree of en- 
zyme inhibition. The molar concen- 
trations of these compounds for SO% 
inhibition (Z50) of fly-brain cholinesterase 
(ChE) and for toxicity (LD,,) to the 
common housefly, the greenhouse thrips. 
and the citrus red mite are shown in 
Table 11. Examination of the Zbb  

data shoLvs that the degree of inhibition 
is a direct function of the electron- 
withdrawing capacities of the substitu- 
ents on the benzene nucleus. The re- 
lationship is graphically presented in 
Figure 1, which shows a plot of -log 
Zj0 values against Hammett's sigma 
(u) constants for the substituents. Since 
the Z50 value is related to the bimolecular 

~~~~ 

932 A G R I C U L T U R A L  A N D  F O O D  C H E M I S T R Y  



rate constant, k ,  for the reaction be- 
tween the cholinesterase enzyme and 
the diethyl phenyl phosphate according 
to Equation 2 ( 7 ) .  

2.3 100 
I ?  b 

k = --- log - 

where t = time. I = molar inhibitor 
concentration, and b = percentage re- 
sidual activity a t  time t ,  it follows that a 
plot of -log 150 LIJ. u will differ from a 
plot of log k us. u only by the slope of the 
line. 

Examination of Figure 1 shoJvs that 
most of the points are dispersed along 
a straight line, with -log 160 increasing 
with increasing values of u. Since 
Hammett's equation applied only to meta 
and para substituents: 2,4-dinitrophenyl 
(XIX), o-nitrophenyl (XVII), 2,4,5- 
trichlorophenyl (XXII) ,  2,4,6-trichloro- 
phenyl (XXIII) ,  2,4-dichlorophenyl 
(XXIV),  and to-chlorophenyl diethyl 
phosphates (XXI.) were not included in 
Figure 1. The 150 values for these com- 
pounds show that the effect of two or 
more substituents is largely additive. 
Of interest is the large difference in 
inhibition between X X I I  and XXIII .  
The relatively low activity of X X I I I  
is probably due to steric hindrance by 
the chlorine atoms in the 2 and 6 posi- 
tions, which slo\vs down the reaction 
rate between the phosphate and enzyme. 

Ingraham and coivorkers (74) found 
that the shifts in oxygen-hydrogen stretch- 
ing frequency produced by substitution 
in phenols and catechols were a direct 
function of Hammett's u values. Varia- 
tions in the phosphorus-oxygen-carbon 
(aromatic) stretching frequencies have 
been reported by Rellamy (5), and these 
values have been found to range from 
1190 to 1240 cm.-', with those of the 
para-substituted nitrophenyl phosphates 

Table 111. Frequency (Cm.-I) of 
Phosphorus- Oxygen- Aromatic 
Stretching Vibrations in Various 
D i e t h y l  Subst i tuted P h e n y l  

Phosphates 

Diethyl Substifufed W a v e  N., 
Phosphate Gin-1 

rn-Methoxyphenyl 1200 
p-Methoxyphenyl 1205 
rn-tert-Butylphenyl 1207 
Phenyl 1215 
p-Chlorophenyl 1217 
p-Methylmercaptophenyl 1218 
p-Methylphenyl 1219 
p-Methylsulfinylphenyl 1223 
p-hlethylsulfonylphenyl 1226 
p-Carboxyphenyl 1227 
p-Formylphenyl 1229 
rn-Nitrophenyl 1230 
p-Nitrophenyl 1240 
p-Cyanophmyl 1241 
2,4.j-Trichlorophenyl 1253 
2,4-Dinitrophenyl 1265 

m - l - b u  
0 

1200 12 IO  1220 1230 1240 
FREQUENCY (CM-I) 

Figure 2. Relation of -log fly-brain cholinesterase 150 to fre- 
quency (wave number) of phosphorus-oxygen-aromatic stretching 
vibration for meta- and para-substituted phenyl diethyl phosphates 

nearest 1240 cm.-'. As a corollary to 
Hammett's treatment the infrared spec- 
tra of a number of these substituted 
phenyl diethyl phosphates were de- 
termined? and the shifts in the phospho- 
rus-oxygen-carbon (aromatic) stretching 
frequency examined critically. The fre- 
quencies of this bond given are listed in 
order of increasing wave number in 
Table 111. The data show that the 
wave number is a function of the elec- 
tron-donating or attracting property of 
the substituent. and is a measure of 
the reactivity of the phosphorus-oxygen 
bond. The plot of -log fly-brain cholin- 
esterase I60 against frequency (Figcre 
2) was similar to that obtained with ,J 

values. Diethyl 2,4-dinitrophenyl and 
2,4,5-trichlorophenyI phosphate were not 
included in Figure 2 because they possess 
ortho substituents, but the large shifts 
in frequency produced by these multiple 
substituents are in line with their high 
cholinesterase inhibitory activity. 

The first-order rate constants for 
hydrolysis ( K h y d . )  in 0.1M diethyl bar- 
bituric acid buffers (pH 9.5) were cal- 
culated, and the results are given in 
Table IV. The colorimetric method 
used was applicable only to meta-substi- 

tuted phosphate and para-substituted 
chlorophenyl phosphate. A plot of 
log K h g d  z's. u shows that these mono- 
substituted phenyl phosphates conform to 
Hammett's equation, as shown by Figure 
3. From the slope of the line, u was 
calculated and found to be 1.3. 

The data presented show that cholin- 
esterase inhibition, hydrolysis constants. 

~ ~~~~ 

Table IV. First-Order Hydrolysis 
Constants of Some Diethyl Substi- 
tuted Phenyl Phosphates in 0.1M 

Diethyl Barbituric Acid (pH 9.5) 
Diethyl Substituted 

Phosphate K h k d  hi in . - '  

Phenyl 9.2 X 
m-tert-Butylphenyl 8.6 X 
m-Dimethylamino- 

phenyl 1.9 x 
p-Chlorophenyl 3.2 x 10-5 
o-Chlorophenyl 5.1 x 10-i 
2,4,5-Trichloro- 

phenyl 7.9 x 10-j 
2,4-Dichlorophenyl 4.8 X 
rn-Methoxyphenyl 8.9 X 
p-Nitrophenyl 2.7 X 
m-Nitrophenyl 9.8 X 10-5 
2,4-Dinitrophenyl 5.7 x 10-3 
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Figure 3. 
and para-substituted phenyl diethyl phosphates 

Relation of log Khyd. and Hammett’s n constants for some meta- 

Hammett’s sigma constants, and phos- 
phorus-oxygen-aromatic stretching fre- 
quencies are interrelated. I t  is. there- 
fore, obvious that sigma values, which 
are readily obtainable from the litera- 
ture, and infrared measurements, which 
are easily determined, are of great value 
in predicting cholinesterase inhibition 
by compounds of this type. 

The rn-dimethylaminophenyl (X) and 
rn-tert-butylphenyl diethyl phosphates 
(111) are exceptions in that they are far 
more inhibitory than Hammett’s treat- 
ment would predict for them. Their 
rates of hydrolysis, however. are in line 
with Hammett’s equation, as shown in 
Table IV and Figure 3. The remark- 
able influence on activity as shown by 
the rn-dimethylamino and rn-tert-butyl 
groups has also been observed with the 
substituted phenyl .l=methylcarbamates : 
rn-dimethylaminophenyl A’-methyl- 
carbamate and rn-tert-butylphenyl 
A’-methylcarbamate (77). In  view 
of the relative stability of I11 and X to 
aqueous hydrolysis (see Table IT- )  and 
their structural similarities to the cor- 
responding carbamates and with acetyl- 
choline, it would appear that these two 
compounds inhibit cholinesterase by a 

competitive type mechanism and not 
by irreversible phosphorylation. 

housefly against -log cholinesterase 
1 5 0  shows the dispersal of a large pro- 
portion of the points around a common 
straight line (see Figure 4).  A number 
of points somewhat removed from the 
line require explanation, however, be- 
cause of their unusual toxicities. 

The relatively low toxicity of diethyl 
rn - dimethylaminophenyl phosphate me- 
thiodide (XI) and diethyl p-methyl- 
mercaptophenyl phosphate methosul- 
fate (XII) suggests that penetration 
through the insect cuticle or lipoid 
nerve sheaths is an important factor, 
and that polar compounds (ions) are 
poor in this respect. Moderate sta- 
bility to aqueous hydrolysis is another 
factor which must be considered, and 
the low toxicity of diethyl 2,4-dinitro- 
phenyl phosphate (XIX) is probably 
due to hydrolytic degradation before 
it reaches the site of action. 

Another important consideration is 
the metabolic or chemical change which 
may occur in or on the insect. The un- 
usually high activities of p-methylmer- 
captophenyl (L’I) and p-methylsulfinyl- 
phenyl diethyl phosphate (L’II) are 
probably due to oxidative conversion of 
these compounds in the insect to the 
sulfone (VIII), which shows about the 
same toxicity but is a far more potent 
inhibitor of cholinesterase. In this con- 
nection March and coworkers (79) 
have shown that 0,O-diethyl S-2-ethyl- 
mercaptoethyl phosphorothiolate and 
0,O-diethyl 0-2-ethylmercaptoethyl 
phosphorothionate are metabolized to 
the respective sulfoxides and sulfones in 
the white mouse and American cock- 
roach. 

The lack of toxicity of p-formylphenyl 
diethyl phosphate (IX) is difficult to 

H 
/ 

/\ 
CH3 CH3 

/\ 
CH3 CHI 

/\ 
CHI CH3 

m-tert-Butylphenyl m-tert-Butylphenyl iV- Acetylcholine 
diethyl phosphate met hylcarbamate 

This concept of the inhibition of cho- 
linesterase by a n  organic phosphate 
through a competitive mechanism is of 
interest because it helps to explain the 
unusually high inhibitory activity of a 
number of phosphates such as 0,O- 
diethyl S-2-diethylaminoethyl phospho- 
rothiolate ( 7  I ) ,  3-(diethoxyphosphinyl- 
oxy)-dV-methylyuinolinium methyl sul- 
fate (Z ) ,  and others. 

Kolbezen, Metcalf, and Fukuto 
(77) have shown that with the substituted 
phenyl A‘-methylcarbamates a direct 
relationship exists between -log cho- 
linesterase Is0 and log median lethal 
concentration to the greenhouse thrips. 
A similar plot with the diethyl phenyl 
phosphates of log LDs) (y per gram) 

explain. It is well known that benzal- 
dehyde is unstable in air and readily 
oxidizes to the acid, and oxidative me- 
tabolism of this nature might be sus- 
pected. Oxidation of IX gives the p -  
carboxyphen yl phosphate (XI I I), which 
as shown in Table 11, is less potent as 
an inhibitor corresponding to its u. 
XIII, however, showed slightly greater 
toxicity than IX. As discussed earlier, 
because of its structural similarity to 
acetylcholine and its relative stability 
to hydrolysis, compound 111 appears to 
inhibit cholinesterase by a competitive 
type mechanism. In  view of the poor 
insecticidal activity of 111 it appears that 
competitive inhibition of cholinesterase 
without phosphorylation by an organic 
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phosphate is a relatively inefficient proc- 
ess in insect poisoning. The moderately 
high toxicity of X suggests that trans- 
formation to an amine salt takes place 
in vivo, and results in a compound which 
acts as an irreversible phosphorylating 
agent. The u value for the amine salt 
predicts the development of a potent 
irreversible-type mzyme inhibitor from 
this conversion. 

The insect and mite toxicity data 
showed that a number of compounds 
were active enough to jvarrant further 
investigation. Diethyl p-cyanophenyl 
phosphate (11) was extremely potent 
against thrips (0.00002~0 concentration). 
Compounds VI, VII, VIII, and X I 1  
were all highly toxic to the insects and 
mites tested. The data show that only 
those compounds containing substitu- 
ents with favorable u values were active, 
with the lone exception of VI. which is 
probably metabolized to the sulfoxide 
or sulfone. This investigation supports 
the value of the use of certain funda- 
mental chemical concepts for the solu- 
tion of practical problems of this 
nature. 

The data and discussion presented are 
in agreement with the general mech- 
anism of inhibition proposed by Aldridge 
and Davison ( 7 )  and, later, by Hartley 
and Kilby (73), as shown in Equation 
1. In  the case of irreversible phos- 
phorylation, the enzyme inhibitor com- 
plex can be thought of as the transition 
state in the nucleophilic displacement of 
the X moiety on the phosphorus atom. 
The data indicate, holvever, that re- 
versible inhibition can also occur with 
certain phosphates. Presumably. both 
mechanisms operate in certain cases, 

and the degree of inhibition depends on 
the values of K ,  and ki.  Compounds 
0,O-diethyl S-2-diethylaminoethyl phos- 
phorothiolate oxalate ( 1 5 0  3 X 10-9 
M ) ?  3-(dietho~yphosphinyloxy)-~V-meth- 
ylquinolinium methyl sulfate (Z50 1.5 
X 10-10 M ) ,  and 0,O-diethyl S-2- 
ethylmercaptoethyl phosphorothiolate 
methosulfate (I50 3.3 X 10-8 A?) (70) 
are a few of those compounds ivhich 
closely resemble acetylcholine spatially 
and possesses relatively labile P-X 
bonds. The K ,  values for these com- 
pounds should favor complex formation 
and should, therefore, increase the 
over-all rate of inhibition. m-Dimethyl- 
aminophenyl and m-fert-butylphenyl di- 
ethyl phosphates are examples in which 
K ,  is near optimum and ki is very small. 
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