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Preface to the Second Edition 

Rapid progress in the field of organophosphate compounds has made this new 
edition necessary. Particular attention has been paid to new developments in 
biologically active products as this is probably of greatest interest to practical 
chemists. I have therefore updated the chapter on chemistry and, in connection 
with this, rewritten the chapter on metabolism. 
I should especially like to thank Professor Dr. HELLMUT HOFFMANN for his 
constant encouragement and interest in my work and for many fruitful discus
sions. 
The co-author to the 1st edition, Dr. KARL-JULIUS SCHMIDT, died suddenly on 
November 21, 1980. I treasure the memory of a valued colleague of many years 
standing. 

Elberfeld, January 1982 CHRISTA FEST 
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Preface to the First Edition 

Our intention has been to provide a short introduction to the chemistry and 
mode of action of insecticidal phosphoric acid compounds, with particular ref
erence to the relationship between structure and activity. The yearly produc
tion of these pesticides is now approaching 100,000 tons and thus offers an im
portant example of applied research. If, however, one examines the historical 
development of these compounds, it is apparent that this was preceded by a 
hundred years of pure chemistry of phosphorus. The utility of the phosphoric 
acid pesticides is undisputed today - and furthermore it can be expected that 
they will solve many of the world's nutritional problems, yet from this field of 
applied research many paths are now leading back into basic research in chem
istry, biochemistry, biology and toxicology etc. This clearly illustrates the prob
lem of attempting to define pure and applied research. 
Originally, this book was conceived for students of chemistry who, on comple
tion of their study, were uncertain about the place of applied research in indus
try but it was soon clear that such material, when supplemented with further 
data, would serve as an introduction to the field of pesticidal phosphoric acid 
compounds for many technicians, officials and scientists who, in various au
thorities in agriculture, in chemical and biological research, are concerned with 
the problems of crop protection and more recently with questions of pollution 
of the environment. We assume that anyone wishing to explore this whole field 
more deeply will refer to specialized literature, for example, SCHRADER'S mono
graph or the Houben-Weyl handbook. 
The existence of several names for the same product presents a special prob
lem. Industry is interested in using the registered name, while in scientific liter
ature the common name is preferred. We are of the opinion that anyone con
cerned with crop protection should have full command of both trade names 
and common names. We have, therefore, made no special effort to distinguish 
between either type of designation. We have, however, prepared two separate 
tables collating these names. It is sufficient if, when using a name, one is aware 
of its legal significance. 
We are indebted to Professor R. WEGLER who prompted us to compile this 
volume on Organophosphorus Pesticides. We are indebted also to many col
leagues for their co-operation and helpful criticism. We would like to thank Dr. 
G. SCHRADER (Bayer AG) for his advice and encouragement, as well as Profes
sor G. UNTERSTENHOFER (Bayer AG) and particularly Mr. J. DIXON who has 
translated this very difficult text into English. We are also grateful to Mr. J. 
EDWARDS for the translation of the first pages of the chapter "Biochemistry", 
and especially to Dr. H. MARTIN (London) for a final criticism and correction 
of the manuscript. 

Elberfeld, January 1973 The Authors 
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1. Introduction 

Crop protection by means of chemicals has become increasingly an object for 
public discussion from about the time when RACHEL CARSON published her 
book "Silent Spring". According to the understanding of the basic concepts in
volved in this difficult scientific field, two lines of argument follow which tend 
to be ideological or of a more objective nature. One may regard chemical crop 
protection simply as a profit-induced poisoning of the environment or one can 
try to analyze the various factors that have compelled us to use chemical agents 
in the production of food. 
The deciding factor is the development of the world population to be expected 
during the next decade (Fig. 1). 
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Fig. 1. Numerical development of the world population in the period from 1000-2000 A. D. 

Whether these figures are absolutely correct is of secondary importance, what 
is quite certain is the expected development. The continuation of the curve 
must remain open, for the growth of population will stabilize under the in
fluence of retarding factors. Otherwise the populated areas of Egypt would ac
cording to FUCKS [339] (see Table 1) possess a population density of more than 
2000 people per square kilometer, which is equivalent to the density in the Eu
ropean capitals. Provision of food in the under-industrialized countries with a 
high birth rate will become the most urgent problem of the next decades. 
If curves such as that in Fig. 1 are expressed in kilocalories instead of number 
of persons versus time and if a mean daily requirement per head of world pop-
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ulation is taken as 2420 cal, then, in 1970 9-10 thousand million kcal was pro
duced, in the year 2000 about 16 thousand million kcal will be produced and 
by the year 2040 about 22 thousand million kcal. This does not, however, take 
into consideration the protein content of food [339]. Food production must 
therefore be doubled in the next three decades. This objective is technically 
feasible if every agricultural possibility is exploited. CRAMER [234] cites the fol
lowing measures: 

1) Expansion of cultivated areas 
2) Improvement of soil cultivation 
3) Mineral fertilization 
4) Propagation of improved varieties 
5) Improved irrigation 
6) Improved agricultural structure 
7) Modern crop protection. 

In addition there will in future be the introduction of nonclassical techniques 
which are independent of the soil, e.g. exploitation of the protein reserves of 
the sea, hydroponic culture etc. 

Table 1. Population density of various countries between 1950 and 2040 according to FUCKS 

Country Inhabitants per square kilometer 

1950 1963 1975 1995 2040 

USA 19.9 20.2 25 30 35 
Russia in Europe 27.0 30.4 35 40 45 
Russia in Asia 2.6 3.0 3.5 4 4.5 
USSR 8.6 10.0 11 13 15 
China 56.45 74.9 100 160 270 
Belgium 276.7 304.5 320 340 390 
W.-Germany 189.5 223.5 240 260 290 
United Kingdom 206.1 219.0 230 260 280 
France 75.6 86.8 90 100 110 
Italy 154.7 167.5 180 200 240 
Netherlands 300.5 356.1 400 480 710 
United Arab Republic 482.6 764 1050 1550 2350 

Modern crop protection not only comprises the use of insecticides but also the 
introduction of fungicides and herbicides which in mono-cultivation have con
siderable influence in determining the type and techniques of agriculture. 
The second fact to be considered is that, since biblical times, the history of 
agriculture has been a history of catastrophes. Here we follow CRAMER [234] 
who to date has published the most comprehensive and careful estimate of 
crop losses due to pests and pathogens. CRAMER cites numerous examples, 
some of which have almost become classical, as for example the "turnip win
ter" of 1917 in Germany. Due to a severe attack of Phytophthora, practically the 
entire potato crop was destroyed, so that" turnips became the basic source of 
nutriment. This event demonstrates, as do many others, that such an occur
rence can have extensive political consequences. 
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The famine in Ireland in the middle of the 19th century, in which more than a 
quarter of a million Irish perished, was the cause of one of the biggest migra
tions to the USA. Once more the culprit was Phytophthora infestans. 
CRAMER'S [234] description of the history of European viticulture is of great in
terest; with the aid of new sources of information he illustrates the extent of 
the catastrophe which occurred in the second half of the 19th century, predom
inantly in France. In particular there were three main events: 

1) the arrival of powdery mildew, Uncinula necator (Oidium tuckeri), 
around 1850, 

2) introduction of grape phylloxera (Phylloxera viti/oliae) after 1860 
and 

3) downy mildew (Plasmopara viticola) after 1870. 

According to CRAMER the economic and sociological consequences are still 
visible in France today. For many vineyard owners this was a reason for emi
grating to the newly conquered Algeria and the formation of a colony there. 
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Fig. 2. Spread of Panama disease on Jamaica from 1913 to 1938 
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Fig. 2 gives an impression of the explosive course of Panama disease in the ba
nana crops of Jamaica. Large areas in the Caribbean had to be completely 
abandoned or new crops introduced (PADWICK, cited by CRAMER). 
The number of diseased trees is given on a logarithmic scale, excluding from 
1929 Portland where banana cultivation was discontinued. 
The original variety Gros Michel, lost due to Fusarium oxysporum var. cubense. 
could not be completely replaced by more resistant varieties: the variety Laca
tan is resistant to Fusarium, but is susceptible to Sigatoka disease (Mycosphae
rella musicola). The variety Cavendish is becoming increasingly susceptible to 
attack by nematodes. 
The conditions in citrus cultivation are very instructive. While, in North Ameri
ca, 94% crop protection is applied to areas requiring such treatment, and the 
losses are correspondingly low, in South America, citrus cultivation suffers 
badly due to plant diseases, especially the virus "Tristeza". In particular those 
trees are attacked which are grafted to the root stock of the sour orange. This 
stock was popular because it was regarded as resistant to Phytophthora citro
phthora. After 1930 Tristeza destroyed 10 million trees in Argentina, between 
the years 1937 and 1958 seven million out of a total of 13 million trees were de
stroyed in Brazil. In European citrus cultivation the Mediterranean fruit fly 
(Ceratitis capitata) plays a considerable role; in African and Asian citrus culti
vation it is the scale that reduces the harvest. 
In the last century the Asian coffee harvest almost succumbed to the coffee rust 
(Hemileia vastatrix). In Ceylon, for example, tea was introduced as a substitute 
crop. The English became a nation of tea drinkers and their habit of taking 
milk with tea is said to originate from this time. 
In tobacco cultivation an example is to be found in Europe. In 1957 or 1958 the 
blue mould (Peronospora tabacina) found its way to the Continent. In the year 
1959 in Holland there was a complete failure of the harvest in some areas. In 
1960 in Germany the main areas of cultivation were attacked, many plants 
were destroyed and by 1961 the German cultivated area had diminished by a 
third. 
Finally mention should be made of the boll weevil (Anthonomus grandis). Its 
passage through the cotton belt of the USA at the end of the last century led to 
the ruin of whole communities. Trade, agriculture and economy collapsed. The 
terror of these years passed into folklore, and, for example, the "Balled Of The 
Boll Weevil" is said to have been the basis for the early blues. 
From the examples just cited - and there are many more - it can readily be ap
preciated how chemical crop protection became established under the pressure 
of catastrophes, largely during the industrial revolution. Crop protection is a 
problem that can be discussed only from a worldwide point of view. Intensifi
cation and industrialization of agriculture also mean intensification of attack 
by pests and pathogens. Mono-cultivation of plants which are often bred for 
the highest yields, offers ideal environmental conditions which can lead to an 
explosive outbreak of pests. 
From all types of cultivation cases are known where immediate measures were 
called for to protect the harvest. For example, at the beginning of the 60's an 
air-lift had to be set up between Cologne and Cairo because the entire Egyp-

4 



Introduction 

tian cotton harvest was in danger of destruction by a severe Prodenia infesta
tion. The use of®Dipterex (trichlorfon) saved the largest part of the harvest. The 
economic significance of such happenings, especially for countries whose ex
port depends upon a few crops, hardly needs to be emphasized. 
Chemical crop protection offers therefore the possibility of preventing a catas
trophe or of obtaining a rapid increase in harvest, in so far as pests or patho
gens are the limiting factors. Here lies the extremely important tactical signifi
cance of crop protection. 
Planned increase of the yield per unit area requires additional measures, as 
mentioned on p. 2. Varieties cultivated to give high yields are often particu
larly susceptible to pest and pathogens, so that the full yield can only be 
achieved with the aid of chemical crop protection. The achieved yield can only 
be assured by protection of both the plants and the harvest itself. Lasting suc
cess can only be obtained by purposeful combination of all agricultural meth
ods, i.e. choice of variety, fertilization, use of insecticides, fungicides and her
bicides. It is in this field that the real, the strategic significance of crop protec
tion lies. 
The following figures illustrate quite clearly the role of short-term and long
term application of pesticides. Fig. 3 shows the yield per hectare for potatoes in 
the USA and in India and Pakistan. 
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Fig. 3. Potato yields per hectare, according to CRAMER [2341 

The large differences in yield are very noticeable and are certainly not attribut
able only to crop protection. Here other factors such as choice of variety, ferti· 
lization, cultivation methods etc. playa large role. On the other hand, the bal-
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ance of the USA curve and the steady upward trend of production must be at
tributed to planned crop protection. The yields are predictable with great cer
tainty. This is otherwise in India and Pakistan. The uneven course of the curve 
indicates a strong dependence upon climatic influences and attack by pests. 
The position of the lower curve in the diagram also gives an idea of the consid
erable reserves that can still be mobilized. Similar conditions are found in rice 
cultivation (Fig. 4). Once more the balance of the USA curve is evident, show
ing very stable yields. In contrast, the Indian rice production for 20 years has 
varied between 1000 and 1500 kg/ha with large deviations. Because of inten
sive cultivation measures, the Japanese curve lies considerably higher, but the 
extreme variation indicates the powerful influence of the yearly attack by the 
rice stem borer (Chilo suppressa/is) and the rice blast (Brusone disease, Piricu
laria oryzae). In 1953 there were considerable losses due to P. oryzae (see ar
row in Fig. 4). The beginning of planned crop protection in Japan can be accu
rately fixed at this point. Infestation by P. oryzae led to the importation of mer
curial leaf fungicides (®Ceresan slaked lime) and the routine treatment of seed. 
In the same year organophosphate insecticides (®E 605) were flown in to con
trol the rice stem borer. It is noteworthy that this is the first example of an air
lift in the history of crop protection. Since both pesticides were responsible for 
the steep rise in the rice production after 1953, monuments were erected to 
commemorate the event in Nangoku for Ceresan and in Zentsuji for parathion. 
For the first time in 1960 the Japanese rice yield was greater than that of the 
American and in 1970 the first restrictions on cultivation became effective. 
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As the rice supply was assured, the toxicological requirements of the Japanese 
authorities were intensified. At the beginning of this year, the mercury-contain
ing leaf fungicides were prohibited with the exception of products for treating 
seed. However, in the years before the law came into effect, industry was able 
to develop non-accumulating insecticides for rice cultivation. These were also 
phosphoric acid esters which will be discussed further on p. 158 f. 
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Fig. 5. Cocoa production in Ghana from 1918 to 1964 

A similar situation existed in Ghana (Fig. 5) for the development of cocoa 
production. Until 1954 Sahlbergella singularis and Distantiella theobroma 
(Heteropt. , Myridae) as well as Phytophthora palmivora and the "swollen root" 
virus were the limiting factors. The losses were estimated at 51 % of the possible 
yield. In 1957 a crop protection program was started. In the first year the aver
age yield for the country rose by 1100/0, in the second year by a further 500/0. 
This increase can be attributed exclusively to an active crop protection; i.e. by 
employing better agricultural measures, the yield could still be considerably in
creased. 
A last example is the use of hybrid seed corn in the USA. As can be seen from 
Fig. 6 the increase in the acreage planted to hybrid corn corresponds initially to 
the increase in yield with, however, wide variations: in 1947 there was extreme 
drought and a severe attack by grass-hoppers. By using insecticides such as 
DDT the yield was further increased, but the curves for area cultivated and 
yield have moved apart. It was not until 1955 that production began to follow 
the same pattern as the lower curve, which indicates the use of soil insecticides. 
Although there would appear to be a very good correlation, it is not entirely 
relevant, because the use of herbicides and fungicides can be expressed by very 
similar curves. The increase in yield per acre after 1956 cannot therefore be at
tributed solely to the use of soil insecticides, but once more to the purposeful 
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combination of different measures. The yield per hectare in 1955 was only 2.55 
tons and in 1962 over 4.0 tons. 
A comparison with other maize-producing countries, e.g. the USSR, would be 
very interesting but there are no detailed figures available. The yield there was 
1.3 tons/hectare in 1963/64 and today has increased to about 2.7 tons/hectare. 
The average African yield for 1962/63 was 1.1 tons/hectare, which, compared 
with the American figures, does not represent an optimum and there are, in 
Africa, still large reserves present that could readily be mobilized. 

100 200 

90 190 

'" L-o 80 
0 ." 

-0 '0 
." '" 70 ." L 
",-

180 01 
0 
Q; 
> 

170 0 

'" " I 
~:g 60 
L '" .0 

160 ~ 
>..t: 

50 .c. .~ 

'0 ;: 

'" '" 40 0101 
00 
~ ~ 
u u 
0 0 

150 '0 
C 
'" 140 u 

Q; 
c. 

130 <: 

<: <: 
<> <> u u 

c:"E 
'" '" u u 

~ 4; 
c. 

'" 120 -0 
Q; 
' ;;' 

110 <: 
<5 

100 u 

90 

80 

Fig, 6, A comparison of the increased use of hybrid seed and soil insecticides in relation to rising 
corn yields in the USA, presented as a percentage of 1941 - 1945 yields, according to CRAMER [234] 

Figs. 7 and 8 represent the actual production and the losses arranged according 
to countries and crops. 
From the two figures it can be seen that the real losses due to pests and patho
gens vary between 30 and 35 %. This figure, however, gives little information on 
the basic possibilities for increasing the yield of various crops. From an abso
lute point of view the greatest reserve lies almost certainly in grain crops, par
ticularly in rice. The present conditions have been investigated more accurately 
by CRAMER [235]. Fig. 9 offers a comparison of various yields and their respec
tive percentage of the world area cultivated with rice, and of the world rice har
vest. It shows that the countries having low yields possess a high proportion of 
the world rice harvest, but that this result is obtainable only by cultivation of 
very large areas: on more than 40% of the total area cultivated with rice less 
than 1.4 tons/ha of rice is harvested, and on more than 90% of the total area 
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the yield lies below 3 tons/ha. All these examples show quite clearly that, at 
the present time, crop protection is already a conditio sine qua non, although 
the population explosion is still only impending. Positively formulated, the 
problem consists in developing and making available optimal agents according 
to activity, toxicity, economy and ecology. In this respect the phosphoric acid 
esters present a very favourable class of compounds, for - as will be shown in 
this volume - by combining four different substituents on the central phospho
rus atom, it is possible to fit the properties of an active agent to the special 
practical requirements. 
The insecticidal action of the very earliest compounds such as parathion and 
diazinon have set a standard which, even 20-30 years after their discovery, is 
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Introduction 

difficult to surpass. Toxicologically this class of compounds has the advantage, 
due to their ester nature, of being metabolized in the living organism to inor
ganic phosphates. The price for this favourable property is a certain acute tox
icity of the phosphoric acid esters, for, because of their mechanism of action, 
the toxicity for mammals and that for insects cannot basically be separated. 
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Fig. 9. Rice yields and rice areas of different groups of countries compared with the world rice area. 
The inverse ratio of yield to percentage of world rice area can be seen clearly [235] 

This acute toxicity is not, however, a great disadvantage in practice, since ef
fective antidotes are now available. Also, the toxicologist prefers acute poison
ing with its symptomatic treatment rather than chronic toxicity with ensuing ir
reversible damage. Meanwhile, relatively non-toxic compounds have been de
veloped, and there is little doubt that within certain limits this trend will con
tinue. 
From an ecological point of view too the organophosphates represent a very 
interesting group. In contrast to certain chlorohydrocarbons, the problem does 
not consist in shortening persistence, but on the contrary of extending the du
ration of action, particularly in the soil. HARRIS [414, 417], who developed a 
laboratory method of investigating this problem, published the data repro
duced here in Fig. 10 showing the variable behaviour of some insecticides in 
the soil. Between the conditions in sandy loam (Fig. 10) and muck soil there 
may be quantitative, but not really basic, differences. 
The danger therefore of the accumulation of organophosphates in our environ
ment up to a toxic level is very slight indeed. Meanwhile this class of com
pounds has found use into other fields, although the emphasis will certainly re-
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main on their use as insecticides. Esters are known with a marked miotic action 
such as paraoxon or phosphonic esters of p-nitrophenol, used in human medi
cine for glaucoma ; a series of less toxic compounds is also used in veterinary 
medicine. A broad development began in the field of fungicides. The first prac
tically applicable herbicides and growth regulators are just becoming available 
and recently, in phosphonomycin, even an antibiotic has been found. 
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Fig. 10. Persistence of biological activity of some insecticides in sandy loam soil, according to 
HARRIS [414) 

It would certainly not be an exaggeration to claim the organophosphates to be 
the most fruitful class of chemical compounds that man has found in his efforts 
to secure his physical existence. 
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Introduction 

1.1. Historical Development 

Barely 150 years have passed since 1820 when J. L. LASSAIGNE [607] reacted al
cohol with phosphoric acid in reaction analogous to that with sulfuric acid and 
therewith launched the chemistry of the organophosphorus compounds. 
In 1847 a paper by P. E. THENARD [1050] on phosphines appeared. At the same 
time M. CLOEZ [210] discovered a thiophosphoric acid ester; he had suspected 
the existence of sulfur derivatives of phosphorus in analogy to arsenic. 
In 1854 PH. DE CLERMONT [208,236], prompted by WURTZ, synthesized tetra
ethyl pyrophosphate (later TEPP) (I) by alkylating the silver salt of the pyro
phosphoric acid with alkyl halides (Clermont method). MOSCHNIN [24, 743] is 
said to have previously prepared TEPP in WURTZ' laboratory. Clermont did 
not, however, recognize the important physiological activity of this com
pound. 

This ester, which may be regarded as a link between inorganic and organic 
chemistry, was often described in the following decades and yet almost 80 
years were to pass before its insecticidal possibilities were'discovered. 
In 1872 A. W. HOFMANN [463] reported the oxidation of methyl and ethyl 
phosphine with nitric acid to give the corresponding phosphonic acids (II). 

H R-P/ HNO, ) 

'H 
(II) 

° lI/oH 
R-P 

'OH 
(1) 

C. A. A. MICHAELIS in Germany and A. E. ARBUSOV in Russia can be named 
as the founders of classical phosphoric ester chemistry. 
In 1897 MICHAELIS and TH. BECKER [717] reacted sodium dialkyl phosphite 
with ethyl iodide according to the following scheme: 

C,H,I ) 

° !l......0C2Hs Na-t', 
'oC2HS 

(III) 

Scheme 

C,H,I 
(2) 

(The reaction of sodium salts of dialkyl phosphites (III) with alkyl halides be
came known as the Michaelis-Becker reaction and will be described in greater 
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detail on p. 69.) The compound so obtained (a phospho nate) (IV) was not 
identical with the phosphorous acid ester (V), O,O,O-trialkyl phosphite, 

(V) 

which they synthesized from phosphorus trichloride and sodium ethylate. 
In 1898 MICHAELIS and R. KAEHNE [718] isolated a compound from trialkyl 
phosphite and methyl iodide, whose structure they did not recognize as being 
analogous to (IV) (cf. Scheme I). The problem was taken up again seven years 
later by A. E. ARBusov [52]. 
In 1905 he repeated the reaction of phosphorus trichloride with sodium ethyl
ate. He considered the boiling range (188 DC-I92 DC) to be too wide and frac
tionated his yield thirty times. ARBusov succeeded in reacting this highly puri
fied triethyl phosphite (V) with ethyl iodide at room temperature by the follow
ing method: 

C2H,X ~ r~~~~~p-C2HJX8 __ 
LC2H 50 J 

(V) (VI) (3) 

Scheme 2 

(The reaction of trialkyl phosphite with alkyl halides is called the Arbusov 
reaction and will be discussed more fully on p. 68.) The phosphonate synthe
sis analogous to Scheme 2 is also possible with the phosphoramidites: 

R'Hal + RHal (4) 

Scheme 3 

It is astonishing that without modern methods both MICHAELIS and ARBusov 
and their colleagues were able to elucidate these fundamental reactions of or
ganophosphorus chemistry by simple deduction aided by exact laboratory 
techniques, and undoubtedly an intuition confirmed only by years of experi
ment. 
At about the same time, i.e. in 1903, MICHAELIS [715] published the synthesis of 
phosphorus-nitrogen compounds from phosphorus trichloride, pentachloride, 
phosphoryl chloride, thiophosphoryl chloride and ammonia or amines. In the 
reaction of phosphorus trichloride with alkyl amines he obtained N-alkylami
nodichlorophosphine (VIII), which he oxidized with chlorine to the tetrachlo
rides (IX). 
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R N PCl ~ R 2N- PCI H 20) 2 - 2 ~ '4 (5) 

(VIII) (IX) (X) 

Atmospheric moisture sufficed to hydrolyze these tetrachlorides to dialkyl 
phosphoramidodichloridate (X). 
(Instead of trichloride, the pentachloride can be used.) Also in the reaction of 
phosphoryl chloride with aliphatic amines he found dialkyl phosphoramido
dichloridate, in addition to the tetraalkyl phosphorodiamidochloridate (XI), an 

(XI) 

important starting material for phosphorylation reactions. In a comprehensive 
paper MICHAELIS [715] described the reaction of N,N-diethyl phosphorami
dodichloridate with potassium cyanide in absolute alcohol. As end product he 
gave a mixture consisting of O,O-diethyl N,N-diethyl phosphoramidate 
(XII), 

(XII) 

and O-ethyl N,N-diethyl phosphoramidocyanidate (XIII). 

° II/OC2H s 
(C2 HshN - P , 

CN 

(XIII) 

Surprisingly, he did not report the high toxicity of this compound (see p. 80). 
One can only assume that he had obtained a mixture of the diethyl ester with 
the N,N-diethyl phosphoramidodicyanidate. 
In 1895 H. N. STOKES [1021] published a paper on the formation of phospho
rus-nitrogen rings from phosphorus pentachloride and ammonium chloride, a 
reaction discovered by LIEBIG and WOHLER in 1832: 

NH4Cl) [PNCI21. n= 3-8 (6) 
(XIV) 
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In 1914 an article appeared by D. BALAREFF [64] on the structure of pyrophos
phoric acid for which both symmetrical and asymmetrical forms were pro
posed. 
In 1917 the same author [65, 66] published several papers concerning the action 
of phosphoryl chloride on methyl and ethyl alcohol but the final structure of 
pyrophosphoric acid was not clarified until 1930 by P. NYLEN [768] who estab
lished the symmetric form. He synthesized the tetraalkyl pyrophosphate and 
mixed pyroesters. 
In 1932, W. LANGE and GERDA v. KRUEGER [603] prepared the esters of mono
fluorophosphoric acid from its silver salts with alkyl iodide. They were the first 
to draw attention to the highly toxic properties of these compounds, including 
respiratory distress, clouding of the consciousness, temporary blindness and 
photophobia. 
In 1941 during the Second World War, B. C. SAUNDERS and his group [688, 
689, 692] worked on esters and ester amides of phosphorofluoridate. 

(XV) (XVI) 

R = i-Propyl, sec. Butyl 

They discovered the miotic action and very high inhalation toxicity of these 
substances. Their work, which remained secret until after the war and was only 
known to the Ministry of Supply, seemed to have placed emphasis on the phar
macological properties of the alkyl phosphorofluoridates. 
Quite independently G. SCHRADER had long been working on acid fluorides in 
the search for compounds with acaricidal and aphicidal activity. In this field 
he was first successful with the methane sulfonyl fluoride [248, 933, 964] which 
is still used today in special cases as a fumigant. 

By changing from sulfuric acid to phosphoric acid he was led to what became 
later his main work. As starting material he used N,N-dimethyl phosphorami
dodichloridate (XVIII) [247, 361, 716, 719] which is easily convertible to the di
fluoridate. 

(CH3hN - p~t + 2 KF --- (CH3hN - p4 + 2 KCI (7) 

(XVIII) 
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At first he found only weak insecticidal properties until he reacted the dichlori
dates with potassium cyanide [920], which resulted in the highly toxic and 
miotic Tabun, [968, 971] (XIX). 

C2H,OH , 
(8) 

Then he replaced the dialkylamino group by an alkyl group [226] and so ar
rived, in 1937, at the physiologically extremely potent compound Sarin 
(XX). 
Soman (XXI), however, did not originate from SCHRADER, but was synthesized 
in 1944 in Heidelberg by commission of the "Heereswaffenamt" [865]. On ac
count of their high mammalian toxicity, neither Sarin nor Soman were used as 
insecticides [625]. 

These phosphonates were related to the compounds investigated by SAUNDERS 
et al. [885]. O,O-Diethyl phosphorofluoridate (XXII) and N,N-bis-dimethyl 
phosphorodiamidofluoridate (XXIII) are highly toxic contact insecticides, but 
seldom used. 

(XXII) (XXIII) 

In 1941 N,N-dimethyl phosphoramidodichloridate served SCHRADER as the 
key substance for the synthesis of octamethyl pyrophosphoramidate (XXIV) 
[917] and other pyrophosphoric acid derivatives. In honour of SCHRADER, 
scientists of Pest Control Ltd., in 1950 gave the name schradan [807] to OMPA 
or ®pestox III. 
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On reflection, the main significance of OMPA has proved to be its potent sys
temic properties which were recognized by H. KOKENTHAL in 1941 [974]. Later 
OMPA was superseded as a systemic insecticide by the ®Systox group (systemi
cally toxic). SCHRADER was able, on the other hand, to synthesize tetraethyl 
pyrophosphate TEPP [919] by the reaction of phosphoryl chloride with triethyl 
phosphate, a reaction which has become known as the "Schrader process". 
In 1941 E. GROSS [395], E. D. ADRIAN, W. FELDBERG, B. A. KILBY [8], and 
W. WIRTH [1140] discovered the cholinesterase inhibiting action of the organo
phosphates. This was occasioned by an attempt to clarify the miotic action of 
DFP (XXV). 

(XXV) 

In 1944 SCHRADER synthesized the O,O-diethylthionophosphoric acid ester of 
p-nitrophenol (XXVI) (E 605) [972]. 

(XXVI) 

Its insecticidal activity was recognized at the beginning of 1945, but in view of 
events in Berlin at this time, a patent application could not be filed. By the time 
it was possible to apply for a patent in 1948, American firms had already 
adopted E 605 under such names as ®Thiophos, (ACC), ®Niran (Monsanto 
Chern. Corp.), parathion etc. 
Great interest in the E 605 series was stimulated by the outstanding insecticidal 
properties and very broad spectrum of activity of these compounds which is re
flected in the production figures of these organophosphates (Fig. 12, p. 50). 
In 1952-54 W. PERKOW [802,805] described the common reaction of a-halogen 
carbonyl compounds with triethyl phosphite and was the first to formulate cor
rectly the end products as dialkylvinyl phosphates (XXVII). In contrast A. E. 
ARBUSOV and A. RAZUMOV [55] in 1934 had incorrectly attributed the phos
phonate structure (XXVIII) to these products. The reaction given in the follow
ing equation has, therefore, become known as the Perkow reaction: 

-RHal 
~ (9) 

(XXVII) 
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Historically, the enol phosphates were discovered by several teams of research 
workers at almost the same time. In the first papers, the structure was pre
sumed to be an a-ketophosphonate, probably under the influence of the results 
published by ARBUSOV et al. As far as we have been able to establish from the 
literature, the first papers giving the correct structure appeared in 1952. It is 
therefore necessary to consider filing dates or receiving dates in order to estab
lish priorities, because single compounds like DDVP or its diethyl congener are 
also involved in addition to the Perkow reaction. Below a short historical table 
of the basic papers is presented: 

1949 (filed 3. 9. 49) LADD and HARVEY (U. S. Rubber) claimed in A. P. 2.631.162 the reaction 
of trialkyl phosphites with chloral, (no (CH30hP, structure is described as 
ketophosphonates) [598]. 

1951 ARBUSOV and ALIMOV described the reaction of triethyl phosphite with 

1951 (filed 16. 1. 51) 
(pat. 24. 5. 56) 

1951 (filed 25. 9. 51) 
(pat. 16. 12. 55) 

1952 (filed 29. 2. 52) 
(pat. 3. 8. 54) 

1952 (filed 29. 2. 52) 
(pat. 3. 8. 54) 

1952 (filed 29. 2. 52) 
(pat. 1. 5. 56) 

1952 (rec. 14. 6. 52) 

1952 (U. S. Priority: 
29. 10. 52) 

1952 (U. S. Priority: 
29. 10. 52) 

1952 (U. S. Priority: 
29. 10. 52) 

1952 (rec. 26. 11. 52) 

18 

chloral as a Michaelis-Arbusov reaction. (Isvest. Akad. Nauk. USSR 1951, 
p. 530) [54]. 
PERKOW and KODDEBUSCH claimed diethyl dichlorovinyl phosphate as fi
nal product of the reaction of triethyl phosphite with chloral (D.B.P. 
944.430) [803]. 
In the Swiss Pat. 310.395 (Ciba AG) the reaction (CH30)3P + CChCHO
(CH30hPO-CCbCHO was described. Although the structure was incor
rect, at least the insecticidal properties of the product were mentioned 
[33]. 
WHETSTONE and HARMAN (Shell Develop. Corp.) described the general 
reaction of phosphites and phosphonites with halogenated aldehydes (A. P. 
2.765.331) [1119]: 

Hal R' 
I -R'H I I 

R'-C-CHO + R 30-P(OR4) ~ C=CH-O-P(OR4 ) 
I I n I I n 

R2 R~ R2 R~ 

STILES (Shell Develop. Corp.) described in A. P. 2.685.552 the synthesis of 
Phosdrin and its insecticidal properties [1020]. 
MORRIS and VAN WINKLE claimed compounds of the formula 

but for the synthesis they referred to A. P. 2.765.331 [741]. 
PERKOW, ULLERICH and MEYER described the diethyl congener of DDVP 
(Naturw.39, 353 (1952» [805]. 
The Food Machinery and Chern. Corp. applied for a patent (E. P. 783.697, 
filed 28. 10. 53) concerning the reaction of triethyl phosphite with numer
ous halogen carbonyl compounds. DDVP is also given as an example. The 
biocidal properties of the products are well established [36]. 
The same company claimed enol phosphates "useful as monomers and 
chemical intermediates" derived from monochloroacetaldehyde (E. P. 
784.985) [37]. 
In E. P. 784.986 the addition of halogen to the double bond of enol phos
phates was described, yielding for instance Dibrom [38]. 
COREY, DORMAN, HALL, GLOVER and WHETSTONE (Science 118, 28 
(1953» published the synthesis of O,O-diethyl O-(2-chlorovinyl) phosphate 
and O,O-dimethyl O-(2-carbomethoxyvinyl) phosphate [230). 



1953 

1954 

1954 

1955 

1955 

1955 

1955 

1955 

1956 

(filed 5. 2. 53) 
(pat. 2. 11. 55) 
(Germ. Priority: 
25. 5. 54) 
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PERKOW and KODDEBUSCH claimed dichlorovinyl phosphates, e.g. from 
triethyl phosphite and chloral, in E. P. 739.726 [804]. 
LoRENZ (Farbenfabriken Bayer A.G.) filed application for a patent in re
spect of rearrangement of trichlorfon to dichlorvos (A. P. 2.865.943) [629]. 
In Chern. Ber. 87. 755 (1954) an article appeared concerning the Perkow 
reaction [802]. 
ALLEN and JOHNSON (Food Mach.) published the synthesis described in 
the E. P. 783.697 in 1955 (J. Am. Chern. Soc. 77. 2871 (1955» [16]. 
KHARASCH and BENGELSDORF (J. Org. Chern. 20. 1356 (1955» published 
the thesis of Bengelsdorf involving O,O-diethyl O-(2-dichlorovinyl) phos
phate [537]. 
The rearrangement of trichlorfon to dichlorvos published in A. P. 2.865.943 
(equiv. to D.B.P. 1.003.720) was confirmed by LoRENZ, HENGLEIN and 
SCHRADER (J. Am. Chern. Soc. 77. 2554 (1955» [634]. 
BARTHEL, ALEXANDER, GIANG and HALL published a second paper deal
ing with the alkaline rearrangement of trichlorfon to dichlorvos (J. Am. 
Chern. Soc. 77. 2424 (1955» [72]. 
MATTSON, SPILLANE and PEARCE (J. Agr. Food Chern. 3. 319 (1955» re
ported the occurrence of DDVP as a by-product of Dipterex (trichlorfon); 
they had already done so earlier in a paper presented at the 126th Meeting 
of the American Chemical Society in 1954 [683]. 
ROSIN and HAUS (Montrose Chern. Comp.) claimed a new process for the 
synthesis of trichlorfon (see equ.) and described the alkaline rearrangement 
of trichlorfon to dichlorvos (A. P. 2.899.456) [871]: 

OH 
PCl3 + 3 R' - CH:::: --+ 

OR 
RO, 90 

P 
RO/ 'CH-R' 

6H 

This type of reaction provides the insecticidal enol phosphates. Commercial 
compounds such as ®Phosdrin, phosphamidon, ®Birlane and many others have 
been introduced by various firms. 
Several groups of workers had been occupied for many decades with the chem
istry of the organophosphorus compounds. In the early thirties, on the other 
hand, the first objective of crop protection was to provide intensive agriculture 
with readily-producible material which would serve as substitutes for the natu
ral insecticides, such as nicotine, rotenone, pyrethrum etc., which were rapidly 
becoming scarce. 
Only after these objectives had been reconciled with SCHRADER'S rule co-ordi
nating structure and activity was it possible for the stormy development of the 
organophosphorus insecticides to commence. 
The present-day importance of the phosphoric acid esters in the field of chemi
cal crop protection is, to a large extent, attributable to the systematic work of 
SCHRADER and his attempts to find less toxic compounds with otherwise un
changed biological action. 
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2. General Section 

2.1. Background 

Phosphorus plays a central role in the living organism; it is sufficient to men
tion photosynthesis, metabolism, saccharide synthesis, nucleic acid helices, in
volvement in coenzyme systems, etc. 
If the reduction and oxidation reactions between carbon and oxygen taking 
place in the organism are regarded in simplified terms as being responsible for 
gain and expenditure of energy then, disregarding their structural function, the 
phosphorus-oxygen compounds serve predominantly for the transport and 
storage of energy. 
Two factors are decisive: firstly the condensed phosphates, anhydrides or es
ters are thermodynamically stable under such redox conditions, and secondly 
compounds of this type hydrolyze in most of the biochemical reactions taking 
place in aqueous solution or at aqueous interfaces. Depending upon their 
structure and the type of enzyme involved, these compounds hydrolyze over 
many kinetic stages and under very mild conditions. Expressed in more general 
terms, this means that phosphorus compounds can exert a phosphorylating ac
tion on nucleophilic molecules. The best known example of this is the interplay 
between adenosine triphosphate (ATP) and adenosine diphosphate (ADP). As 
will be shown in Chapter IV, the mechanism of action of the phosphoric acid 
ester insecticides also follows such hydrolysis and esterification equilibria. 

a) Electronic Structure, Types of Compounds 

On the basis of its position in the periodic system, phosphorus in its fundamen
tal state possesses the external configuration 3 S2 3 p3. In contrast to the ele
ments of the second period, 3 d orbitals may participate during the formation 
of phosphorus compounds. However, the transfer from 3s2 3p3 to 3s2 3p2 3d 
requires a relatively high promotion energy of about 200 kcallmol (- 9 e V) 
(Fig. 11) [484, 485]. 
In accordance with the structure 3 S2 3 p3 of the neutral phosphorus atom, pri
marily compounds with the co-ordination number 3 are to the expected. De
rivatives of type PX3 form a distorted tetrahedron with participation of the s 
electrons and not a trigonal pyramid corresponding to the pure p3 bond. 

~ X-P-X for pure p3 bonding 90° 
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for Sp3 hybridization 109° 28' 
for most PX3 types 100± 1° 
for the nitrogen compound 106-108° 
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From an estimation of the spatial conditions, it becomes evident that trivalent 
phosphorus is coordinatively unsaturated and has the tendency to reach co
ordination number 5, by forming a new bond with the s electrons. 

N ; t "'!.:~--l-----3d -2 eV 

12eV 

2
P+ 

10.geV 

2s_ir-

Ph"""'~~:+ __ _ 3 d -2 eV 

geV 

3P+ 
75eV 

3s _-,t,--_ 

Fig. II. Atomic energy levels for nitrogen and phosphorus (from HUDSON, R. F.: Structure and 
Mechanism in Organo-phosphorus Chemistry. London-New York: Academic Press 1965) 

This means that in the case of PX3 compounds such as PCb, RO-PCI2 , 

R-PCI2 , (ROhP or R3P, very reactive nucleophiles are involved which are 
often used for the synthesis of derivatives of higher coordination numbers. 

Examples: 
0 

Cl 0 11/.cJ 
RO-P/ -----+ RO-P 

'Cl 'Cl 

S 
/Cl S II/Cl 

R-P -----+ R-P 
'Cl 'Cl 

PCl3 ~ PCls 

0 

(ROhP 
d II 

-----+ R-P(ORh 

0 

(ROhP 
R'Hal II 

-----+ R' - P(ORh + RHal 

As these few examples show, most of the resulting products are derivatives of 
covalent tetravalent phosphorus which possess a tetrahedral structure corre
sponding to Sp3 hybridization. Numerically these exceed the compounds with 
other co-ordination numbers by several powers of ten. 
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Derivatives of phosphorus with co-ordination numbers 5 and 6, indicate an ef
fort to return to structures with a lower co-ordination: 

Examples: 

PBr S(cry,(.) ----+ [PBr41 + Br-

PBrs(g.,) ----+ [PBr3 + Br21 

2PCIS(cry",) ----+ [PC141 + [PCI61-

Only a few compounds do, in fact, possess the co-ordination number 5; these 
include, for example, PCls (gas) and pentaphenyl phosphorus with the struc
ture of a trigonal bi-pyramid which is now considered verified. 
RAMIREZ [855] succeeded in synthesizing a phosphoric acid ester with the co
ordination number 5. From PCls and phenol and using y-collidine as base, he 
obtained the pentaphenol ester (I) for which a long search had been made. 

PCls + 5 OOH y-collidine cOO)sP 
(I) 

(1) 

Other types of hypervalent phosphorus [854], also found by RAMIREZ, are the 
cyclic addition products (II) from 1,2-diketones and tri-alkyl phosphites which 
are considerably more stable than the acyclic pentaphenol esters. In all cases 
their structure is that of a trigonal bi-pyramid, which in the cyclic derivatives is 
somewhat distorted. Eq. (2) illustrates the simplest example: 

(2) 

More important in this connection are the structures of the transition or inter
mediate states in nucleophilic replacement reactions on the electrophilic phos
phorus which will be discussed again later. They are consistent with a Sp3 d 
hybridization [see formula (II a), p. 30]. 
The co-ordination number 6 is only possible with phosphorus anions, for ex
ample, PF;;, a substance relatively resistant to hydrolysis, or PCl;;. Such an
ions possess an octahedral structure corresponding to Sp3 d 2 hybridization [793, 
1011]. 

b) Bond Properties 

In order to satisfy valency considerations, the phosphorus-oxygen bond in de
rivatives of the type X 3 PO was, like the carbonyl compounds, originally formu-
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lated as a P 0 double bond. When LEWIS put forward his octet rule, it was 
believed that a semi-polar P~O bond should be assumed [789]. This was stated 
in the American literature and in more recent German handbooks, although as 
early as 1950 there was new thought on this problem. PAULING [793] had 
pointed out that in MO~- ions, 3 d orbitals of the central atom can form n 
bonds with 2p orbitals of oxygen. VAN WAZER applied this concept to phos
phorus compounds of similar structure. 
Accordingly the 3 sand 3 p orbitals of the central phosphorus atom hybridize to 
4Sp3 orbitals directed towards the oxygen atoms, which with suitable 2p orbi
tals of the oxygen overlap to four a bonds. A n-bonding system is superim
posed on this a-bonding skeleton, to which the phosphorus contributes an 
electron forming a d" - p" bond to oxygen. An oxygen atom bound only to 
phosphorus participates which, with three n electrons and an oxygen atom 
exerts two a bonds, takes part in the bonding system with 2 n electrons. 
In a series of tetrahedrally constructed compounds including phosphorus, 
CRUICKSHANK (cf. [224]) considered the geometrical properties of two of the 
five 3 d orbitals of phosphorus for the qualitative assessment of the bond dis
tances and structural proportions. COLLIN [224] went a step further and took 
into account not only the two strongly bonding orbitals but all five 3 d orbitals 
of phosphorus. Following a Huckel-MO method he used self-consistent field
modified Huckel parameters to estimate the charge distribution and n-electron 
energies. With these parameters it is also possible to assess chemical reactivity, 
thermodynamic parameters, and conformation. 
From UV spectra it is possible to prove the lack of any analog between phos
phoryl and carbonyl compounds, since n - n* transitions cannot be found 
[989]. Reliable information on the presence of p" - d" bonding is not revealed 
by IR spectroscopy. 
Further information can be obtained from spectroscopic investigations, espe
cially from the valence force constants (mdynl A). GOUBEAU reported the re
sults on various phosphorus-sulfur bonds [382]. The bonding order 2.0 (double 
bond) is to be expected when the sum of PAULING'S electronegativities of two 
bonding partners is five or more and the difference between their electronega
tivities does not exceed 1.5. For the element combination phosphorus-sulfur 
the respective values 4.6 and 0.4 are found, i.e. the element pair is a borderline 
case of the double-bonding rule. Therefore all factors must be taken into con
sideration which might influence the force constants: 

1) Hybridization 
2) Inductive effects 
3) Ion charges 
4) n bonds 

In all phosphorus compounds hybridization increases the force constants with 
increasing s character of the bond by a maximum of 40%, in the case of p-s 
compounds by a maximum of 25 %. 
Like the P-O force constants, the P-S force constants are also dependent 
upon the electronegativity of the remaining bonding partners. By increasing 
electronegativity (for example replacement of -SCH3 by -OCH3, of -SCH3 

23 



General Section 

by -CI) the force constants are increased by 0 to 30%. In the transition series 
PS!- -+ PO!- n-bonding effects are superimposed on the effect exerted by the 
ion charge so that it is not possible to generalize. 
In order to investigate the influence of n bonding, compounds of the type 
S-PX3 are particularly suitable. In the molecule S-P(SCH3)3 the force con
stant k(p_s) is some 63 % greater than k(P-SCH), i.e., as in OPX3, there must be a 
substantial n component in the S-P bond. Using SIEBERT'S method [996] it is 
possible to determine from both force constants the bond order for P-SCH3 
as 1.16 (approaching the single bond) and for S-P as 1.57, a value considera
bly greater than that of the single bond. 
The S-P force constant is strongly dependent upon the electronegativity of the 
neighbouring atom. In SPF3 k(s-P) is 5.21 mdynl A, in SP(CH3h it is 3.33 
mdynl A from which, according to SIEBERT, bond orders of 1.89 and 1.33 re
spectively are derived. For the analogues O-P the respective values 2.44 and 
1.88 are found. Bond partners with d electrons, like the O-P bond, exert a no
ticeably enhanced effect. 
If these results are regarded in the context of how a single oxygen or sulfur 
atom is bound to the phosphorus, then they also support the formulation of an 
X=P double bond and not that of a semi-polar bond. In more specialized in
vestigations the bond orders of all substituents on the phosphorus must, how
ever, be taken into consideration. 
The most correct way of depicting these compounds would be to write four a 
bonds and to show the associated n component separately. It is not possible to 
estimate the absolute extent of this n component, on the other hand changes 
within homologous series are covered. However, the actual state prevailing is 
certainly better given by the formulation (III) than by the structure (IV) [106]. 

(III) (IV) 

Derivatives of phosphorus with the co-ordination numbers 4 and 5 can be con
sidered from a more general point of view. With these compounds the lowest 
stable valency of phosphorus is exceeded, which as donor atom utilizes more 
bonding electron pairs than are required by the Lewis-Langmuir theory to 
reach a stable configuration. In the case of compounds such as POCb, PSCb, 
P(OR)5, PCl5 etc., we are concerned with mo ecules that may be regarded as 
addition products of a stable molecule with ho univalent or bivalent ligands. 
Therefore the term hypervalent molecule is u&~d; these molecules possess dif
ferent types of chemical bonds and are able to form geometric isomers on a 
single atom, because one bonding type can change by oscillation or rotation 
into another bonding type. A detailed review on the theory and practical as
pects of hypervalent molecules of the 5.-8. main group of the Periodic Table 
has been published by MUSHER [753]. 
With regard to the "elasticity" of the mode of reaction of phosphoric acid es
ters, the result of COLLIN is of importance in that, by minor energy additions 
(10 kcal/mol), changes in conformation can be achieved which for their part 

24 



Reactivity 

induce changes of the 2p - 3 d interaction and thus the charge distribution. 
However, this means considerable variance in chemical reactivity. Such 
changes in conformation and their effects on 2p-3d 1C bonds might be evoked 
in biochemical systems by hydrogen bridges or electrostatic forces, and thus 
playa significant role in the catalytic activity of enzymes or at biochemical in
terfaces. 

2.2. Reactivity 

a) Hydrolysis, Alcoholysis 

The hydrolysis of organophosphorus compounds follows several patterns, de
pending upon the type of ester (see Table 2), the solvent, the pH range or upon 
catalytically active additives. A qualitative knowledge of the various grades of 
reactivity in relationship to structure facilitates the synthesis of products with 
special properties for practical application, e.g. for use in rather strongly alka
line dip, in acid soils, to regulate the rate of degradation in plants or animals 
(residue tolerances, waiting periods, toxicological effects, etc.). 
In the following, the hydrolysis of the ester types summarized in Table 2 will be 
discussed, then the reaction with other nucleophiles as hydroxyl ion, some nu
cleophilic replacement reactions with ester halides, and finally intramolecular 
C-O cleavage reactions. 

Table 2. Organophosphate types used in crop protection 

Type Structure Type Structure 

A 
RO, .,:::-0 

Three alkoxy H 
RO, .,:::-0 

Phenol RO/P'OR Ro/p'oDR 
groups esters 

B R2N, .,:::-0 Amidates 
RO, .,:::-0 

Benzyl P /p, 
RO/ 'OR RO O-CH2·Aryl esters 

C 
RO, .,:::-s Thionates K 

RO, .,:::-0 0", /OR 
Pyro esters 

RO/P'OR 
P "p 

RO/ ~ / 'OR 

° ° D 
RO, .,:::-0 

Thiolates L 
___ ),.,:::-0 

Cyclic P (CH2), / ' RO/ '-sR --""::"":'0 OR esters 

E 
R, .,:::-0 Phosphonates M 

RO, .,:::-0 
Dialkyl P P 

RO/ 'OR RO/ 'OH ester acid 

F R, .,:::-0 Phosphinates N 
RO, .,:::-0 

Monoalkyl P p 
R/ 'OR HO/ 'OH ester acid 

G 
RO, .,:::-0 Enol esters P 
RO/ 'O-CH=CH-R 
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Emphasis will not be placed on the kinetic aspects of these reactions but on the 
pragmatic comparison of the reactivities. 
The hydrolysis of the trialkyl phosphates of type A in aqueous alkaline medium 
is a first-order reaction in respect of both hydroxyl ion and ester, whereby only 
the P-O bond is cleaved [111]. In the rate-determining step, the hydroxyl ion 
attacks the phosphorus; an exchange of oxygen between the phosphoryl group 
and the hydroxyl ion can be excluded [68]. According to LARSSON [605] the 
process is a one-step reaction, where the degree to which a group is leaving 
rests solely upon the approach of the hydroxyl ion to the phosphorus atom. 
The alternative two-step process, in which the intermediate decomposes more 
rapidly than equilibrium is reached with the solvent, is not distinguishable ex
perimentally from a one-step reaction. 
Therefore, the alkaline hydrolysis oftrialkyl phosphate can be given by Eq. (1): 

This reaction is consistent with the definition of an SNz process but too close a 
comparison with carbon chemistry should be avoided. The intermediate or 
transition state corresponding to Formula (I) is favoured by the fact that 
phosphorus can form structures of co-ordination number 5, with the configura
tion 3 SZ 3 p3 3 d 1 corresponding to a trigonal bi-pyramid. 
This pattern involves non-equivalent bonds: with the same bond length, the 
axial bonds must be stronger [279,401]. If on the other hand, one assumes com
plete Sp3 d hybridization, i.e. bonds of the same energy, then the axial bond dis
tances are longer than those of the equatorial bonds. This means that, from an 
energy aspect, the SNz transition state at the phosphorus favours substituting 
and leaving groups in the axial position. With these prerequisites, Walden in
version should occur during hydrolysis, which in fact HUDSON and GREEN 

[389, 486] were able to demonstrate. 
In neutral or acid aqueous solution the conditions are not so clear. In principle 
it appears that protonation at the ester oxygen first takes place. The hydroxyl 
ion then attacks the carbon atom in an SNz reaction for, with hydrolysis in wa
ter containing 180, the activity is found almost exclusively in the methanol [68]. 
The leaving group would accordingly be the dialkyl phosphate anion: 

RO~ /0 * 
~p'l' + CR OR 

RO/ 'OR 3 
(2) 

Since many nUcleophils compete with water in the C-O cleavage, the hydroly
sis of trialkyl to dialkyl phosphates is accelerated on addition of buffer sub-
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stances or acids, whose anions are strongly nucleophilic toward carbon. Ac
cording to PEARSON'S concept of hard and soft acids and bases C-O cleavage 
is to be expected when soft bases attack the soft acid R + (cf. p. 33 f.). Hard 
bases react preferentially with the hard acid R2PO + and result in P-O cleav
age as was amply illustrated by TEICHMANN and HILGETAG [1048]. 
In strong acid medium the direct attack of the hydroxyl ion on the phosphorus 
is superimposed on SN2 reaction at the carbon atom. 

RO 0 
'p7 + ROR 

RO/ 'OR 
(3) 

On considering other ester types and the details expounded on page 24 the 
rule generally holds good that substituents on phosphorus which readily parti
cipate in JC bonds and thus reduce the positive charge on the phosphorus must 
render attack on nucleophilic groups more difficult. A typical example is the 
ami dates of type B, in which the nitrogen can accept the positive charge of the 
phosphorus. Phosphoramidates are therefore relatively difficult to hydrolyze in 
alkaline solution. It is different in acid medium; protonation on the nitrogen 
facilitates attack on the phosphorus with the formation of the corresponding 
ammonium salts. 

- (4) 

The most probable mechanism is that proposed by GARRISON and BOOZER 
[362] on the basis of kinetic investigations of the following series of reactions 
(Eq. (5) and (6»: 

fast 
--"-
~ 

H20 (slow) ~ 

fast 
--"
~ 

fast -

(5) 

(6) 
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Taking into consideration the activation energies and entropies, the authors 
postulate direct substitution of the phosphorus by a water molecule. This takes 
place in a single step that determines the overall rate in which the P-N bond 
is cleaved at the same moment at which the attack of the water molecule occurs 
(Eq. (6». 
Proton equilibrium precedes this step (Eq. (5». The influence of the N-alkyl 
substituents are considered in the light of linear free-energy relationships. 
A further example is provided by the thionates of type C. Since the double
bound sulfur is less electronegative and more readily polarized than double
bound oxygen, the effective charge on the phosphorus atom is reduced. There
fore the rate of alkaline hydrolysis of the thionates must be decreased in com
parison to the P 0 derivatives, which is a well-known fact in preparative 
chemistry. 
Compounds of type D contain sulfur in the thiol form. Here the same argu
ment is valid regarding the lowered electro negativity of the ester sulfur in com
parison to the ester oxygen. The ability to participate in n bonding is dimin
ished, the positive character of the phosphorus atom is maintained, favouring a 
basic attack. Within homologous series the thiol compounds do, in fact, hydro
lyze faster than the corresponding oxygen ester. Another fact to be taken into 
consideration is that the mercaptide ion is more stable as the leaving group 
than the alkoxide ion. The alkaline cleavage of malathion to phosphorodi
thioate and fumaric acid ester is a special case. This intramolecular C-S 
cleavage most likely proceeds by way of an elimination catalyzed by the carb
ethoxy group, for a P-S cleavage ought normally to occur [399]. 

-H20 
----+ 

P-S cleavage, on the other hand, takes place by acid hydrolysis and can be ex
ploited preparatively to obtain y-mercapto-succinic acid, which is otherwise 
difficult to synthesize [231]. 

(8) 

Other substituents with reduced ability to participate in n bonds are alkyl 
groups, as in the phosphonic acid esters (Type E, one P-C bond) and phos
phinic acid esters (Type F, two P-C bonds). The n character of the remaining 
p-o bonds ought to be increasingly strengthened since the P-C bond is prac
tically non-polar and hydrolytically inert (disregarding exceptions such as the 
trichloromethyl group). 
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The consequence is an increased positive charge on phosphorus in comparison 
to the trialkyl phosphates. The "hardness" of the acyl group increases in the 
order phosphoryl - phosphonyl - phosphinyl. 
Alkaline hydrolysis ought to be favoured, while in contrast acid hydrolysis 
must be rendered more difficult. In fact, experimentally, a decreasing alkaline 
and an increasing acid stability is found in the order: 

RO, ...:::0 
p~ 

RO/ 'OR 

Phosphates Phosphonates 

R, ...:::0 
P~ 

R/ 'OR 

Phosphinates 

From the point of view of practical crop protection, the next three types belong 
to the most important series of compounds. The enol phosphates of type G, 
like the aryl phosphates (Type H), differ from the examples so far discussed in 
that inductive effects are superimposed on the mesomeric effects of the double 
bond systems and on any of its possible substituents. 
Generally alkaline hydrolysis of the enol phosphates [619] proceeds exclusively 
with loss of the enol. 
In comparison to the trialkyl phosphates, acid hydrolysis is favoured (half-lives 
of the order of 1 : 10) [620] and consists largely in a cleavage of the P-O bond 
in contrast to the predominantly C-O cleavage in the trialkyl phosphates: 

O=C-CH;: 
I 

(9) 

According to BUNTON and ROBINSON [155] the acidic hydrolysis of diethyl 
a-phenyl vinyl phosphate follows an A-SE 2 mechanism, i.e. the proton trans
fer is rate limiting: 

On the basis of then kinetic data, it appears questionable whether a water mo
lecule is involved as a nucleophile in the transition state. 
Aryl esters of the type H hydrolyze under P-O cleavage. Here also, mesomeric 
and inductive overlap. If the benzene ring is substituted with electron-with
drawing groups, then the rate of hydrolysis of the corresponding phosphoric 
acid esters follows a linear free-energy relationship of the Hammett type [344]. 
Substituted phenols can be replaced by enolizable heterocyclic oxo-com
pounds. With appropriate structures one can expect an increase in rate of acid 
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hydrolysis, which, analogous to the enol phosphates, is probably accompanied 
by p-o cleavage: 

(11) 

Both ester types (G and H) fall within the term" Acyl" of SCHRADER [956], i.e. 
the P-O bond possesses somewhat of an anhydride character. The signifi
cance of this property for biological action is discussed in greater detail on 
p. 40. Hydrolysis of benzyl phosphates of type I is accompanied by C-O 
cleavage which is consistent with the chemical behaviour of the benzyl carbon 
for the benzyl cation is a typical soft acid. 
Since most compounds comparable with this group are in practice the esters of 
N-methylol heterocyclics, benzazimide has been chosen as example: 

----+~ final products 

Whereas P-ester cleavage should result in an O,O-dialkyl phosphorodithioic 
acid, in the case of ®Gusathion, however, dimethyl phosphorodithioic acid is 
obtained. Its intensely yellow copper salt serves for the analytical determina
tion of the active substance [453]. 
Other classic representatives of SCHRADER'S "Acyl" rule are the pyrophos
phates of type K ("Acyl" = phosphoryl): during hydrolysis they react like nor
mal acid anhydrides with P-O cleavage. 
However, the cyclic phosphates of type L are somewhat exceptional, being 
characterized by a surprisingly high rate of hydrolysis if the phosphorus is con
tained in a five-ring system [224]: 

Since the hybridization on the phosphorus cannot differ in principle from that 
in trimethyl phosphate, the alkaline hydrolysis of (II), which is higher by a fac
tor of 108 , should be attributed to the ring strain and also to the fact that the 
intermediate state (IIa) is sterically favoured. Cleavage takes place at the 
p-o and not at the c-o bond. 
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This also applies to analogously constructed aromatic esters, e.g. (III): 

According to KAISER and KUDO [521] the alkaline hydrolysis of these com
pounds is faster than that of the corresponding diphenyl ester by a factor of 
6 x 106• KUGEL and HALMANN [592] found, however, that with the cyclic esters 
of glycerine (IV), 

the hydrolytic activity between pH 3 and 12 is only slight and comparable with 
that of the dimethyl phosphate. 
Participation of free primary alcohol groups in the hydrolysis may be responsi
ble for this result. 
WESTHEIMER reviewed the experimental results in connection with the prob
lem of cyclic phosphate esters. BOYD [128] contributed molecular orbital calcu
lations on cyclic and acyclic phosphate esters, which support the mechanisms 
formulated by WESTHEIMER (cf. [1117]) to explain the reactivity of cyclic esters 
towards hydrolysis and oxygen exchange. In this respect, however, ring strain 
still seems to be of importance. It leads to a lowered occupation of the P 3 d 
orbitals, which effects deshielding of the phosphorus nucleus. This in its turn 
accounts for the high rate of nucleophilic attack in hydrolysis and oxygen 
exchange. The following mechanism involves the lowest activation energies 
[128]: 

1) The nucleophile approaches the phosphate ester on the reverse side 
of one of the P-O ring bonds. 

2) This bond lengthens to an apical bond and the other P-OC bonds 
become basal bonds of a trigonal bipyramidal intermediate. 

3) The intermediate undergoes pseudorotation more easily when the 
phosphoryl oxygen serves as pivot (i.e. remains in a basal posi
tion). 

4) The apical oxygens prefer to be protonated. 
5) The hydroxyl group formed in step 4 moves away from phospho

rus. 
6) The local geometry at phosphorus relaxes towards a tetrahedron. 

The exocyclic demethylation of (V) is a side-reaction of the ring-opening and 
can be explained by pseudorotation on the central phosphorus atom. The rate 
of ring-opening increases linearly with the acidity, whereas the rate for exo-
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cyclic cleavage may reach a plateau with increasing acidity if pseudorotation 
becomes rate-limiting. 

O"oH 
"P. (VI) 

1\ 071'OCH3 0 0 
'p""" + H2 O OH 
O~ 'oCH3 (13) 

(V) ~ o 0 
'P./' + 

if'1m 
CH30H 

(VII) 

The product ratio of (VI): (VII) therefore should be shifted to (VII) if acidity 
increases [556]. 
For practical application in crop protection such high rates of hydrolysis are 
disadvantageous because an insecticidal ester on its passage through the organ
ism would be rapidly detoxified by enzymatic hydrolysis reactions before it 
was able to reach its target. 
The question now arises of the further course of hydrolysis after the first stages 
so far discussed, i.e. the behaviour of ester acids of the type M. Apart from a 
few exceptions, these compounds are hydrolytically extremely stable. In many 
cases their salts can be isolated by evaporation of aqueous alkaline solutions 
without notable degradation taking place. 
Amongst the exceptions are compounds which are able to form five-membered 
rings with sterically fitting neighbouring groups. A very important example 
biochemically is the rapid depolymerization of ribonucleic acids in alkaline 
medium. Cox and RAMSAY [232] have reviewed this problem: 

resp. 
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The hydrolytic degradation of monoester acids of Type N, discussed recently 
by KIRBY and VARVOGLIS [546] as well as by BUNTON [154], then proceeds very 
rapidly. The conditions are not easily surveyed because, according to the pH 
conditions, either the neutral molecule, mono- and di-anion may react, or via 
preceding proton equilibria, the conjugated acids may be involved. These hy
drolyses are certainly more interesting from a kinetical aspect than from the 
practical application point of view chosen here. 
Furthermore, for all ester types so far discussed, a general rule applies to the 
relationship between structure and hydrolytic reactivity: with increasing size of 
the substituents, irrespective of whether they are bound to the phosphorus di
rectly or via oxygen, sulfur and nitrogen atoms, respectively, the reaction rate is 
reduced by steric hindrance. 

Nucleophiles other than the Hydroxyl Ion 

The attack of an alkoxide ion on the phosphorus leads to a trans-esterification 
which, in principle, almost certainly proceeds in the same manner as the hydro
lysis. Trans-esterifications are particularly easy to achieve when the esters con
tain strongly acidic groups. For example, with alcohol in an alkaline medium, a 
dialkyl p-nitrophenyl ester is readily converted to the trialkyl ester with forma
tion of the alkaline salt of p-nitrophenol. A technical process for the manufac
ture of demeton is based on this reaction (see p. 133). It is also the fundamental 
reaction in enzyme inhibition by organophosphates and the real sense of 
SCHRADER'S "Acyl" rule, as will be shown on page 40: 

+ NaORl 
(15) 

RO, ,00 -0-" p{/ + HO' ~ NO 
/ '- 2 

RO O-enzyme -
(16) 

If the nucleophilicity of the proffered ion suffices for an attack on the ester 
carbon, then the alkylating properties of the phosphoric acid esters come to the 
fore. A good example of both reactions is the solvolysis of tetrabenzyl pyro
phosphate in propanol [278]. The ratio of the rate constants of Eqs. (17) and 
(18) is 3: 1: 

(17) 
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(18) 

Mercaptans react mostly via C-O cleavage to give the thioesters [728, 873]: 

+ CH3 -S-Rl (19) 

In the same manner triesters are dealkylated by amines [187]: 

o 
(ROhP(" e Ell o R2R'HN 

(20) 

In some cases ammonia itself also attacks via P-O cleavage, resulting in the 
amide [553]: 

o + NH3 
(ROh~ ---

OR' 
(21 ) 

Iodide reacts with triesters always via C-O cleavage and, in a similar manner 
to the amines, may be of interest for the synthesis of dealkyl esters. 
Iodide, mercaptide and many amines are typical soft bases which attack R + 

(soft acids) and therefore bring about C-O cleavage. 
In aqueous solution the case quoted on page 26 applies: The nucleophilic mo
lecules compete with the hydroxyl ion and thus catalyze the hydrolysis reac
tion. Heterocyclic amines are particularly effective, especially imidazole, but 
also pyridine, histidine and their derivatives. Whether a nucleophilic or a gen
eral base catalysis is involved, has not yet been clarified. It is possible with 
many hydrolases, including cholinesterase, that the imidazolering of histidine 
is responsible for the hydrolytic activity of these enzymes (see p. 190). 
Using esters of N-acetyl serinamide as a model, MILSTIEN and FIFE [732] at
tempted to clarify this question and found that imidazole in its basic form acts 
as classical general base in the imidazole-catalyzed hydrolysis of this ester 
series. If a heteroatom possessing at least on free-electron pair is situated in the 
a position to the nucleophilic atom, then the molecule shows considerably 
higher reactivity than might be expected from its basicity. Important examples 
of this a-effect [285] are hydroxylamine and oxim anions: these are compounds 
which playa considerable therapeutic role in the reactivation of blocked cholin-
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esterases, as will be shown on page 274. EDWARDS and PEARSON [285] attri
buted the increased reactivity of such nucleophiles to the stabilization of the 
active complexes by the electron pair on the a atom. They assume that, in the 
course of the displacement reaction, an electron pair attempts to pass from the 
nucleophilic to the electrophilic atom, causing positive polarization of the nu
cleophilic atom during the transition state. An electron pair available on the a 
atom would then stabilize the positive charge on the nucleophilic atom. 

b) Alkylating Properties 

The Eqs. (19) and (20) illustrate the ability of phosphoro(thio)ates to alkylate 
suitable partners. HILGETAG and TEICHMANN [455] have made a careful and 
comprehensive review of the alkylating properties of phosphoro(thio)ates. As 
in the case of other alkylating agents, the lower alkyl (1-4 C), benzyl, and 
allylic groups are preferentially transferred. Alone for the reasons discussed in 
connection with hydrolysis on page 28, P=S esters are somewhat weaker al
kylating agents than the P=O compounds. This gradation in alkylating action 
is weakened or may even be reversed by inductive effects of the substituents R 1 

and R2. If they are of a strong electron withdrawing character, then the P 0 
polarity is reduced. For esters of the type: 

HILGETAG and TEICHMANN give the following order for decreasing capacity to 
alkylate: 

> > > > > > 

The alkylating potential runs parallel to the acidity of the corresponding acid 
(see p. 64). Also this potential can be greatly increased by raising the polarity 
of the C-O bond using LEWIS adducts. For example, when ether is reacted 
with trialkyl phosphorothionate and antimony(V) chloride, it is converted 
quantitatively into triethyloxonium hexachloroantimonate [454]: 
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HILGETAG and TEICHMANN suggest the following distinction between the 
various alkylation types [455]: 

1. Re-alkylation 

This occurs when nucleophilic substances are used, which in the alkylated 
form themselves become alkylating agents, for example J - or CH3SCH3 : 

(23) 

2. Alkylation of diester anions by triesters 

This is likely when the alkyl group taken over by the nucleophile is so strongly 
bound that re-alkylation is not possible. The resulting diester anion then serves 
as substitute nucleophile, and is converted into the thiol ester: 

RO> ....,s O»' .. ~ .. ;.s O»",~,,;'S O~ /SR 
I~ + 2 __ 1 + '-':: 2 __ 

RO 'OR RO 'OR RO 'OR RO 'OR 

(24) 

Accordingly the phosphorodithioates yield two further isomeric anions: 

RO> ~S RO>./~ 
1 + r Ie 

RO 'SR RO '8 -- O~.;.S RO........, ~S /1 + /2 __ 
RO 'SR RO 'SR 

(25) --
3. Self-alkylation (Isomerization) 

Even without nucleophilic partners, phosphorothionates themselves can parti
cipate in alkylation reactions. In order to obtain intermolecular C-O cleavage, 
vigorous reaction conditions are required, but such conditions (prolonged reac
tion time, high temperatures) are readily achievable in technical synthesis. 
Here, the nucleophilic center is the thiono-group: 

RO........,7S RO........,7S 
/1 + /2 __ 

RO 'OR RO 'OR --
RO........, /SR RO........, /SR 

/1 + /2 
RO':::::'O RO':::::'O 

(26) 
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Once the reaction has started, the resulting thiol esters are the more powerful 
alkylating agents and accelerate the reaction. 

This mechanism may be regarded as a special case of the Pistschimuka reaction [822] in which the 
phosphorothionates are isomerized by alkyl iodide to the thiol ester: 

(27) 

On the other hand there is an obvious relationship to the Arbusov reaction: 

(28) 

By addition-complexes with LEWIS acids, the self-alkylation of thiono-esters is 
possible at room temperature. Important examples of an intramolecular C-O 
cleavage are the thiono-thiolo rearrangements in the demeton series [346, 443] 
("demeton rearrangement") and with the phosphoryl cholines [164, 354, 
1042]: 

RO S-CH -CH -S-R '-p/ 2 2 

RO/ ~O 

(29) 

(30) 

The Eqs. (29) and (30) are examples which demonstrate the rule that soft acids 
combine preferentially with soft bases. 
The end products of both reactions are such thermodynamically stable combi
nations. TEICHMANN and HILGETAG investigated PEARSON'S concept in rela
tion to the nucleophilic reactivity of the thiophosphoryl group, also for the de
alkylation of trialkyl phosphates in the PISTSCHIMUKA and MICHALSKI reac
tions [822, 723, 724, 726]. 
HEATH [429] found that the thiol esters resulting from these rearrangements are 
able, as strong alkylating agents, to further alkylate the nitrogen or sulfur atom 
in the side chain: 

37 



General Section 

The result of all these alkylation reactions is a conversion of thiono esters into 
thiol esters. This is of practical importance because their susceptibility to hy
drolysis is thereby increased and in physiologically active series is accompa
nied by an increased toxicity to mammals and insects. Consequently, for the 
technical synthesis and formulation of the active substance, water and nucleo
philic molecules must be avoided, especially on long storage and, for the same 
reason, mild conditions during manufacture should be chosen. 

c) Phosphorylating Properties 

1. Chloridates 

The reactivity of the chloridates follows, mutatis mutandis. the rules for ester 
hydrolysis. In phosphorochloridates and phosphorochloridothioates the chlo
rine atoms are not, to any notable extent, capable of participating in a n bond, 
because their spatial arrangement does not favour overlapping with the 3 d or
bitals, for the bond distances are greater than with oxygen atoms. The positive 
charge on the phosphorus is thereby stabilized and nucleophilic attack facili
tated. With increasing substitution by oxygen atoms, this effect is increasingly 
diminished, so that the chlorine atoms can be successively replaced by hydroxy 
compounds. In many cases the third chlorine atom is bound so tightly that it is 
relatively stable against aqueous alkali. In view of what has been said so far, 
this lowered activity is to be expected above all with the thiono compounds as 
with ami des. 
The first chlorine atom in phosphoryl chloride can be exchanged with alcohol 
or even with ammonium chloride, whereas for the second chlorine atom, alco
holate or two molecules of amine are required. 
In the case of the phospho no- and phosphinochloridates a series is obtained, 
analogous to that for alkaline ester hydrolysis, with increasing capacity to acy
late nucleophilic substances. 

According to MILLER [729] the deciding factor for the exchange of a halogen 
atom in the chloridates is not, as in carbon chemistry, the nucleophilicity, but 
rather the basicity of the attacking molecule. Between oxygen and sulfur an
ions, no other difference in activity exists towards O,O-diphenyl phosphoro
chloridate than that attributable to the basicity measured as acidity of the con
jugated acids. (Here C-O cleavage can practically be excluded.) 
DRAGO, MODE, KAY and LYDY [272] investigated the rate of exchange of chlo
ride in compounds of the type (I): 

(1) 
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In bimolecular exchange reactions they found the following order for the rate
diminishing activity of the radical R: 

In general, fluoridates are more difficult to attack hydrolytically than the anal
ogous chloridates. This is readily explained by the ability of the fluorine atom 
via JC bonds to reduce the positive charge on the phosphorus atom. However, 
interesting effects are obtained with the amidofluoridates. N-monosubstituted 
ami des (II) hydrolyze a thousand times faster than the corresponding disub
stituted ami des (III) [428]: 

(III) 

WESTHEIMER [1116] therefore postulated the withdrawal of a proton in (II) to 
give the reactive intermediate (IV) which rapidly reacts further to the final 
products. 

(1) 

During acidic hydrolysis, cleavage of the fluoride ion is favoured in compari
son to chloride, because as with the amides, protonation on fluorine facilitates 
P-F cleavage: 

As is the case with esters, the nucleophilic replacement of halogen can also be 
catalyzed by many bases such as pyridine. A well-known effect is the catalytic 
action of substituted carboxylic acid ami des in phosphorylation reactions in 
which Vilsmeier-analogue complexes may be involved (Method of CRAMER 

and WINTER) [238]: 

o 
II OR 

HCONR2 + PhO- P::: + CI8 

OR 
(2) 
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For a detailed discussion of the hydrolysis of phosphoric acid ester derivatives, 
reference must be made to the literature, in particular to the reviews by Lo
SHADKIN and SMIRNOV [648], by Cox, Jr. and RAMSAY [232], as well as a paper 
by HUDSON [483] which views phosphorylation in the light of a simplified in
terpretation of nucleophilic reactivity. HUDSON links the rate constant with the 
solvation energy and the electron affinity of the nucleophiles, he also relates 
the rate constant to the energy of the bond formed between the nucleophilic 
and electrophilic center. 
SCHRADER [956] provides a wealth of experimental data on special trade prod
ucts and their analogues. 

2. Triesters 

SCHRADER'S empirical rule [956], according to which biologically active phos
phates must possess an "acyl" moiety, was the first indication that the chemi
cal mechanism of insecticidal action might depend upon the phosphorylation 
of biologically important targets. 
In 1937/8 [970] SCHRADER gave a specific formulation (V, VI), and in 1950 
[929] a somewhat more generalized form (VII): 

R2N, -::;:;-Q(S) 
p 

RO ...... 'Acyl 

(V) (VI) 

In 1963 [956] he described this formula (VII) as follows: 

(VII) 

"It is likely that a biologically active phosphoric acid ester will be obtained 
when the following prerequisites are satisfied: Either sulfur or oxygen must be 
directly bound to the pentavalent phosphorus, R I and R2 may be alkoxy 
groups, alkyl groups or amines, while the "acyl" may be represented by the an
ions of organic or inorganic acids such as fluorine, cyanate, and thiocyanate, or 
of other acidic compounds (enolates, mercaptides etc.)". 
If "acyl" stands for a phosphoryloxy group, then this formula readily leads to 
the pyrophosphoric acid esters. SCHRADER'S "acyl", however, has a different 
meaning from the present-day one: 

0' 

e.g. R-~-

but comprises more generally the anions of a variety of H-acidic com
pounds. 
Although a more schematic way of depicting the compound is to be preferred, 
e.g. the formula (VIII) used by LOHS [624], the concept "Acyl" is so well
known that its use can be considered established. 
"Acyl" includes many groups: for example the fluoride ion, a second phos
phoryloxy radical, aryloxy groups or heterocyclic oxo-compounds. The "acyl" 
condition, i.e. the simple model of Y as leaving groups, 
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(3) 

(VIII) Y = "Acyl" 

does not suffice in all cases to explain insecticidal action. Examples of this 
type are DFP (Di-isopropyl jluorophosphates) and paraoxon, or the insecti
cidal pyroesters TEPP and schradan. Thirty years were to pass before a scheme 
was suggested on the phosphorylating (not biocidal) properties of a esterphos
phate molecule, supplementing SCHRADER'S simple working hypothesis, which 
has proved most fruitful in the synthesis of new compounds. CLARK, HUT

CHINSON, KIRBY and WARREN [201] described phosphorylating compounds as 
p-XYZ systems in which the electrons of the P-X bond can be accepted by 
Z. X, Y and Z are usually H, C, N, 0, S or halogen. The phosphorylating po
tential is also enhanced when the P-X bond is naturally weak, i.e. when there 
is nop"-d,, overlapping of the lone electron pairs (N, 0, S) with the phospho
rus atom. (Contribution of the X atom to a 1C bond - see p. 24.) The Z group 
should therefore be as electronegative as possible or become electronegative 
through the influence of electrophilic agents (e.g. protons) or oxydizing sub
stances. A third possibility of reducing basicity of the X atom consists in the in
troduction of a sp2-hybridized Y atom 

II "n, ,II e e 
:::p-x!..y=z -+--+ ...... p-X=Y-ZI (4) 

Examples of insecticides which phosphorylate by this system are the enol 
esters, providing R2 and R3 are suitable for the withdrawal of electrons from 
the Y Z double bond. An important member of this group is DDVP: 

DDVP 

(5) 

If one examines the phosphorylation of acetylcholinesterases in which the 
imidazole ring of histidine is involved (see p. 190), then the phosphorylating 
property of N-phosphoryl imidazole in acidic medium proves of interest: 

(6) 
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Single bonds between Y and Z may lead to a fragmentation of the molecule: 

(7) 

Examples of phosphorylating agents fitting into this scheme are the azinphos 
analogues: 

RO, ° ° p~ II 

RO(/ '~CH 4,/CX) 
(X) (y) 2 I (z) I N"'N Q 

H-A 
- (8) 

If the X, Y, Z grouping leaves as a resonance-stabilized anion, phosphorylation 
of H-A is described by Eq. (9). 

RO" -r0 

RO/\~Y-Z 
H-A 

RO hO :::P:::: + [x=Y-z~+X-Y=Zle + Hffi 
RO A 

(9) 

The most important examples are provided by the parathion group and other 
phenol esters: 

°ON',..o 
- '0 l 1

8 

0-6-N~~ 
(10) 

According to the P-XYZ scheme, the ®Dipterex-DDVP rearrangement (see p. 
74) may be formulated as an internal phosphorylation, the second step repre
sents a phosphorylation of the enzyme site by the DDVP scheme (Eq. (5»: 

RO" -r0 
P CI 

RO/ "O-CH=C::: + HCI 
CI 

(11 ) 

There is little doubt that the SCHRADER rule in the form of the (chemical) mod
ification of CLARK et al. is extremely useful when applied to the synthesis of 
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new compounds and offers more possibilities than the suggestions regarding 
Hammett a values (see p. 206). Here pKa values in a clearly defined range are 
required for the starting compounds, a rule which experience has often proved 
to be invalid: for instance, if one leaves the class of phenol phosphates since 
here protonation, for example, is not taken into account as a possible step of 
"lethal synthesis" at the site of action (see p. 210). 
On the other hand, CLARK'S scheme provides very definite evidence that pro
tonation of phosphorylating substances shortly before or at the site of action 
must playa substantial role in the development of the biological activity of a 
phosphorylating system, e.g. in the case of quinalphos [910] and related com
pounds [907]. 

2.3. Nomenclature 

A simple, logical and generally accepted nomenclature of the organophospho
rus compounds does not exist. Tradition amongst individual teams plays a 
great role, as is apparent from a comparison of the Russian (ARBUSOV) and 
German Schools (MICHAELIS). 
The type- I compound resulting from the Arbusov reaction 

(1) 

(I) 

is designated phosphinic acid ester by some Russian authors. In Germany, on 
the other hand, the compound is described as phosphonic acid ester, and phos
phinic acid derivatives are understood to be compounds with two P-C 
bonds: 

Such differences are particularly disturbing when making a study of the earlier 
literature. As a consequence many attempts have been made in recent years to 
devise a uniform nomenclature, with the result that the literature became even 
more difficult to survey, for no system managed without at least some arbitrary 
axioms. 
The most consequential attempt was made in Scandinavia [606] where all or
ganic derivatives of trivalent phosphorus are designated phosphines, and all 
derivatives of pentavalent phosphorus which contain oxygen as phosphin
oxides. This attempt was stimulated by the gross inconsistencies between the 
American nomenclature based on Chemical Abstracts, KOSOLAPOFF [578] and 
VAN WAZER [1107] on the one hand and the British system on the other, sug-
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gested by the British Chemical Society [41]. For example, while a compound of 
the type 

is regarded in the German and American literature as an acid chloride and is 
considered therefore as a phosphate, according to the British designation the 
chlorine atom is regarded as an alkyl substituent, as the name phosphonate for 
compound III illustrates. 
In the American nomenclature, the concept phosphinic acid is applied to com
pounds of type (IV) which, according to the British designation, are called 
phosphonous acid. 

R, ~o USA: phosphinic acid 

R/P'OR (IV) Brit.: phosphonous acid 

/OR USA: phosphonous acid 
R-P (V) 

'OR Brit.: phosphinic acid 

With compounds of type V the situation is exactly the reverse. 
The German nomenclature, laid down in Beilstein and later in Houben-Weyl 
[475], is based, like the American system, on the acids. An inconsistency be
tween structure and German nomenclature is found in the compounds VI and 
VII. 

(VI) (VII) 

While with the trialkyl ester (VII) it is quite clear that a derivative of phospho
rous acid is involved which becomes manifest in the German designation 
"Trialkylphosphit", the name "Dialkylphosphit" for (VI) is derived from the 
long-used formula (VIII): 

RO 
'P-OR 

RO/ 
(VIII) 

In numerous investigations into the structure of these dialkyl esters, the form 
(VI) was confirmed, so that compound VI may be classified as the basic mem
ber of the phosphonic acid dialkyl esters. The American nomenclature (C. A.) 
also follows this principle. 
Since the number of types of compounds which are important in crop protec
tion is relatively limited, only a few rules suffice. Therefore the halides, cy
anides as pseudo-halides, amides, esters or thiol esters are classified according 
to the corresponding acids which they yield on hydrolysis. 
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In the American literature, acids with two P-C bonds receive the ending 
-inate in the pentavalent form, and the ending -inite in the trivalent form. 
Acids with one P-C bond are correspondingly named phosphonates and 
phosphonites respectively. 
Where English is used, the nomenclature proposed by IUPAC is now largely 
established. Its advantage consists in the intrinsic logic of the system. 
The scientific names are formed in two steps: 

1) By the prefix O-alkyl for each alkylated ester oxygen atom, e.g. 
O-methyl O-ethyl O-propyl phosphate. 

2) If other atoms or functional groups than alkoxy are involved, the 
names are formed by insertion of the corresponding terms into the 
key-word, e.g. phosphoro-ate: 

Key-word 

Functional 
groups 
other than 
alkoxy 

Phosphoro ate 

thio 
amid(e) 
fluorid(e) 
chlorid(e) 
etc. 

Phosphoro I ate 

I thio 
amido 
fluorido 
chlorido 

Two or more groups of the same type are designated by the prefixes di, tri, and 
so on: 

PhOSPhOrO I roote 
di 
tri 

In a similar manner the names for free acids are based, for instance, on the 
key-word phosphoro-ic acid: 

Phosphoro ic acid 

thio 
amid(e) 
etc. 

Some other key-words are for example: 

(RO)zPO-R phosphon( 0 )-ate 

RO-PO (R)z phosphin(o)-ate 
(ROhP phosph(oro)-ite 

R-P(OR)z phosphon( 0 )-ite 

OH 
R-PO/ 

'OR 
(R)zPO-OH 
(RO)zP-OH 

/OH 
R-P 

'oR 

phosphon( 0 )-ic acid 

phosphin(o)-ic acid 
phosphor( 0 )-ous acid 

phosphon( 0 )-ous acid 
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Therefore, the main problem of nomenclature rather consists of naming the 
more complex substituents at the ester oxygen (i.e. the phosphorylated com
pounds) (cf. p. 48 f.). 
A principal disadvantage of the IUPAC nomenclature, however, is more of a 
philological nature, for in languages other than English it is often impossible to 
form words with analogous syllables. 
In the following tables a comparison of the American, British and Scandina
vian nomenclature is given. 
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Table 3. Examples of the nomenclature of phosphoric acid derivatives* 

RO 
'-P-OR 

RO/ 

RO 
'-P-Cl 

RO/ 

RS 
'-P-OR 

RO/ 

Scand. 
Amer. 
IUPAC 
Brit. 
Beilstein 
Houben-Weyl 

Scand. 
Amer. 
IUPAC 
Brit. 
Beilstein 
Houben-Weyl 

Scand. 
Amer. 
IUPAC 
Brit. 
Beilstein 
Houben-Weyl 

Scand. 
Amer. 
IUPAC 

Brit. 
Beilstein 
Houben-Weyl 

Scand. 
Amer. 
IUPAC 
Brit. 
Beilstein 
Houben-Weyl 

Scand. 
Amer. 
IUPAC 
Brit. 
Beilstein 
Houben-Weyl 

Dialkoxy-chlor-phosphinoxid 
Dialkyl phosphorochloridate 
0,0-Dialkyl phosphorochloridate 
Dialkyl chi oro phospho nate 
Phosphorsliure-dialkylester-chlorid 
Phosphorsliure-dialkylester-chlorid 

Dialkoxy-chlor-phosphinsulfid 
Dialkyl phosphorochloridothioate 
0,0-Dialkyl phosphorochloridothioate 
Dialkyl chlorothiophosphonate 
Thiophosphorsliuredialkylester-chlorid 
Thiophosphorsliure-O,O-dialkylester-chlorid 

Dialkoxy-mercapto-phosphinsulfid 
O,O-Dialkyl hydrogen phosphorodithioate 
O,O-Dialkyl phosphorodithioic acid 

Dithiophosphorsliure-O,O-dialkylester 
Dithiophosphorsliure-O,O-dialkylester 

Trialkoxy-phosphin and Trialkylphosphit 
Trialkyl phosphite 
0,0,0-Trialkyl phosphite or Trialkyl 

phosphite 
Trialkyl phosphite 
Trialkylphosphit 
Phosphorigsliure-trialkylester and Trialkyl-

phosphit 

Dialkoxy-chloro-phosphin 
Dialkyl phosphorochloridite 
0,0-Dialkyl phosphorochloridite 
Dialkoxychlorophosphine 
Dialkylphosphorigsliure-chlorid 
Phosphorigsliure-dialkylester-chlorid 

Dialkoxy-alkylmercapto-phosphin 
O,O,S-Trialkyl phosphorothioite 
O,O,S-Trialkyl phosphorothioite 
Trialkylthiophosphite 
Thiophosphorigsliure-O,O,S-trialkylester 
Thiophosphorigsliure-O,O,S-trialkylester 



Nomenclature 

Table 3 (continued) 

RO, -90 Scand. Dialkoxy-phosphinoxid 
RO ...... P'H Amer. Dialkyl phosphonate 

IUPAC (O,O-)Dialkyl phosphonate (O,O-Dialkyl 
phosphite) 

Brit. Dialkyl phospho nate 
Beilstein Dialkylphosphit 
Houben-Weyl Phosphorigsiiure-dialkylester 

R, -90 Scand. Alkoxy-alkyl-chloro-phosphinoxid 
P Amer. Alkyl alkylphosphonochloridate RO...... 'CI 

IUPAC O-Alkyl alkylphosphonochloridate 
Brit. Alkyl alkoxychlorophosphine oxide 
Beilstein Alkylphosphonsiiure-alkylester-chlorid 
Houben-Weyl Alkanphosphonsiiure-alkylester-chlorid 

R Scand. Dialkoxy-alkyl-phosphin 
'P-OR 

RO ...... Amer. Dialkyl alkylphosphonite 
IUPAC O,O-Dialkyl alkylphosphonite 
Brit. Dialkyl alkylphosphinate 
Beilstein Alkyl phosphinigsiiure-dialkylester 
Houben-Weyl Alkanphosphonigsiiure-dialkylester 

R Scand. Alkoxy-alkyl-chlor-phosphin 
'P-Cl 

RO ...... Amer. Alkyl alkylphosphonochloridite 
IUPAC O-Alkyl alkylphosphonochloridite 
Brit. 
Beilstein Alkylphosphinigsiiure-alkylester-chlorid 
Houben-Weyl Alkanphosphonigsiiure-alkylester-chlorid 

R, -90 Scand. Alkoxy-dialkyl-phosphinoxid 
P Amer. Alkyl dialkylphosphinate R...... 'OR 

IUPAC O-Alkyl dialkylphosphinate 
Brit. Alkyl dialkylphosphonite 
Beilstein Dialkylphosphinigsiiure-alkylester 
Houben-Weyl Dialkyl-phosphinsiiure-alkylester 

R, -90 Scand. Dialkyl-chlor-phosphinoxid 
R ...... P'CI Amer. Dialkyl phosphinochloridate 

IUPAC Dialkylphosphinochloridate 
Brit. Dialkylchlorophosphine oxide 
Beilstein Dialkylphosphinigsiiure-chlorid 
Houben-Weyl Dialkylphosphinsiiurechlorid 

R, -9S Scand. Dialkyl-chlor-phosphinsulfid 
P Amer. Dialkyl phosphinochloridothioate R ...... 'Cl 

IUPAC Dialkylphosphinochloridothioate 
Brit. Dialkylchlorophosphine sulfid 
Beilstein Dialkylthiophosphinigsiiurechlorid 
Houben-Weyl Dialkylthiophosphinsiiurechlorid 

R Scand. Dialkyl-chlor-phosphin 
'P-CI 

R ...... Amer. Dialkylphosphinochloridite 
IUPAC Dialkylphosphinochloridite 
Brit. 
Beilstein Dialkylphosphin-chlorid 
Houben-Weyl Dialkylphosphinigsiiurechlorid 

* In all cases R may also be Aryl. 
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Several possibilities are open for the nomenclature of dimeric phosphoric acid 
derivatives. The formation of the name with "anhydride" is generally applica
ble. In the special case of a combination of acids of the same type, the designa
tion "pyro" may be applied. In order to show that both acids are bound to
gether via a sulfur atom, the term "anhydride" may be replaced by the term 
"anhydrosulfide" . 

Examples: 

Possible: (O,O-Diethyl phosphoric acid) (O,O-diethyl phosphoric acid) an
hydride 

Usual: Tetraethyl pyrophosphate 

Possible: (O,O-Diethyl phosphorothionic acid) (O,O-diethyl phosphoro
thionic acid) anhydrosulfide 

Possible: 0,0,0',0' -Tetraethyl pyrophosphorotrithioate 

o 
RO, II/OR 

p-o-p (XI) 
RO/ 'OR 

Possible: (O,O-Dialkyl phosphorous acid) (O,O-dialkyl phosphoric acid) an
hydride 

Possible: (O,O-Dialkyl phosphorothioic acid) (N,N,N',N'-tetraalkyl phos
phoramidic acid) anhydride 

As the examples show, a sulfur atom may be bound to the phosphorus by 
either a single or double bond. Although the designations, e.g. "O,O,S-trialkyl 
phosphorothioate, O,O,O-trialkyl phosphorothioate and O,O,S-trialkyl phos
phorodithioate, appear quite clear, it has become common practice to desig
nate P S compounds as "thiono" and P-SR compounds as "thiolo" deriva
tives. 
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In many cases if phosphorus is considered as a central atom the use of the 
nomenclature already discussed leads to very unwieldy names as the following 
examples illustrate (XIII, XIV, XV). Such names are better derived by regard
ing the organic molecule as substituted with a "phosphoryl, phosphonyl or 
phosphinyl" group: 

JSC: 1,4-dioxan-2,3-ylidene bis(O,O-diethyl phosphorothiolothionate) 
Manufacturer: 2,3-p-dioxanedithiol-S,S-bis(O,O-diethyl phosphorodithionate) 
"Phosphoryl": 2,3-bis-(O,O-diethylthionophosphorylthio )-1 ,4-dioxane 

CH30, ;::::-S 
...... p, 

CH30 S-CH2 -CO-NH-CH3 

dimethoate. (XIV) 

dimethoate 

JSC: O,O-dimethyl S-(methylcarbamoylmethyl) phosphorothiolothionate 
Manufacturer: O,O-dimethyl S-(N-methyl-carbamoylmethyl) phosphorodithioate 
"Phosphoryl": (O,O-dimethyl thionophosphorylthio) N-methyl acetamide 

C2H sO, -7S S.::::. ....... OC2H s 
....... p P, (XV) 

C2HsO " / OC2H s 
S-S 

Bis-(O,O diethyl-thiono-phosphoryl) disulfide 

As a consequence of this situation we have, on the one hand, VAN W AZER'S 

philosophy [1106]: 

"- what's in a name? That which we call a rose by any other name 
would smell as sweet" .... (Romeo and Juliet 11,2) 

and on the other hand, the recommendation that structural formulae always be 
used when discussing problems. 
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3.1. Starting Materials 

The large-scale synthesis of the phosphoric acid esters is a relatively young 
branch of industry, the development of which is clearly associated with their 
increasing significance as insecticides in crop protection, beginning after the 
Second World War. It is difficult to form an exact picture of the production 
figures because in general there is a delay of 5-10 years before these figures are 
made known by industry. Thus the last comprehensive compilation of Ameri
can production was made in 1958 [1108]. According to this report, only 4% of 
phosphorus production was used for the manufacture of organophosphorus 
derivatives. However, this still means a total of over 45,000 tons of chemical 
products, one third of which were insecticides. 
While the total production of organic insecticides of the earlier chemical types 
fluctuated, in 1951 to 1961, between 140,000 and 180,000 tons per year, the pro
portion of phosphorus insecticides (see Fig. 12) rose from 3,200 tons in 1951 
(estimated) to 11,500 tons (1957), 17,300 tons (1960), 22,200 tons (1961), 25,500 
tons (1962), 33,600 tons (1963), 37,000 tons (1964), 43,300 tons (1965) to 54,500 
tons in 1966. These figures refer solely to American production and to active 
constituents. 

60000 
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10000 
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Fig. 12. US production of insecticidal organophosphates 
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The production of parathion-methyl and parathion in the USA in 1965 was 
about 20,700 tons and, in 1966, 25,100 tons [334]. 

CI "",,5 CI"", "",,0 
""'P P 

CI/ "'CI CI/ "'CI 

j j 
RO"", "",,5 RO"", #0 

P""" p;f" 

CI/ ""'CI CI/ "'CI 

j j 
RO"", "",5 RO"", "",,0 

p<7 __ P""" 
/ "",-- /'" 

RO CI RO CI 

Acids and their salts, resp, 

/CI 
R-P 

""'CI 

j 
R"", "",,0(5) 

P""" 

CI/ ""'CI 

"",0(5) 
p<7 

/"'" 
RO CI 

R"", <f?0 (5) 

/p"", 
RO OH 

(-SH) 

RO,,- "",,0(5) RO"", 

,/,p"", P-OR 

RO H RO/ 

Di- and triatkyt phosphites 

\ 
R,,- "",,0 

/p", 
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/p"", P"", 

RO 0/ OR 

Anhyd rides 

Fig, 13. Schematic synthesis of the important phosphorus intermediates for insecticide manufac
ture 

The industrial synthesis of the more important phosphorus intermediates will 
be discussed in connection with the scheme of manufacture illustrated in 
Fig. 13. 
Elemental phosphorus is obtained by reduction of phosphates with carbon in 
an electrical furnace with the addition of silica. The overall reaction proceeds 
as follows: 
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[ - ca. 730 kcal] 
(1) 

The elemental phosphorus is further purified, if necessary, by distillation 
[1108]. For the manufacture of one ton of phosphorus about 6-10 tons of raw 
phosphate, 1-3 tons sand, 1.3-1.4 tons coke and 12,500-16,000 kwh. are re
quired. As a rule raw phosphate and energy requirements are each responsible 
for 30-35 % of the production costs. It was not until 1953 that elemental phos
phorus was first manufactured in the Federal Republic of Germany, the firm 
Knapsack being the sole producer. In 1965, 70,000 tons were made. In 1968 the 
first furnace of a new plant with a yearly capacity of 30,000 tons was started. 
Accordingly, Knapsack's contribution to world production would be about 
10% [555]. 
For example, in a new plant with a capacity of 2,000 tons per year for the man
ufacture of P4SIO (vapour: P2SS), Knapsack AG employ a process in which the 
appropriate quantities of phosphorus and sulfur are reacted together at 350 °C 
in liquid form under a protective gas [239]. 
The second starting material, phosphorus trichloride, can also be obtained 
from the elements in an exothermic reaction when gaseous chlorine is passed 
over molten phosphorus. The resulting PCh distills into the receivers and is re
distilled with white phosphorus to remove the phosphorus pentachloride. 
While phosphoryl chloride is relatively easy to obtain by various processes, for 
example by the controlled hydrolysis of PCls , by oxidation of PCh or by reac
tion of phosphorus pentachloride with phosphorus pentoxide, the synthesis of 
the analogous sulfur compound PSCh was, at first, far more difficult. Origi
nally thiophosphoryl chloride was manufactured by heating PCh with sulfur in 
a sealed tube at 130 0c. It was not possible to apply this method on a large 
scale because the required autoclave size was impractical, and corrosion by 
PCI3 and resulting hydrochloric acid made economic production impossible. It 
was not until 1939 that a patent appeared [918] claiming a process in which 
PCl3 in vapour form at 140°C is passed over liquid sulfur of low viscosity. This 
permitted the continuous production of PSCh, which was later further im
proved by the use of catalysts such as charcoal [508], zinc chloride etc. 

a) Phosphorochlorido( thio )ates and Phosphonochlorido( thio )ates 

Phosphoro- and phosphonochloridates can be prepared by relatively simple 
fundamental reactions. The phosphinochloridates are not considered here be
cause their manufacture involves a Grignard reaction which is difficult on an 
industrial scale (cf. [979]). (Phosphinyl compounds only as antibiotics, see 
p. 167.) 
Phosphoryl chloride is used as starting material for the preparation of the 
phosphorochloridates [750, 1125]. Uniform dialkyl phosphorochloridates are 
produced on reaction with alcohols, provided the resulting hydrogen chloride 
is removed from the reaction mixture. In the first stage the dichloridates are 
obtained (II). 
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Under suitable conditions they can be isolated, so that at this point of the syn
thesis, mixed chloridates (II -+ III) can also be achieved [1091]. The quantita
tively most important of the chloridates are dimethyl and diethyl phosphoro
chloridate (IV) and (V) respectively. 

(I) 

+ROH 
~ 

- HCI 

CH30, h O pr 
CH30/ 'CI 

(IV) 

(II) 

~ 

-Base·HCI 

(V) 

(2) 

(III) 

With halogens, trialkyl phosphites (VI) undergo a type of Michaelis-Arbusov 
reaction [691] and also yield dialkyl phosphorochloridates: 

(VI) (III) 

Dialkyl phosphites (VII), more conveniently prepared as trialkyl phosphites, 
react directly with chlorine to give dialkyl phosphorochloridates [412, 503, 
691]: 

(4) 

(VII) (III) 

Diethyl phosphorochloridate can be obtained in one process from phosphorus 
trichloride, alcohol and subsequent reaction with sulfuryl chloride [316, 915]. 
An elegant synthesis is that of STEINBERG [1015]: 

(5) 

(VII) (III) 

The reaction is carried out in the presence of tertiary amines. If primary or sec
ondary amine is present, then dialkyl phosphoramidates result. In the presence 
of phenolate, dialkyl phenyl phosphates are produced (see p. 111). 
The reactions illustrated can also be applied to the thio-analogues. Thus thio
phosphoryl chloride can be reacted in a corresponding manner with alcohol 
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and alcoholate, respectively [319, 698]. As by-product, the corresponding tri
ester is always obtained in relatively large quantities. 

CL,,hS ROH 
pr --+ 

cr ...... 'CI - HC] 

(VIII) (IX) 

R'OH 
--+ 

-HC] (6) 

(X) 

The phosphorochloridothioates are difficult to prepare by thionation of the 
corresponding oxygen compound. Thionation of the trivalent phosphorus com
pounds is to be preferred. Appropriate sulfur carriers are P2SS , elemental sul
fur and PSCh [51, 287, 378, 1022, 1056]. 
GROENWEGHE and PAYNE [394] have published results of systematic attempts 
with reorganization reactions between X3P 0 and X3P=S compounds. They 
found that the reaction temperatures and times required correspond to the 
reaction conditions needed for halogen or alkoxy group exchange. One must 
always expect such reactions as side reactions when P 0 and P S com
pounds are present at the same time in a reaction mixture and when tempera
tures of about 150°C are reached. The formation of POCh from PSCh is fa
voured. In some cases it is possible to use catalysts such as PCl3 or AICh. 
Another route to the chloridothioates starts with P2SS via the dialkyl phosphoro
dithioic acids (XI) which react with chlorine following Eq. (7) [320, 432, 760]: 
By this means and under carefully controlled conditions dialkyl thioates are 
obtained which are very pure and contain very little trialkyl ester which, ac
cording to the method of Eq. (6), always appears as an impurity. The sulfur 
chlorides are hydrolyzed, and the resulting sulfur kept in solution by the addi
tion of sulfite. Purification is achieved by vacuum distillation [432, 433]. 

RO S 
2 'p-?- + 3 CI2 ---+ 

RO""" 'sH 
(XI) 

RO, ,hS 
2 ...... p( + 2 HCI + S2CI2 

RO CI 
(7) 

(X) 

If PCIs is used as the chlorinating agent [1062], thiophosphoryl chloride is ob
tained as a by-product, which can be further utilized by the method shown in 
Eq. (6). 

---+ 
RO S 

'p-?- + PSCI3 + HCI 
RO""" 'CI 

The chlorination of dialkyl phosphorothioites is also 
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RO S 
'p-?- + CI ---+ 

RO""" 'H 2 

(XII) 

RO S 
'p-?- + HCI 

RO""" 'CI 

(8) 

(9) 
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suitable for the synthesis of the dialkyl phosphorochloridothioates. Completely 
triester-free chloridothioates can be obtained using the Steinberg reaction 
[641]: 

RO S 
'p~ + CCI 

RO'/ 'H 4 

trace 
~ 

Et,N 

RO S 
'p~ + CHCI 

RO/ 'CI 3 
(10) 

In addition to the chloridates, the amidochloridates, especially tetramethyl 
phosphorodiamidochloridate (XIII), and the thiono-analogue (XIV) should be 
mentioned. PO(S)Ch is also used for their preparation, being reacted with sec
ondary amines or their hydrochlorides: 

(CH3hN, .;:::O(S) H3C, 
p?' + 2 NH·HCI 

(CH3hN/ 'CI H3C/ 
(II) 

(XIII) and (XIV) 

In order to obtain higher yields, the reaction is carried out in two stages [247, 
471, 715, 720, 721, 361, 932, 1101]: 

(S) R2N, .;:::O(S) 
R2NH· HCI + POCI3 ) p?' 

-2HCI CI/ 'CI (12) 

(XIII a) and (XIV a) 

R2N, .;:::O(S) + 2R,NH R2N, .;:::O(S) p?' ) p?' 
CI/ 'Cl -R,NH·HCI R 2N/ 'CI 

(XIII) and (XIV) 

The reaction with thiophosphoryl chloride proceeds analogously to (XIV a) 
and (XIV) [517, 884]. 
Phosphorochlorido( di)thiol(n)ates have recently gained in significance, par
ticularly O-ethyl S-n-propyl phosphorchloridodithioate. Two synthetic routes 
are available for their preparation: O-n-propyl phosphorodichloridothionate is 
thermally rearranged to S-n-propyl phosphorodichloridothiolate which is 
thionated with phosphorus pentasulfide [452] 

(13) 

and then reacted with one equivalent of alcohol to yield [41]: 

(XV) (14) 
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The other route involves direct reaction of phosphorus sulfochloride with a 
mercaptan [259, 1071]: 

(XV) (15) 

The oxygen analogues may be obtained by group exchange between triethyl 
phosphite and phosphorus trichloride [552, 685, 684], followed by reaction of 
the O,O-diethyl phosphorochloridite formed with n-propylsulfenyl chloride 
[1065, 812]: 

p03 C2HsO, -----t.. ......P-Cl 
N2 ', catalyst C2HsO 

(XVI) (16) 

A product free of triester is obtained by this route. 
Alternatively, n-propylsulfenyl chloride can be reacted with phosphorus tri
chloride in the presence of a carboxylic acid [79] and then further treated with 
one equivalent of alcohol: 

o 
II/a C2HsOH 

nC3H7S- P .. 
'a base 

+ acyl chloride + HCl 

(XVI) 

carboxylic acid/H2 0 .. 

(17) 

In addition to the phosphorochloridates as intermediates for phosphates and 
phosphoric acid anhydrides, the phosphonochloridates are becoming of in
creasing importance. Since here a direct phosphorus-carbon bond must first be 
formed, the syntheses are somewhat different. Nearly all methods are based on 
the conversion of phosphonodichloridates to the monochloridates, using triva
lent phosphorus compounds as starting material [838]. However, phosphorus 
and pentavalent phosphorus compounds are becoming increasingly important 
(see p. 60). 
A special method for the preparation of methylphosphonodichloridate is the 
pyrolysis of dimethyl phosphite [80, 226] (Eq. (18». It proceeds via cleavage of 
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dimethyl ether to methylpyrophosphonic acid (XVII), which can be isolated. 
Chlorination with thionyl chloride provides the dichloride (XVIII). 

250" SOCI, ) 

-CH,OCH, 

ROH 

-HCI 

The synthesis preferred for large-scale manufacture originates from KINNEAR 
and PERREN [544, 545] (Eq. (19». Phosphorus trichloride is reacted with alkyl 
or aryl halides and aluminium trichloride. The intermediate is alkyl or aryl 
phosphorus tetrahalide, which can be processed in a variety of ways [204] (see 
p.58f.). 

(19) 

The Graf reaction is also worth mentioning [385] (Eq. (20». Aliphatic and cy
c10aliphatic hydrocarbons are reacted with phosphorus trichloride and elemen
tal oxygen: 

(20) 

The phosphonates, which can be obtained by the Michaelis-Arbusov reaction 
(a) or by the Michaelis-Becker reaction (b), can be converted with phosgene to 
phosphonochloridates [146, 211, 213, 253, 869, 914]: 

RO -R-Hal 
(a) RO;;P + RIHal =r RO Rl, h O COCl, Rl, h O 

p7 - p7 (21) 
RO e 0 RU/ 'OR RO""'" 'Cl 

(b) 'p~ + RIHal 
RO""'" 'Na(l) - NaHal 

According to WARREN [1104], the last step in Eq. (21) starts with an electro
philic attack of the carbonyl C on the phosphoryl 0, followed by nucleophilic 
replacement of the oxygen atom by a chloride ion. 
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0 8 

RO R' I 
'Pz-+"CELCI 

RO""" -"'::0 l-.. Ct"; 

The phosphonodichloridates synthesized by the method of KINNEAR and PER
REN [544, 545] can be thionated to the phosphonodichloridothioates. 
The most important compounds are obtained by the following syntheses: 

1) Phenylphosphonodichloridothioate results from benzene and phosphorus 
trichloride in the presence of aluminium chloride and subsequent thionation of 
phenylphosphonodichloridite with PSCh or elemental sulfur [149,381,504]: 

0+ PC13 
S 

S Cl 

o-~ II..... ROH 
P ___ 

- 'Cl or PSCJ, ~~ S 
? - P 

R6 'Cl 

(23) 

(Thionation can also be carried out with P2S5 [516]). Phenylphosphonodichlo
ridite has been produced by passing phosphorus trichloride and benzene 
through glowing tubes [476]. 
2) For alkyl derivatives, variations of the Kinnear-Perren synthesis are known 
(Eq. (24a» [525]: 

(24 a) 

If the complex is cleaved with potassium chloride and alkyl mercaptan (Eq. 
(24 b», then the phosphonodichloridothioate is likewise obtained and can be 
converted in the usual manner with alcoholate into the monochloridothioate. A 
technically feasible process for the manufacture of the lower alkylphosphono
dichloridothioates was developed by SCHLIEBS et al. [900, 901]. The advantage 
of this method is that normal pressures can be used, no solvent is required and 
a portion of the aluminium trichloride can be reclaimed. This is achieved by re
placing the solid complex (R-PCh) + (AICI4) - by the liquid complex 
(R-PCh)+ (AhCh)- [903,904,906]. 
The process proceeds as follows: 
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(The aluminium chloride which is not complex-bound can be reclaimed with 
suitable solvents such as methylene chloride). 

R-PCI2 ·AlCI3 + S 
R..... ":78 

------+ /p, . AlCl3 
Cl Cl 

(ref. (570)) (25 c) 

R 8 R 8 
::::P~ . AICl3 + KCl ------+ 'p":7 + K[AICI41 (25 d) 

Cl Cl Cl/ 'Cl 

In stage (b) of the reaction aluminium can be replaced by phosphorus for the 
reduction of the complex [570, 571]: 

An elegant laboratory process is illustrated by the following equations: 

30-500C 
AIR3 + 3PCl3 ---H 3 RPCI2 ·1/3AlCI3 eplane 

R 8 
'p":7 .1/3 AlCI 

Cl/ 'Cl 3 
(26) 

Trialkyl aluminium likewise reacts with phosphorus trichloride to an alkyl
phosphonodichloridite aluminium chloride complex, which can be thionated 
and then hydrolytically decomposed [702]. 
Tetraethyl lead behaves in a similar manner [538]: 

(27) 

It has the advantage of not forming a complex such as trialkyl aluminium dur
ing the reaction. 
For the preparation of methylphosphonodichloridite other processes are now 
known: 
The most important one still used is the process of PIANFEITI [816]. Methane is 
reacted with phosphorus trichloride at high temperatures yielding methylphos
phonodichloridite (XX). 

,...Cl 
CH4 + PCl3 - CH3-P" + HCl 

Cl 
(28) 

(XX) 
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Hoechst AG patented [363] a variation of this process. Here, some mole per
cents of carbon tetrachloride are added. 
The reactions of methyl chloride with phosphorus in the presence of cata
lysts 

activated carbon/HCl(141) 
CH30 + P ----------

350°C 

CU(6S8) 

are no longer used on a large scale. 

(XX) (29) 

(XX) (30) 

Pentavalent phosphorus is also a useful starting material for a widely applica
ble synthesis of the phosphonochloridates. MARSH and GARDNER [670, 671] 
used the addition of PCIs to camphene; BERGMANN and BONDI [92, 93, 94] 
recognized the general principle of this reaction, in which phosphorus penta
chloride is added mainly on the a-carbon atom to l-olefines without substi
tuents: 

R ....... /c = CHz + 2 PCls --+ 
R 

R 
I 

[R-C-CH -PCl 'PCl] I z 4 s 

Cl 

For example, this reaction offers the only route to "Phosphono DDVP" 
(XXI): 

° Cl........ II/oR 
/C=CH-P ........ 

Cl OR 

(XXI) 

In the case of one tJ-substituent, the addition of phosphorus occurs in the tJ-po
sition: 

R-CH=CHz + 2PCls --+ R-?H-CHz-CI 

PCI4 'PCls 

(32) 

With an excess of olefine the resulting PCIs complexes are cleaved at high tem
peratures, if necessary in a solvent [477]. 
If the chloridates described in Section 3.l.a. are now reacted with appropriate 
molecules containing hydroxyl or mercapto groups in the presence of proton 
acceptors, the corresponding esters as possible insecticides are obtained in a 
normal acylation reaction [702, 1034]: 
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R = Alkyl 
Rl = Alkyl, Aryl, Alkoxy 
X = Oxygen or Sulfur 

Starting Materials 

(33) 

R 1 and RO may also represent NH2-, monoalkyl or dialkylamine. The signifi
cance of the function R 2 will be discussed in Section 4.2 (p. 206 f.). 

b) Phosphoro and Phosphono(thioic) Acids 

The synthesis shown on page 51 illustrates two possible ways of obtaining 
O,O-dialkyl phosphorothioic acids. One route starts with P4SlO and leads by 
way of reaction with appropriate quantities of alcohol under defined reaction 
conditions to O,O-dialkyl phosphorodithioic acids [196, 662, 663]. 

---- H 2 S 

RO" ?,S 
4 /p" 

RO SH 
(34) 

The compounds manufactured on the largest scale by this reaction are O,O-di
methyl and O,O-diethyl phosphorodithioic acid. They are, in some cases, alky
lated directly to insecticidally active esters (see p. 123 f.) and also converted to 
O,O-dimethyl and O,O-diethyl phosphorochloridothioate (see p. 54 f.). (Large 
quantities of the homologues with long alkyl groups are used as flotation 
agents in the mining industry; amounts used being in the order of 10-1000 g 
per ton of ore) [32]. Analogously, mono- and dialkyl phosphoric acids are 
formed from phosphorus pentoxide with alcohols. 
By thionation of dialkyl phosphites, O,O-dialkyl phosphorothioic acids are ob
tained in almost quantitative yield [507, 881]. 

RO" -::::::,0 room 
/p" + S + NH3 ---RO H or amine temp. 

(35) 

The second route by which variously substituted phosphoro(thioic) acids are 
also obtainable starts with thiophosphoryl chloride and phosphoryl chloride 
respectively, which then yield the corresponding chloridates. 

RO" -::::::,O(S) 
/p"" + KCl 

RIO :sK 
(36) 

(37) 

61 



Chemical Section 

(38) 

Phosphonothioic acids or their salts, which are industrially of secondary im
portance, are prepared by hydrolysis or by using potassium sulfide following 
the Scheme on p. 51. 
In comparison to the phosphorothioic acids, the phosphonothioic acid series 
offers a chemical speciality (Eq. (39». If phosphonodichloridothioates are 
treated with hydrogen sulfide, then the so-called "dithioanhydrides" (XXII) 
are achieved [219, 902]: 

S 
R - v.ce
~ 

(XXII) 

(39) 

WHEATLEY [1118] determined the structure of methylphosphonodithioic acid 
anhydride by X-ray analysis. It was found to be a dimeric compound with the 
following bond lengths and angles: 

P-Sl: 2.144 A (equiv. single bond) 
P 

P-S2: 1.940 A (equiv. double bond) Sl1"' 84.2° 
'P' 

P-C: 1.828A 

The "dithioanhydrides" react readily in a formal addition of salts of the for
mula MeX such as KF, NaN3 , KCN, and KSCN to phosphonodithioic acid 
salts [962] which may be alkylated in a subsequent reaction (see also p. 63). 

(40) 

With alcohols, O-alkyl alkylphosphonodithioic acids are formed [965]: 

(41) 

If secondary alcohols are used, compounds of the same type are obtained, they 
cannot, however, be achieved with acid chlorides [220]: 
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RPS 2 + ::::CH - OH -+ 

R 

Starting Materials 

(42) 

Dithioic acids also result by the addition of amino-alcohols and they exist in 
the form of their inner salts [221]: 

(43) 

When the dithioanhydride is reacted with water [545], thioic acids are obtained 
via the oxysulfide and reaction with alcohol: 

---+-
- H 2S 

o 
R-P~ 

"'s 
ROH 

---+- (44) 

The addition of mercaptans to gIVe trithioic acids was described 10 1959 
[950]: 

(45) 

The phosphonodi- and trithioic acids so obtained can in some cases be further 
alkylated to insecticidally active esters [962]. A new type of synthesis for phos
phonohalidodithioates [322, 949] is the addition of alkyl halides to dithioanhy
dride: 

(46) 

The acidity of phosphoric acids, as well as the structure of phosphorothioic 
acids (thiono-thiolo-equilibrium) has been investigated in particular by Rus
sian authors in a Hammett treatment [514, 518, 593]. 
While JAFFE et al. [491] determined the ionization constants of phenylphos
phonic acids (XXIII), 

(XXIII) 
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KABACHNIK et al. went a step further and assumed that the readily polarizable 
P 0 and P S groups, like the benzene ring, were able to confer substituent 
effects on the reaction center, i.e. OH or SH groups of acids of the following 
formulae [514]: 

where R may represent H, OH, alkyl, aryl, alkoxy, or aryloxy groups. The refer
ence acid was hypophosphoric acid, {J was chosen as the unit for the first ioni
zation stage in aqueous solution. The calculation was made by the following 
formula: 

(47) 

where E C1 stands for the sum of the C1 constants of the substituents R. 
The C1 values deviate somewhat from those found for the benzene ring [693]; 
however, about a hundred different phosphoric acids admirably fitted the 
linear Eq. (47). By a stepwise approach, characteristic (J. C1 and pKo values were 
determined for each substituent or for each series. The measurements were 
made in 7% and 80% alcohol. 
For the experimental details and their evaluation, we would refer to the origi
nal work. The acidities of the phosphoric ester acids conform in a qualitative 
sense to the following rules: 

1) Dissociation in alcohol is less than in water. 
2) Alkylation of phosphoric acids increases the acidity (PK values for the first 

dissociation step in 7 % alcohol): 

HO, -r-0 p 
HO/ 'OH 

1.97 

CH30, -r-0 
p 

HO/ 'OH 

1.54 

CH30, -r-0 
p 

CH30/ 'OH 

1.25 

3) The acidity decreases with increasing size of the alkyl substituents: 

CH30, -r-0 
p 

CH30/ 'OH 

1.25 

C2HsO, -r-0 
p 

C2H sO/ 'OH 

1.37 

C3H70, -r-0 
p 

C3H70/ 'OH 

1.52 

4) The acidity falls in the order phosphoric-phosphonic-phosphinic acids: 
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CH30, -r-0 
p 

CH30/ 'OH 

1.25 

CH3, -r-0 
p 

CH3/ 'OH 

3.13 



5) Phenyl compounds are strongly acidic: 

C2 HsO, h O 
p:7 

C2HSO/ "OH 

1. 37 
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6) Increasing sulfur content decreases the acidity in water, but increases acidity 
in alcoholic solution: 

C2 HsO" ~O 
P 

C2 HsO/ "OH 

7% Alk.: 1.37 
80% Alk.: 3.15 

C2HsO" ~S 
P 

C2HsO/ "OH 

1.49 
2.84 

C2HsO" ~S 
P 

C2HsO/ "SH 

1.55 
2.64 

The state of the thiono-thiolo equilibrium in thioic acids is given by the follow
ing rules: 
7) The thiono-form becomes increasingly stable in the order phosphorothioic, 

phosphonothioic, phosphinothioic acid: 

RO" ~s RO" ~O 
80% P ~) P 

RO/ "OH RO/ "SH 

Thiol form present in 7 % alcohol: 

R" ~s R" ~O 
5-20% P E ) P 

RO/ "OH RO/ "SH 

R" ~S + R" ~O 
P -- P 0-1% 

R/ "OH R/ "SH 

8) When 80 % alcohol is used as solvent, the thiono-form is stabilized. At least 
98 % of the phosphonothioic acid is present in the thiono-form. 

These facts are qualitatively in agreement with the bonding conditions dis
cussed on p. 22. 
Insecticidally active esters of phosphoric and phosphonic acids are obtained 
by alkylating the acids according to the following general scheme: 

(48) 
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Examples of these alkylation reactions will be discussed In Chapter 3.2.g 
(p. 123). 

c) Di- and Trialkyl Phosphites and Phosphorothioites 

As was shown on p. 51, a third group of phosphorylating agents of technical 
importance is formed by the reaction of phosphorus trichloride with alco
hol. 
Trialkyl phosphites can be obtained from stoichiometric quantities of phos
phorus trichloride, alcohol and bases such as pyridine [366, 510, 731, 867]: 

RO, 
PCI3 + 3 ROH + 3 Pyr. ~ ........ P-OR + 3 Pyr. HCI 

RO 
(49) 

Separation of the resulting pyridine hydrochloride and the intense cooling re
quired limit the reaction economically. These disadvantages are overcome in a 
process by Bayer AG [899], in which the phosphorous acid trisamide is reacted 
with any desired alcohol (Eq. (50»: 

(50) 

A condition, however, is that the secondary amine used must boil at a lower 
temperature than the corresponding alcohol and can, therefore, be contin
uously removed from the reaction equilibrium by distillation. Without the ad
dition of base, the reaction takes another course than Eq. (49), yielding dialkyl 
phosphites [360, 664, 691, 1125, 1147, 767, 851]: 

RO hO 
PCI3 + 3 ROH ~ :::P::: + RCI + 2 HC! 

RO H 
(51) 

Therefore, only two-thirds of the alcohol used is recovered in the dialkyl phos
phite. On the other hand the alkyl halide serves as coolant and diluent. In par
ticular, dimethyl and diethyl phosphites are prepared by this process. Dipropyl 
phosphite and the higher homologues can be prepared by a method of JONAS 
and THRAUM [509] in which 1 mol phosphorus trichloride is reacted with only 
2 mol alcohol and 1 mol water. 
There is also a trans esterification process for the preparation of dialkyl phos
phites [1100] in which no undesirable impurities arise: 
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'p:;-' + 2ROH ~ 
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An indication of the mechanism involved in dialkyl phosphite formation in Eq. 
(51) is given by the reaction of trialkyl phosphites with hydrochloric acid to 
dialkyl phosphites and alkyl halides: 

RO 
~P-OR + HCI ----+ 

RO 
(53) 

Reaction (53) can therefore be regarded as the simplest case of an Arbusov 
reaction (Eq. (54». 

RO 
'P-OR + R1Cl ----+ 

RU"'" 
(54) 

It is, however, too expensive for the industrial manufacture of dialkyl phos
phites because, for the synthesis of the trialkyl phosphites, bases are also neces
sary. Reaction (53) proceeds by way of quasi-phosphonium compounds 
(XXIV) and (XXV) as intermediates which, on alkylation of the chloride ion, 
decompose to dialkyl phosphite and alkyl halide (Eq. (55»: 

(55) 

(XXIV) (XXV) 

With sodium alcoholate or with sodium metal in inert solvents, the dialkyl 
phosphites are converted to their sodium salts which can be used in the Mi
chaelis-Becker reaction. 
Thionation of dialkyl phosphites with phosphorus pentasulfide [1151] yields 
O,O-dialkyl phosphorothioites (thiol phosphites). 

RO 
'P-SH 

RO/ 
(56) 

The same type of compound is accessible by way of O,O-dialkyl phosphoro
chloridites and hydrogen sulfide [580, 7231 with the exception of the dimethyl 
compound for which only small yields are obtainable [724, 8801. 

H,S, R,N RO,-:::::-S 
-"----"-----+~ P~ resp. 

- R,NHCl RO/ 'H (57) 

Dialkyl phosphites with different alkyl groups can be obtained by trans-esteri
fication [218, 407, 987] but these products are not uniform. Stepwise reaction of 
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phosphorus trichloride with alcohols gives satisfactory results only with sec
ondary alcohols [666, 954, 579]. One clear synthesis is by way of mixed anhy
drides [726] and their alcoholysis as follows: 

-HCl 

According to COLLN [215], phosphorochloridates can be replaced by alkyl 
chloroformates: 

-- ---NaCl -co, 

(59) 

Michaelis-Arbusov and Perkow Reactions 

Esters of trivalent phosphorus have the tendency to change into compounds of 
pentavalent phosphorus. In many reactions, including that of the dialkyl phos
phites, this is formally equivalent to electrophilic substitution on the phospho
rus. There are several papers on the mechanisms of such SE reactions [1104, 
547,485]. 
One of the most important examples of the transformation of trivalent to pen
tavalent phosphorus compounds is the conversion of trialkyl phosphites to the 
thermodynamically more stable phospho nates ; the reaction is accompanied by 
the formation of a phosphorus-carbon bond. This is known as the Michaelis
Arbusov reaction and is effected by the action of alkyl halides: 

RO 
RO~P + RIHal 
RO 

(60) 

If the alkyl groups of phosphite and halide are identical, then isomerization of 
the phosphite to phosphonate occurs (intrinsic Arbusov reaction). In this 
case, catalytic quantities of alkyl halide are sufficient. When the alkyl substi
tuents are different, then the alkyl halide added to the reaction competes with 
that being released. The ratio of resulting products can be adjusted in the re
quired direction by distillation or by an excess of alkyl halide [233]. 
Sodium salts of dialkyl phosphites react with alkyl halides to yield the same fi
nal products. 
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(61) 

This synthesis is termed the Michaelis-Beeker-Nylen reaction and may be re
garded as an extension of the Michaelis-Becker reaction. ARBUSOV suggested 
two steps - an addition followed by removal of the alkyl halide: 

-----+ 
-RHal 

(62) 

When R represents a phenyl group, the addition product can be isolated. This 
intermediate, and the fact that compounds of trivalent but not of pentavalent 
phosphorus readily form complexes with copper (I) halides, served ARBUSOV 
as evidence for the validity of this interpretation [768]. 
The reaction of the trialkyl phosphites with hydrogen chloride to give dialkyl 
phosphites (Eq. (63» is easily understood ifthe role of alkyl halide can be attri
buted to the hydrochloric acid: 

-----+ 
-RHal 

(63) 

The Michaelis-Arbusov reaction is not limited to esters of phosphorous acid 
but can also be applied to esters of phosphonous and ph os phi no us acids, i.e. to 
all trivalent phosphorus compounds possessing at least one OR-group [53]: 

ORt R, -70 
R-P/ + R2Hai -----+ P (64) 

'ORt - R'Hal R2/ 'ORt 

R R, -70 
'P-OR2 + R3Hai -----+ P (65) 

Rt/ -R'Hal Rt/ 'R3 

Like the alkyl halides, halogen-substituted acids, alcohols, acid anhydrides 
etc., yield Arbusov products: 

(66) 

Unsaturated or secondary alkyl halides can also take part in this reaction. The 
secondary compounds, however, tend to give an undesired side reaction, the 

69 



Chemical Section 

formation of olefines, by analogy to Hofmann's olefine synthesis. The reactiv
ity in the Michaelis-Arbusov reaction decreases in the order [53]: 

Acyl> prim. Alkyl> sec. Alkyl 

S-Alkyl dialkylphosphinothioites give a normal Michaelis-Arbusov reaction: 

-----+ 
_R'J 

(67) 

whereas the trithiol phosphites are transformed by another mechanism into 
S,S-dialkyl phosphorochloridites, for instance: 

RS 
R§;;:PI -

R-S 
[ 
Ri-Hal 

(68) 

Contrary to the Michaelis-Arbusov reaction, alkyl halide does not result, but 
the corresponding thioether [53]. 
Various mechanisms have been suggested for the course of the Michaelis-Ar
busov reaction. It is now clear that the first step involves the formation of a 
quasi-phosphonium intermediate (XXVI) which, in some cases, could be iso
lated (e.g. R = phenyl) or demonstrated by conductivity measurements [233, 
618]. 

RO, 
RO-P + HaICH2-Ri 
RO/ [~g~~-CH2Ri RO/ 

RO ] RO~P-CH Ri Hale 
CfJ,f 2 

R-O 
(XXVI a) (XXVIb) 

RO, -?,O 
/p, + RHal 

RO CH2Ri 
(69) 

(XXVI b) 

The phosphonium compound (XXVI) is mesomerically stabilized, because ox
onium forms (XXVI b) are involved. The last step consists in alkylation of the 
halide ion accompanied by formation of a P=O double bond. This reaction 
proceeds by expanding the octet, a property of great importance to phosphorus 
and a decisive factor in many reactions. This is ensured by the low-energy, 
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empty 3 d orbitals entailing an interaction between these d orbitals of phospho
rus and the p electrons of oxygen (d" - p" bonding) which is favoured energeti
cally. Evidence for the oxonium structure as an intermediate (XXVI b) is the 
fact that groups bound to phosphorus which accept a positive charge more 
readily than oxygen, yield more stable onium structures, for example when 
-OR is replaced by -NR2 (XXVII): 

(XXVII) 

Increasing polarizability of the anion should favour the Arbusov reaction. This 
can really be observed in the order fluorine, chlorine, bromine to iodine. 
A very important synthesis related to the Michaelis-Arbusov reaction is the 
Perkow reaction (Eq. (70» by which well-known commercial products are ob
tained, e.g. dichlorovinyl phosphates: 

RO 
::::P-OR + CCl3CHO ~ 

RO -ReI 
(70) 

During treatment of a-halogen carbonyl compounds in place of alkyl halides 
with trialkyl phosphite, ARBUSOV and RAZUMOV [55] observed the release of al
kyl halide, but were unable to prepare the sodium salt of the presumed "acyl" 
dialkyl phosphonate (XXVIII). The reaction must, therefore, have taken an
other course. It was PERKOW who first discovered that a-halogen carbonyl 
compounds did not yield Arbusov products with trialkyl phosphites but a new 
type of compound, the enol phosphates (XXIX). 

(XXVIII) 

HalO 
I II 

R-?-C-R + P(ORh 

R 

~ 

-RHal 

R 0 
R., I II/OR 

C=C-O-P 
R/ ....... OR 

(XXIX) 
(71) 

As evidence for their structure, he demonstrated [805] that chlorine or bromine 
can be added, that the products show no carbonyl reactions, and the IR spectra 
are in agreement with the structure suggested. It is not possible in all cases to 
distinguish clearly between these types of reaction for Arbusov and Perkow 
products are often produced simultaneously. 
As a mechanism for both reactions, it has been postulated that the nucleophilic 
attack of phosphorus might be directed against the oxygen or carbon of the 
carbonyl group, possibly against the a-carbon atom, or against the halogen 
atom. 
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PUDOVIK suggested attack on the carbonyl oxygen [842]: 

(72) 

"Enol phosphonium salt" (XXX) 

where synchronously a halide ion leaves with formation of an enol phospho
nium salt (XXX) (according to ALLEN and JOHNSON [16], KHARASCH and BEN
GELSDORF [537]). Attack on the carbonyl carbon could be formulated as fol
lows: 

1019 

I &1 RO., 
Hal-C-CZ'~ + P-DR--

I Rl RD""'" 

I I e DR 
Hal-C-C-~DR 

I I 'DR 

If this formulation is correct 

(XXXI) 

Rl 

DR 
I I hD 

Hal-C-C-~DR 
I I 'DR 

Rl 

(XXXII) 

(73) 

then an enol phosphonium salt (XXXI) and an a-alkoxy phosphonate 
(XXXII) should be formed, which to date has not been found. Attack on the a
carbon atom might be expected to produce an "oxophosphonium" compound 
(XXXIII) which, by rearrangement, would yield an enol phosphonium salt 
(e.g. XXXIV). 

RD,e I 0. 
RD-P-C-cZ "oxophosphonium" compound 
Rfr'" I Rl 

(XXXIII) 

Since the halogen is in the a-position to an electron-withdrawing group, the at
tack of the phosphite might be the last possibility here. The greater the tend
ency of the halogen to accept a positive charge and the more stable the enol
ate ion, the more readily the enol phosphonium salt (XXXIV) should be 
formed. 

(74) 

enol phosphonium salt (XXXIV) 
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The release of the halogen atom and formation of the phosphorus-oxygen 
bond may be synchronous, although some authors [233] consider a stepwise 
cleavage to be more probable. 

~ 

[~g~~-0-C=CH2] Hale 
Rcf'\ I -B-

V R' 

~ (enol phosphonium salt) 

-c-

RO" /0-C=CH2 
P 1 + RHal 

RO/ ~O R' 

(enol ester) 
Perkow reaction 

-D-

J 11 
~CH2 Hal 

RO 'I 
R07P C=O 
RO I 

R' 

~ 

RO-P-CH -C-R' Hal [
RO",", ~] e RV 2 

t ("oxo"-phosphonium salt) 

RO" /CH2-CO-R' 
/p", + RHal 

RO "'0 

(phosphonate) 
Michaelis-Arbusov reaction 

Scheme 4, Mechanisms of the Perkow and Michaelis-Arbusov reactions according to CRAMER 

[233] 

CRAMER [233, see also 618] has attempted to refer the mechanism of the Mi
chaelis-Arbusov and the Perkow reactions to a common intermediate state 
(Scheme 4) in which the reaction is influenced in one direction or another by 
factors such as: 

1) Electronegativity of the halogen atom 
2) Polarizability of the halogen atom 
3) Number of halogen atoms 
4) Substituents on the a-C atom 
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5) The double bond character of the carbonyl group (influenced 
by R) 

6) Reactions conditions (polarity of the solvent, temperature etc.) 

Although the Michaelis-Arbusov reaction can take place with suitable a-halo
gen carbonyl compounds, compounds with a strongly polarized carbonyl 
group should, however, yield enol phosphates. "Acyl" phosphonates should 
result from compounds with a polar carbon-halogen bond. When the carbonyl 
group and carbon-halogen bond show comparable reactivity, both products 
ought to occur together, which can also be confirmed experimentally. In the 
case of the halogen carboxylic acid chlorides, both Perkow and Arbusov reac
tions proceed simultaneously in the same molecule. Further systematic investi
gations are, however, prerequisites for the final establishment of the mecha
nism involved in the Arbusov and Perkow reactions. Various mechanisms sug
gested for the Perkow reaction are summarized by CHOPARD, CLARK, HUDSON 
and KIRBY [189]. 
A particularly important example would be an explanation of the rearrange
ment of ®Dipterex to DDVP (Eq. (75», which in agreement with CRAMER can 
be formulated as follows: 

RO~ "",0 
'po?' 

RO/ 'CH-CCI I 3 

OH 
®Dipterex 

-H" 
--+ 

"Perkow-A" dichlorvos, DDVP 
(75) 

After removal of the proton, DDVP formation correlates with step A of the 
Perkow mechanism according to CRAMER (see p. 73). 
Another mechanism for the formation of DDVP was suggested by MILLER 
[730]: 

(76) 

If instead of a-halogen aldehydes or ketones, a-halogen esters are reacted with 
trialkyl phosphite, ketene acylals result (XXXV): 

RO COOR 
'P-OR + BrHr/ --+ 

RO/ '""-COOR -RBr 

RO, -70 
P H 

RO/ 'O-C=C-COOR 

~R 
(XXXV) (77) 
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The very reactive ketene acylals [233] react with a large number of carboxylic 
acids, HOAc, to malonic ester and the corresponding anhydrides (Eq. (78», 
which result from the phosphorylium cation and the acid anion. 

(78) 

When HOAc represents O,O-dialkyl phosphoric acids, pyrophosphates are ob
tained. 
One important application of the Perkow reaction is the synthesis of phospho
enol pyruvic acid. 

CH2Br 

~O + (BzOhP 

~OOH 
---+ 

CH2 

II 0 
C-O-I¢OBz 
I 'OBz 

COOH 

(79) 

Benzyl phosphite is used because the benzyl groups are readily removed by hy
drogenation. 
The preparative importance of the di- and tri-alkyl phosphites for the manufac
ture of insecticidally active compounds can be seen from following review of 
the more important reactions: 

Dialkyl phosphites: 

a) Michaelis-Becker reaction: 

RO~ ",0 
'p:Y + CI-Rl __ 

RO/ 'Na - NaCl 

b) Addition to carbonyl groups: 

---+ 

c) Reaction with sulfenyl chlorides to thiolophosphates [888]: 

RO ~o 
'p~ + CIS-Rl ___ 

RO/ 'H -HCl 
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This reaction replaces the direct acylation of thiophenols with O,O-dialkyl 
phosphorochloridates to thiol esters, which is not successful, but leads to alkyl 
thioethers: 

RO ",,0 [ OJ ~P~ + HS-Ar ----+ R-S-Ar + RO-P:{: + HCI 
~ a 0 

d) Reaction with disulfides [645]: 

Trialkyl phosphites: 

a) Michaelis-Arbusov reaction: 

b) Perkow reaction with suitable a-halogen carbonyl compounds to enol phos
phates: 

o 
II 

(ROhP + HalCHz-C-R' -----+ 
-RHal 

c) Reaction with sulfenyl chlorides [327, 742]: 

d) Reaction with isothiocyanates [725]: 

e) Reaction with disulfides [490]: 
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t) Reaction with sulfonyl chlorides [460]: 

RO ~O 
3 (ROhP + R'S02CI -- :::P:: + RCI + 2 (ROhPO 

RO SR' 

g) Reaction with aldehydes [233, 618, 802] (no reaction with CH3CHO) 

RO, ~o 
P 

RO/ 'O-CH=CCI2 
dichlorvos 

The reactivity increases with the number of halogen atoms at the a-carbon 
atom. 

h) Reaction with unsaturated aldehydes [547]: 

(ROhP + CH2 =CH-CHO -- [(ROhf>CH2CH=CH-6] -

RO, ~o 
P 

RO/ 'CH2CH=CH-OR 

i) Reaction with ketones [581, 233, 618, 841]: 
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Ro.., -:;:::;0. 
P 

RQ""'" ...... Q-C=CH2 

tH2CI 

Ketones react less readily than aldehydes, the a-halogen carboxylic acid 
esters being considerably less reactive than ketones. 

j) Reaction with carboxylic acid derivatives [233, 618]: 

no reaction 

k) Reaction with unsaturated carboxylic acid derivatives [547]: 

(RQhP + CH2=CH-CQQH --

[(RQhPCH2-CH=c(~~ ---- (RQhPCH2CH2-CQQ-] --

1) Reaction with carboxylic acid ami des [233, 618]: 

[4231 

Br RQ ...... -:;:::;0. 
+ ,):HCQNH2 

NC 
P 

RQ""'" ...... Q-C-CH2CN 

~H 
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RO'Eil - ] e RO;:;;P-Q-C=CClz CI 
RO I 

NHz 

m) Addition to p-dicarbonyl compounds [854]: 

n) Reaction with a-halogen diarbonyl compounds [233, 618]: 

CI 

(ROhP + CO-6H-CORl 

6H3 

+ CO-CHCI-COORl 
I (CI) 

CH3 

0) Reaction with acid chlorides [233, 618]: 

(ROhP + CICHzCOCI 

2 (ROhP + CICHzCOCI 

+ ClzCHCOCI 

20°C 

RO, ~O [840, 1133] 
-----,~~ P 

excess RO/ 'O-C=CHz 
phosphite RO, I 

P=O 
RO/ 

Starting Materials 

79 



Chemical Section 

p) Reaction with nitro-compounds [\5]: 

Rl 
I 

2 (ROhP + 02N-9-X =it 
R 

3.2. Insecticides 

Note: The trade and common names used in the following text refer only to the 
pure active substance and not to specific formulations. 

a) Cyanidates and Fluoridates 

Examples of acid cyanides and fluorides were the phosphorocyanidates, -fluo
ridates and phosphonofluoridates. They are some of the early important phos
phorus compounds and can be obtained by trans-halogenation of simple start
ing materials (see Section 3.l.a). 
For their synthesis, SCHRADER [916] 1937 started with N,N-dimethyl phosphor
amidodichloridate, which reacts with alkali cyanides in the presence of alcohol 
to give Tabun (I) [380, 920] [O-ethyl N,N-dimethyl phosphoramidocyanidate]: 

~O -2NaCl 
(CH3hN - P,Cl + 2 NaCN + HOC2 Hs --

CI -HCN 
(1) 

(I) 

SAUNDERS et al. [886] chose a synthesis via O,O-diethyl phosphorochloridite 
with a subsequent Michaelis-Arbusov reaction: 

HN(CH,h ~ 

-HCl 

+ICN 

-C,H51 

(I) (2) 

Iodine cyanide can be replaced by bromine cyanide [885]. Tabun is a highly 
toxic compound and one of the most potent cholinesterase inhibitors 
known. 
Dime/ox [472,935] [N,N,N',N'-tetramethyl phosphorodiamidofluoridate] (II) is 
also derived from N,N-dimethyl phosphoramidodichloridate. It was synthe
sized by SCHRADER in 1940 and in 1949 was introduced commercially by 
Fisons Pest Control Ltd. 
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P 
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Phosphoryl chloride [427, 690] can be replaced by phosphoryl fluoride in the 
synthesis: 

(4) 

Dimefox is very toxic, but has only weak contact action. Its LDso for the rat 
after oral administration is 3-5 mg/kg. It is used mainly in hop culture as a sys
temic agent against aphides and the red spider mite. 
Another member of this group is the isopropyl analogue called mipafox (III) 
[N,N'-diisopropyl phosphorodiamidofluoridate] [418, 834]. 

(CH3hCH - NH, -r0 
P 

(CH3hCH - NH/ 'F 

(III) 

The compound was first described by HARTLEY et al. in 1950 and introduced 
by Fisons Pest Control Ltd. Compared with dimefox it has a lower toxicity with 
an LDso of 25-50 mg/kg orally for the rat. The product would have been suit
able as a systemic insecticide and acaricide, but after absorption through the 
human skin it produced paralysis and was, therefore, withdrawn [104, 103] (see 
p. 284, 287). 
Another dialkyl phosphorofluoridate which must be mentioned is OFP (IV) 
[O,O-diisopropyl phosphorofluoridate] [603, 935, 970]. 

(CH3h CHO, -r0 
P 

(CH3hCHO/ 'F 

DFP (IV) 

In 1932 LANGE and v. KRUEGER developed the method of alkylating fluoro
phosphoric acid silver salts with alkyl iodides. 

AgO, -r0 
/p, + 2RI 

AgO F 
(5) 

It was later replaced by others syntheses. In 1938 SCHRADER [970] prepared 
OFP as follows: 

SAUNDERS (1941) started with diisopropyl phosphite [885] which he chlorin
ated and then reacted with sodium fluoride. 
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(IV) (7) 

Phosphoryl dichloride fluoride is only of academic interest as starting material 
(SAUNDERS et al. (1944) [113, 690)): 

(8) 

Because of its high toxicity (LD50 5-13 mg/kg for the rat orally) DFP cannot be 
used as an insecticide, although it has a good contact action. 
Fluorides derived from phosphonic acids have become known because of their 
unusually high toxicity, particularly the two compounds Sarin (V) [O-isopropyl 
methylphosphonofluoridate] and Soman (VI) [O-(1,2,2-trimethyl propyl)-meth
ylphosphonofluoridate]. 
The most convenient method of preparation starts with the methylphosphono
dichloridate, which are reacted with alkali fluoride in the presence of alcohol 
[937]: 

o 
CH3 - P~Cl + (CH3hCHOH + 2 NaF 

CI 

-2NaCl 

-HF 

CH3, -:;::,0 
P 

(CH3hCHO/ 'F 

(V) 

(9) 

The dichloride required was obtained in a Michaelis-Becker reaction from di
ethyl phosphite [926]: 

or by an Arbusov reaction from trimethyl phosphite: 

A third possibility was the pyrolysis of dimethyl phosphite [80, 2261 

PCl, 
~ 

(10) 

(11) 

(12) 

As BOTER, OOMS, VAN DEN BERG and VAN DIJK [1251 were able to show, ace
tylcholinesterase (E. C. 3.1.1.7) is preferentially inhibited by the levorotatory 
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enantiomer of Sarin. From the results of CHRISTEN et al. [190] it may be con
cluded that ( + )-sarin is preferentially hydrolyzed by sarinase in plasma, while 
( - )-sarin is the more active inhibitor of AChE. (Fluoride ions catalyze the 
racemization of optically active Sarin [90].) 
In the case of Soman the isopropyl group is replaced by a pinakolyl group 
[625]: 

This highly toxic compound was discovered shortly before the end of the Sec
ond World War in Heidelberg, but not by SCHRADER [865]. 
Although it had always been SCHRADER'S objective to find insecticidal esters, 
the phosphonofluoridates were screened by the German authorities as military 
weapons. 
Research with this class of substance is extremely dangerous, even when the 
most stringent precautions are taken. A special technique is required in han
dling such neurotoxic compounds. 

b) Anhydrides 

In general, anhydrides are prepared by the condensation of O,O-dialkyl phos
phoro(thioic) acids or by the acylation of phosphoric acid salts with O,O-di
alkyl phosphorochlorido(thio)ates. Suitable condensation agents are carbodi
imides, trichloroacetonitrile, imidochlorides, dialkyl cyanamides [478] etc. 
They form a so-called "energy-rich phosphate" compound as intermediate. 

- H(Me)Cl 
) 

(2) 

In practice, the pyroester is synthesized by treating 1 mol phosphorochloridate 
with the appropriate quantity of tertiary amine and 0.5 mol water. By that 
means the chloridate is partly hydrolyzed to acid and acylated to the pyro
ester by excess chloridate [213, 470, 479, 935, 1060]. 
In a similar way trialkyl phosphates can be reacted with dialkyl phosphoro
chloridates [404, 480, 574]: 
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(3) 

When thiol acids are acylated, thionopyroesters are formed irrespective of the 
method used [315,317,481,577,980,983]: 

RO" 7-0 0.:::::,. /OR RO" 7-S 00.. /OR 
P + P ) P "'=p (4) 

RO/ "SH(Me) CI/ "OR -H(Me)Cl RO/ ~/ "OR 

RO" 7-0 NR3 RO" 7-0 
[RO °T[ J p ~ p ~ RO:::P~~ NR3H ~ RO/ "CI H2S RO/ "SH 

(5) 

RO" 7-S 0.:::::,. /OR 
~ 

RO" 7-S 0.:::::,. /OR 
P + P P P 

RO/ "OH CI/ "OR -HCl RO/ ""'0/ "OR 

or [413, 637, 822, 980]: 

RO" 7-0 tert. Amine RO" 7-S 0.:::::,. /OR 
2 P + SCl2 P P (6) 

RO/ "H RO/ ~/ OR 

These can also, of course, be obtained from the chloridothionate and the corre
sponding alkali salt [482, 695]: 

~ 
-NaCl 

(7) 

In contrast to the alkylation, acylation does not take place on the sulfur 
atom. 
This was substantiated by MILLER [729] who found that the displacement of 
groups bound to phosphorus was not determined by the nucleophilic proper
ties but rather by the basicity of the attacking ambidentate ions (acylation on 
the oxygen atom): 

(8) 
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In contrast, an electrophilic carbon atom reacts with the most nucleophilic cen
ter of the ambidentate phosphorothioate anion, i.e. alkylation occurs at on the 
sulfur atom: 

RO, /S.~CH2-Rl 
P (8 + d 

RO/ '6 CI 
(9) 

PEARSON'S concept [794, 795, 796, 797] provides an explanation as to why the 
thermodynamically stable thionopyroesters are combinations of 

hard acids with hard bases 

Acylation on the sulfur is only successful if no oxygen atom is competing 
[662]: 

(10) 

Another possible way of preparing pyrophosphorotrithioates is by the reaction 
of the alkali salt of phosphorodithioic acid with chlorocyanide [655]. 

(11) 

It is preparatively possible to isolate thionothiolo pyroesters as kinetically 
controlled reaction products when sulfenamides are reacted with dialkyl 
phosphites [17]: 

The very pure asymmetric pyrophosphorodithioates obtained by this method 
are converted, at elevated temperature to the thermodynamically more stable 
bis-thiono compounds. 
In view of the amount of work done with tetraethyl pyrophosphate (I), it is sur
prising that its toxicity and insecticidal properties remained undiscovered for a 
long time. 
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There are numerous syntheses for this ester which must be mentioned here be
cause they are not only of historical significance, but also of technical and 
scientific interest. The English abbreviation TEPP has become established for 
the compound (I). 
The first synthesis carried out by CLERMONT consisted in a classical alkylation 
of the silver salt of pyrophosphoric acid with ethyl iodide [208]. 

+ 4C,H,I 

- 4AgI 

NYLEN [768] synthesized the pyroester in the following way (1930): 

(13) 

The oxydation can also be carried out with chlorine [576] in place of oxygen. 

( 15) 

In addition to the general synthesis for pyroesters, there are special industrial
scale processes applicable to TEPP. 
SCHRADER [919, 934] reacted phosphoryl chloride with triethyl phosphate in a 
mol ratio of 1: 3. This reaction is known as the "Schrader process". 

130-150' 
) (16) 

- 3C2 H,Cl 

"HETP" 

The reaction product was formulated as hexaethyl tetraphosphate "HETP". 
The phosphoric acid ester mixture prepared by this process was introduced in 
1943 under the name ®Bladan* (Bayer AG) as the first contact insecticidal or
ganophosphate and was intended as a substitute for nicotine and other natural 
insecticides which were in short supply. JANNING [494] was the first to discover 

* The trade name ®Bladan is now used for parathion. 
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a synthesis of "HETP" from POCh and alcohol, which was later described also 
by THURSTON [l053]. 

If the "Schrader process" is carried out with a mol ratio of 1: 5, then TEPP 
[1132] is obtained as the main product. 

In a method described by WOODSTOCK [1143] phosphorus pentoxide may be 
used in place of phosphoryl chloride. According to the ratio of substances used 
in the reaction, varying proportions of TEPP result. 

(19) 

(20) 

Another synthesis is given by Eq. (21): 

(21) 

The products obtained by both processes have substantially the same proper
ties. MCCOMBIE [691] reports that the following reactions are involved in the 
"Schrader process": 

(22) 

(23) 

Other authors [404] suggest that "HETP" is not a uniform product but rather a 
mixture of "HETP", TEPP, triethyl phosphate and ethyl metaphosphate, the 
ratio of which depends upon the quantities of phosphoryl chloride and triethyl 
phosphate used. In all product mixtures, TEPP would appear to be the actual 
active constituent. 
The compound possesses insecticidal and acaricidal activity, recognized by 
KUKENTHAL in 1938. Due to its low stability towards hydrolysis, it is nowadays 
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seldom used. Occasionally, however, a rapid degradation is desirable, for such 
preparations may be applied until shortly before harvest. The oral LDso for the 
rat is 1.12 mg/kg. 
Replacement of the two oxygen atoms in TEPP by sulfur results in sulfotepp 
(II) [O,O,O',O'-tetraethyl pyrophosphorodithioate]. The syntheses proceed in 
the same manner as for the oxygen compound. Also the desired product is ob
tained by the addition of sulfur to O,O,O',O'-tetraethyl pyrophosphite [931] 
(1944). 

(24) 

For industrial synthesis another process is used, i.e. that described by 
SCHRADER et al. in 1950 [695]. 
It is the partial hydrolysis of O,O-diethyl phosphorochloridothioate [947, 983, 
1061]. 

(25) 

This compound known as sulfotepp (Bayer AG) has contact insecticidal, acari
cidal activity and an oral LDso of 5 mg/kg for the rat. On account of its high 
vapour pressure and thermic stability, sulfotepp is used in greenhouses as a fu
migant. Because of the thiono-group, the compound is more stable towards hy
drolysis than TEPP. 
When the ethyl groups are replaced by n-propyl groups, a considerably less 
toxic compound results: ®NPD (III) (E. I. du Pont de Nemours & Co.) 
[0,0,0' ,0' -tetrapropyl pyrophosphorodithioate] [983]. 

The oral LDso for the rat is 1400 mg/kg. The ester is prepared by partial hydro
lysis of the corresponding phosphorochloridothioate. 
Pyrophosphoramidates are also known. Thus the same tetramethyl phosphoro
diamidochloridate, from which the phosphorofluoridates are obtained, is the 
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starting material of OMPA (IV) [Octamethyl pyrophosphoramidate], first de
scribed by SCHRADER in 1941. The synthesis is carried out by well-known pro
cedures [575, 835, 935, 1058]: 

-C2H,Cl 

For large-scale manufacture, the partial hydrolysis of tetramethyl phosphoro
diamidochloridate [419, 974] was selected. 

(27) 

In this way OMPA can be obtained in a one-step reaction from phosphoryl 
chloride and dimethylamine without first isolating the dichloride. The LDso of 
this compound for the rat after oral administration is 8 mg/kg; it thus belongs 
to the more toxic phosphoric acid esters. OMPA is well-known for its systemic 
insecticidal properties but has now been replaced by the more economical de
meton series (see p. 130 f.) which are better tolerated by plants. In honour of 
the discoverer, this compound has also been named schradan and is of histori
cal significance in so far as it was the first systemic phosphate insecticide to be 
recognized. OMPA was introduced commercially by Pest Control Ltd. under 
the name ®pestox III. 

c) O-Aryl Phosphor(n)o(thion)ates 

By far the greatest number of insecticidally active phosphates are obtained by 
acylation of phenols or heterocyclic hydroxy compounds with phosphoro- and 
phosphonochloridates: 

(1) 

+ NaO-Het. 
R P(S) ___ 'pf" 

R/ 'O-Het. 
(2) 

The fluoridates and anhydrides discussed in the last paragraph are to be re
garded as forerunners in the development of the parathion group discovered by 
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SCHRADER in 1944, which includes the most important insecticides both in 
quality and quantity. 
The first member of the parathion series is O,O-diethyl 0-4-nitrophenyl phos
phate with the laboratory number ®E 600 and today known as paraoxon (I). 
The insecticidal and acaricidal properties of paraoxon are exceptional, but due 
to this high acute mammalian toxicity (oral LD50 for the rat 3 mg/kg) paraoxon 
was hardly ever used as a systemic and contact insecticide. It is, however, used 
in ophthalmology as a miotic agent under the name ®Mintacol. 
It may be prepared by two processes: firstly by the reaction of diethyl phos
phorochloridate with 4-nitrophenolate [922, 1058]: 

or secondly by phosphorylation of phenol with subsequent nitration [956]: 

(4) 

Paraoxon is fairly soluble in water and able to penetrate into the plant, exerting 
a systemic insecticidal action (see p. 137). 
The corresponding phosphonate (II) is used in human medicine for glaucoma, 
and under the name Armin [958] in gynaecology. With an oral LD50 of 1 mg/kg 
for the rat, ®Armin [O-ethyl 0-4-nitrophenyl ethylphosphonate] is even more 
toxic than paraoxon. Its cholinesterase-inhibiting activity (I50) is 2 x 10 -9 moll 
liter, i.e. about ten times that of paraoxon, and of the same order as for TEPP. 
Paraoxon, Armin and TEPP are, therefore, among the most potent cholinester
ase inhibitors. 

The most important insecticide with the broadest spectrum of activity in the 
phosphate series is parathion (III) [O,O-diethyl 0-4-nitrophenyl phosphoro
thioate] which SCHRADER synthesized in 1944 [972]. The biological activity was 
found by KOKENTHAL in the same year [957]. The trade name ®E 605 is the cur
rent number in SCHRADER'S laboratory note book. 
In 1948 it was suggested by UNTERSTENHbFER for the control of orchard pests 
[1072]. 
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There are two methods for its industrial synthesis [921], which differ only in the 
preparation of the O,O-diethyl phosphorochloridothioate (cf. p. 53 f.). The Ger
man process starts with thiophosphoryl chloride, the American with P4SIO' The 
last step, phosphorylation of the p-nitrophenol sodium salt (Eq. (5)) is the same 
in both routes. Numerous variations are suggested for the special reaction con
ditions [148, 196, 319, 1062]. 

(5) 

Parathion has an oral LDso for the rat of 6.4 mg/kg and 40 mg/kg (rabbit cuta
neously) [27]. It belongs, therefore, to the rather toxic phosphates and can 
cause severe poisoning in inexperienced hands. Parathion is stable in aqueous 
solution at pH 4-8, but is rapidly hydrolyzed at pH 9-11. In order to give an 
idea of the insecticidal activity of parathion, a number of its active concentra
tions are listed. (LC9S values for different insects) [27]: 

Table 4. Biological activity of parathion 

Mosquito (Aedes aegypti) 
Red spider mite (Tetranychus urticae) 
Potato Aphid (Macrosiphon solani/olii) 
Citrus fruit spider (Paratetranychus citri) 
Greenhouse thrips (Heliothrips haemorrhoidalis) 
House fly (Musca domestica) 

0.000005% 
0.001 % 
0.0005% 
0.0001 % 
0.0001 % 
0.0001 % 

Parathion works as a non-systemic contact and stomach insecticide, as well as 
ovicide [774]. It is noteworthy, however, that parathion shows a "depth action", 
i.e. it penetrates into the plant to some extent but without any true transloca
tion [338]. On the living plant the substance is broken down relatively rapidly 
(within 2-8 days) which is largely due to the effect of sunlight and enzyme sys
tems of the plant. On inanimate materials it persists much longer. 
On the one hand both paraoxon and parathion possess excellent insecticidal 
properties, yet on the other they are relatively toxic to mammals. SCHRADER 

therefore sought to synthesize esters with as Iowa toxicity as possible to ensure 
maximum safety for all users. He came considerably closer to this goal with the 
change from ethyl to methyl esters. 

91 



Chemical Section 

Parathion-methyl (IV) [O,O-dimethyl 0-4-nitrophenyl phosphorothioate] is a 
much-used contact and stomach insecticide [925] (trade names: ®Folidol-M, 
®Dalf, ®Metacide etc.). 

parathion-methyl. ®Folidol·M, (IV) 

The oral LD50 for the female rat is 15-20 mg/kg, for the rabbit 300-400 mg/kg 
cutaneously. The skin toxicity is, therefore, ten times more favourable than that 
of the diethyl compound, i.e. the rabbit skin is considerably less permeable to 
the dimethyl esters. Their manufacture follows the standard procedures. 
At elevated temperatures rearrangement of parathion-methyl to the thiol ester 
(V) can be effected [697]. 

In practice, however, isomerization is best carried out with a base such as so
dium hydroxide, so that a salt of the ambidentate anion (VI) is obtained, which 
can be alkylated on the sulfur with dimethyl sulfate [956]. 

The thionoesters can be oxidized to the corresponding p=o compounds using 
oxidizing agents such as chlorine, bromine or nitric acid. This step increases 
the serum cholinesterase inhibiting activity from 150= 10- 2 mol/liter to the 
methyl-paraoxon value of 150= 10-6 mol/liter [62]. 
Surprisingly, a less toxic compound was found in the series of phosphonates. 
EPN (VII) [O-ethyl 0-4-nitrophenyl phenylphosphonothioate] was described 
by JELINEK in 1948 and was the first phosphonic acid ester to be put on the 
market in 1949 [81, 502]. 

92 



Insecticides 

The compound is an insecticide and acaricide, its synthesis follows in principle 
the same route as that depicted for parathion. The ester chloride required may 
be obtained by the method of KINNEAR and PERREN described on p. 57. 
The LDso for the male rat orally is 36 mg/kg. Because it has been shown that 
the toxicity in the rat generally increases about tenfold when a phosphate is re
placed by its corresponding phosphonate, EPN would appear to be somewhat 
of an exception. Phenylphosphonates are, however, in general less toxic than 
analogously composed alkylphosphonates. 

LDso: 6.4 mg/kg orally for the rat 

C2H5 S 

C2H50~P~OO N02 

LDso: 2.5 mg/kg orally for the rat 

A more recent example is ®Colep (VIII) [O-phenyl 0-4-nitrophenyl methyl
phosphonothioate], which was filed for a patent in 1962. Colep is a contact in
secticide with a specific spectrum of activity [198]. 

CH 3'pq-S 

0 0 / '-0 ON 02 

(VIII) 

If an alkoxy group in the parathion molecule is replaced by a dimethyl amino 
group, then toxicity and biological activity are reduced. Both are also lowered 
when the thionoester is replaced by the alkylthio-ester (see p. 213). Methyl sub
stitution in the phenyl ring results in a decreased toxicity without a significant 
alteration in biological activity. Stability, however, towards hydrolytic in
fluences is improved. Fenitrothion (IX) [O,O-dimethyl O-(3-methyl-4-nitro
phenyl) phosphorothioate] as an example of the parathion series, was first de
scribed by DRABEK and PELIKAN [270] and later named metathion. Quite inde
pendently, both Bayer AG [631] (®Folithion) and Sumitomo Chemical Co., [47, 
1031] (®Sumithion) were working on the same compound. 

CH30, ",S 
p~ 

CH36 '-0QN02 

CH3 

fenitrothion. (IX) 

Fenitrothion has an oral LDso of 500 mg/kg for the female rat. It was intro
duced onto the market in 1961. The spectrum of activity as contact and 
stomach insecticide is comparable to that of parathion-methyl. Furthermore, in 
the field of hygiene, it is suitable for controlling flies and mosquitoes which are 
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resistant to chlorohydrocarbons. The synthesis follows the standard proce
dures. 
Introduction of a chlorine atom into the o-position to the nitro group also 
markedly diminishes the toxicity. For instance, the oral LDso of (X) in the male 
rat is 880 mg/kg. Chlorthion (X) [O,O-dimethyl 0-(3-chloro-4-nitrophenyl) 
phosphorothioate] [939] was introduced in 1952 by Bayer AG. 

CHsO, ~S 
p?' 

CHs6 'O-Q-N02 

Cl 

(X) (now discontinued by Bayer AG) 

At first, the synthesis of 3-chloro-4-nitrophenol proved difficult. During nor
mal nitration of 3-chlorophenol, 3-chloro-6-nitro-phenol is produced in addi
tion to the desired 3-chloro-4-nitrophenol. If 3-chlorophenol is esterified, e.g. 
phosphorylated [705], and subsequently nitrated, then substitution occurs ex
clusively in the 4-position. 

Cl 

02N-o-OH 

(7) 

The ester is then hydrolyzed again and the 3-chloro-4-nitrophenol phosphor
ylated in the usual manner. 
The insecticidal properties remain almost intact, but sensitivity to hydrolytic 
influences increases somewhat. Chlorthion is effective as a contact insecticide, 
especially against mosquito larvae and DDT-resistant flies and has become es
tablished in cotton cultivation. 
Possible explanations for the diminished toxicity on m-substitution are, for in
stance: 

a) partial dearrangement of the planar position of the nitro group to the ring 
weakens the mesomeric effects, hence, the tendency to hydrolysis indicated 
by the a values according to Hammett (physicochemical explanation) 
and/or 

b) steric hindrance to the approach of the nitro group to a biochemical surface 
at the site of action in the organism. 

c) the m-substituent may be involved in selective interactions with different en-
zymes (cf. p. 198). 

Placing the chlorine atom in the o-position to the hydroxyl group decreases 
somewhat both insecticidal and toxic properties. This compound was intro
duced by American Cyanamid Company under the name dicapthon (XI) [0,0-
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dimethyl 0-(2-chloro-4-nitrophenyl) phosphorothioate] in 1954 [245, 318, 358, 
364,944]. 

(XI) 

The oral LDso in the male rat is 400 mg/kg. Dicapthon is used mainly against 
flies. Its synthesis follows the methods mentioned above. If the positions of the 
chlorine and nitro groups are interchanged, compounds are obtained with poor 
insecticidal properties and average toxicity. 
Exclusive chlorine substitution in the phenyl ring leads to dichlofenthion (XII) 
[O,O-diethyl 0-2,4-dichlorophenyl phosphorothioate] [129], which was devel
oped by Virginia-Carolina Chemical Corporation in 1955. 

:::~<'b-Q 
(XII) 

The oral LDso for the rat is 270 mg/kg. In comparison to the compounds so far 
described, it is rather ineffective as an insecticide, but possesses remarkable 
nematicidal activity. VC-13 was the first organophosphate to control soil nema
todes. Synthesis is carried out in the usual manner by phosphorylation of 2,4-
dichlorophenol. A closely related compound is ®Zytron (XIII) [O-methyl 0-
2,4-dichlorophenyl N-isopropyl phosphoramidothioate] [608], originally intro
duced by the Dow Chemical Company as a systemic insecticide and later used 
as a herbicide. 

CHaO, S 
p? 

iCaH7NH/ 'o-Q-Cl 

Cl 

(XIII) (discontinued by the Dow Chemical Co.) 

A phenyl phospho nate of 2,4-dichlorophenol was marketed recently by the 
Japanese Nissan Kagaku Company [197, 946] under the name ®S-Seven (XIV) 
[O-ethyl 0-2,4-dichlorophenyl phenylphosphonothioate] with the following 
structural formula: 
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This product may be regarded as a combination of the phenol of dichloJenthion 
and the ester radical of EPN. It has been assigned as an acaricide and soil in
secticide for the control of maggots, flea-beetles, potato or root mites. 
The trichloro-derivative Jenchlorphos (XV) [O,O-dimethyl 0-2,4,S-trichloro
phenyl phosphorothioate] [672, 766, 103S] has found wide application in the 
veterinary medicine (®Nankor). 

CH30'p~Sh 
CH30/ '0-Q Cl 

Cl 

(XV) 

Because of its low mammalian toxicity, it was introduced in 19S4 on an experi
mental basis in crop protection by Dow Chemical Company but on account of 
its phytotoxicity it has never become established as an agricultural insecticide. 
The oral LDso for the male rat is 12S0 mg/kg. The phosphoramidothioates of 
Jenchlorphos have also been described [107, 108]; their phytotoxicity, however, 
only permits their use as insecticides for hygiene. 
The ethylphosphonate of 2,4,S-trichlorophenol was recently suggested by 
Bayer AG as agent against soil insects, wire worms and miner flies [473]. It is 
on the market under the name trichloronat (XVI) [O-ethyl 0-2,4,S-trichloro
phenyl ethylphosphonothioate [90S]. 

(XVI) 

The oral LD50 for the male rat is 16 mg/kg. 
If the chlorine atom in the 4-position is replaced by bromine, bromophos 
(XVII) [O,O-dimethyl O-(4-bromo-2,S-dichlorophenyl) phosphorothioate] is 
obtained [988]. Bromophos is an effective agent against ectoparasites in mam
mals, well tolerated by the skin and mucous membranes, and possessing low 
mammalian toxicity with an oral LD50 for the rat of 37S0-6100 mg/kg. In crop 
protection, bromophos serves not only as an insecticide but also as an acari
cide. 

(XVII) 
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For the synthesis of the corresponding trihalo-phenol there exist numerous lab
oratory procedures which start from 4-bromophenol [328], from 2,5-dichloro-4-
nitrophenol [328] or from 2,5-dichlorophenol [764] which, for its part, can be 
obtained from 1,2,4-trichlorobenzene with sodium hydroxide under pressure 
[25]. These processes are hardly feasible in practice, the starting materials being 
presumably polyhalogen benzenes. 
The iodine analogue of bromophos was introduced under the name iodo/enphos 
(XVIII) [O,O-dimethyl O-(2,5-dichloro-4-iodophenyl) phosphorothioate] by 
Ciba as an insecticide and since 1965 has been protected in Germany by patent 
[96]. 

iodofenpllOS, ®Nuvanol N (XVIII) 

The phosphonate analogue of bromophos, leptophos (XIX) [O-methyl O-(4-bro
mo-2,5-dichlorophenyl) phenylphosphonothioate] was filed as patent by Velsi
col Chemical Co. in 1965 in the USA [860]. Its synthesis can clearly be seen 
from the structural formula. 

leptophos. ®Phosvel (XIX) 

Leptophos has a broad spectrum of activity against insects in corn, cotton, vege
tables, fruit and sugar cane, and has also been used to control the rice stem 
borer and Prodenia litura. 
In general, the esters of halogen-substituted phenols are said to be usually of 
low mammalian toxicity. They are insecticides of average toxicity, often acting 
systemically and therefore suitable for the control of ectoparasites in cattle, 
[323], in some cases usable as herbicides. The chlorophenyl phosphates, there
fore, possess a noteworthy spectrum of biological activity (cf. p. 210). 
Cyanophenols are related to the halogen phenols, the phosphoric acid deriva
tives of which possess, as might have been expected, good insecticidal proper
ties. In 1961 cyanophos (XX) [O,O-dimethyl 0-4-cyanophenyl phosphoro
thioate] was claimed as patent in USA by Sumitomo Chemical Co. [594]. 

cyanophos. ®Cyanox (XX) 
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The oral LD50 for mice is 920 mg/kg. Cyanophos kills the rice stem borer, 
paddy borer, purplish stem borer and insects injurious to health, especially 
house flies. 
A phosphonate of 4-cyanophenol was also marketed by Sumitomo Chemical 
under the name cyanofenphos (XXI) [O-ethyl 0-4-cyanophenyl phenylphos
phonothioate]; as in the case of cyanophos, its synthesis is evident from the 
structural formula [595]. 

cyanofenphos, ®Surecide (XXI) 

The compound has insecticidal properties, particularly against rice stem borer 
(Chilo suppressalis Walker etc.) and house flies. The oral LD50 for mice is 
46 mg/kg. 
The esters of alkylthiophenols which have been investigated by Bayer AG since 
1956 are apparently at variance with SCHRADER'S rule (see p. 40). 
Although one might except a reduction in insecticidal activity in view of the 
fact that the methylthio group, in comparison for example to the nitro group, 
decreases the hydrolysis of the P-O bond, one does, in fact, find a surpris
ingly high insecticidal activity in esters of 4-methyl thiophenol such as (XXII) 
[O,O-dimethyl 0-4-methylthiophenyl phosphorothioate [373]. The mamma
lian toxicity of the compound is also unexpectedly high. The oral LD50 for the 
rat is 10 mg/kg. 

The principle of introducing a methyl group into the o-position to the substit
uent, which has already been mentioned in connection with fenitrothion and 
chlorthion, leads in this series to a considerable reduction in mammalian toxici
ty. The resulting compound (XXIII) is known under the name fenthion [0,0-
dimethyl 0-(3-methyl-4-methylthiophenyl) phosphorothioate] [878]. The active 
constituent was synthesized in 1956 and was described as an hygiene insecti
cide (®Baytex) for the first time by JUNG, KOKENTHAL and TECHNAU in 1959 
[512, 513]. UNTERSTENHOFER reported on the same compound as an agricul
tural insecticide (®Lebaycid) [1083, 951]. 
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The oral LDso of this compound for the male rat is 313 mg/kg. If the methyl 
group is in the m-position to the methylthio group, then mammalian toxicity 
and insecticidal action are both diminished. Elegant procedures for the synthe
sis of the necessary 3-methyl 4-methylthiophenol (XXIV) were developed by 
DELFS and WEDEMEYER: these involved the reaction of m-cresol with dimethyl 
disulfide and Lewis acids [256], with methyl sulfene chloride [257] (Eq. (8», 

CH3S-Cl + o-0H ----+ CH3S-Q-0H (8) 

CH3 CH3 

(XXIV) 

or with dimethyl sulfoxide and hydrochloric acid [1111] (Eq. (9». 

The usual methods are used for phosphorylation. Fenthion is a versatile prod
uct on account of its contact and stomach insecticidal properties. In the field of 
hygiene it is known under the name of ®Baytex and as ®Tiguvon in veterinary 
medicine as a broad-spectrum insecticide suitable for controlling insects that 
have become resistant to chlorinated hydrocarbons. Because of its stability to
wards hydrolysis a considerable residual effect is obtained. Some insecticidal 
data for fenthion are given in the following table [956]: 

Table 5. Biological action of fenthion 

Calandra granaria 
Sitona spp. 
Phytonomus variabilis 
Apion pisi 
Phyllobius piri 
Rhizotrogus solstitialis 

Plutella maculipennis 
Tortrix viridana 

Conc. 

0.004% 
O.oI % 
0.01 % 
0.01 % 
0.1 % 
0.001 % 

Doralis fabae on Vicia faba 
Myzodes persicae on Brassica spp. 

Mortality 

100% 
100% 
80% 
80% 

100% 
100% 

LCso 

0.003 % 
0.0004% 
0.0007 % 
0.001 % 

The substance is of particular interest in the control of fruit flies and the rice 
stem borer (®Lebaycid), of flies and mosquitoes (®Baytex), and larvae of war-

99 



Chemical Section 

ble fly (®Tiguvon). The corresponding ethyl ester is used in veterinary medicine 
under the name ®Lucijet (XXV) [O,O-diethyl O-(3-methyl-4-methylthiophenyl) 
phosphorothioate] against blowfly larvae [84, 890]. 

(XXV) 

The oral LDso of the compound for the rat is 100 mg/kg. 
The amido-derivative Jenamiphos (XXVI) [O-ethyl O-(3-methyl-4-methylthio
phenyl) N-isopropyl phosphoramidate] was developed by Bayer AG [530] for 
the control of soil and leaf nematodes. Additionally, it acts as a contact insecti
cide with systemic properties. The compound is obtainable, for instance, by 
reacting 3-methyl 4-methylthiophenol with phosphoryl chloride to the di
chloridate. Nucleophilic displacement of the chlorine atoms by sodium eth
ylate and isopropyl amine yields Jenamiphos with a melting point of 48°C: 

I. EtOH .. 
o 

-p-~ II/OC2Hs 
CH 3 S o-P" 

- NHC 3 H7-i 2. iPrNH 2 

H3 C 
jenamiphos, ®Nemacur (XXVI) 

(10) 

The oral LDso for the rat is about 15-20 mg/kg. As a result of its highly nema
tocidal activity and favourable partition in the soil,Jenamiphos can also be ap
plied in the form of granules ensuring low costs of soil and plant treat
ment. 
From a comparison of the pK values of phenol (9.99), 4-methoxyphenol (10.2) 
and 3-methylthiophenol (9.53) it might be expected that the biological activity 
of Jenthion is only of the same order as is shown by the corresponding esters of 
phenol or 4-methoxyphenol, both of which are rather inactive. This contradic
tion to the "acyl" rule is explained by the fact that the thioether group in the p
position is rapidly converted in the organism into the sulfoxide (see p. 250, 251) 
(cf. [707]). 

(XXVII) 

100 

o 
H0-Q-~-CHg 

CHg 

(XXVIII) 

(11) 
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The pK value of the 4-methylsulfinylphenol (XXVIII) is 8, the esters of this 
phenol therefore fit well into the scheme referred to: the actual active con
stituent is not the thioether (transport form), but the product resulting from the 
"lethal synthesis" (see p. 210, 251), i.e., the sulfoxide (active form). 
By oxidation the mammalian toxicity is enhanced in the same manner (oral 
LDso of the sulfoxide is 125 mg/kg for the rat). The 4-methylsulfinyl ester as 
such exhibits the same insecticidal properties as the corresponding thioether 
and therewith offers an indirect confirmation of the theory. The next oxidation 
product, the sulfone (XXIX) has the same LDso of 125 mg/kg but the biologi
cal activity is considerably reduced. 

CHgO, ~s 0 P -Q-II CH 0/ '0 f" S-CH g _ II g 

CHgO 
(XXIX) 

The mammalian toxicity of the trifluoromethylthio compound (XXX) resem
bles that of the methyl compound, its insecticidal activity is, however, some
what lower. The phosphonates of this series are without exception good insec
ticides but possess a high mammalian toxicity (oral LDso 1-2 mg/kg for the rat) 
so that they have received little attention. 
If a second methyl group is introduced into thefenthion molecule in the m-po
sition, then the toxicity falls further (oral LDso 1000 mg/kg rat) (XXXI), as 
does unfortunately the biological activity. Surprisingly, after oral application 
its activity against the blowfly remains completely intact, as was found by 
BEHRENZ [84] who had also suggested the diethyl ester for use against ecto
parasites in sheep (XXXII): 

(XXXI) (XXXII) 

Its oral LDso for the male rat is 150 mg/kg. 
The diethyl ester of the sulfoxide possesses both insecticidal and nematicidal 
activity. It has an LDso of 4 mg/kg orally for the male rat. 
Its trade name is ®'ferracur P (common name: fensulfothion) (XXXIII) [0,0-
diethyl 0-4-methylsulfinylphenyl phosphorothioate] [891]. The pesticide was 
put on the market in 1965 by Bayer AG. 

(XXXIII) 
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Ethamphenphion (XXXIV) [O,O-diethyl 0-(2-diethylaminomethyl-4-methylsul
finylphenyl) phosphorothioate] was developed at Bayer AG as a rodenticide 
but is no longer on the market. 

C2 HsO,,- /S 
p 

/"-~ 
C2HsO 0 '/ SOCH3 

CH _N/ C2Hs 
2 "- C2 H S 

ethamphenphion. ®Muritan (XXXIV) 
LDso: 1-2 mg/kg rat, oral, acute 

In the technical process 3-methylsulfinylphenol is first reacted with diethyl
amine and paraformaldehyde, and then phosphorylated [911]. 

Phosphorothioates of sulfonamides are now also known to the effective. Under 
the name Jamphur (XXXVI) American Cyanamid [100, 1099] introduced 0,0-
dimethyl 0-4-dimethylsulfamoylphenyl phosphorothiate. 

This class of compound shows systemic, nematicidal and anthelmintic activity 
with relatively low mammalian toxicity. The synthesis follows the usual me
thods from 4-hydroxy-benzenesulfonyl dimethylamide and thionophosphoryl 
chlorides in non-aqueous solvents. A noticeable loss in biological activity re
sults if the sulfamoyl group stands in the 0- or m-position to the phenolic 
group. A loss in activity is also incurred if the nitrogen is substituted with alkyl 
groups of increased size, with aryl groups, or belongs to a heterocyclic system. 
The diethyl derivative is also to be introduced commercially as a nematicide 
(XXXVII) [762]. 
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The oral LDso for the mouse is 23 mg/kg. 
eru/ornate (XXXVIII) [O-methyl 0-(4-tert.-butyl-2-chlorophenyl) N-methyl 
phosphoramidate] was suggested in 1959 by Dow Chemical as a less toxic sub
stitute for phenothiazine in the eradication of intestinal parasites [34, 601]. 

CH30, ~OCI 

CH3NH/
P 
'-0O-C( CH3)3 

(XXXVIII) 

The oral LDso for the rat is 1000 mg/kg. It can be synthesized from the corre
sponding substituted phenol, which is acylated with phosphoryl chloride: 

Trace ofKCl 

-HCI (13) 

The halogen atoms are replaced successively by alkoxyl and methyl amino 
groups. 

-o-Cl 0 3CH,NH, 

(CH3)3 C fj ~ O-P~Cl __ CH-=,_OH ___ • (XXXVIII) 
- "Cl -2CH,NH,'HCI 

(14) 

The thiono-analogue of eru/ornate, ®Dowco 109 or ®Narlene (XXXIX) [0-
methyl 0-(4-tert.-butyl-2-chlorophenyl) N-methyl phosphoramidothioate] was 
also proposed as an anthelmintic, but compared with eru/ornate had the disad
vantage of accumulating in adipose tissue [147, 529, 601, 1055]. 

CH30,p~S h 
CH3NH/ "oVe( CH3)3 

(XXXIX) 
(now discontinued) 

In 1958 Dow Chemical offered ®Dowco 109 as an experimental compound. It 
is synthesized in a similar manner to eru/ornate, with the exception that the sul
fur is introduced afterwards (Eq. (15». 

+PCI, 
---+ 

1.) +CH,ONa 
2.) +CH,NH, 

--'---'---=----+. (XXXIX) 

+PSCl, , 

-PCI, 

(15) 
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The oral LD50 for the rat is 1000 mg/kg. 
The simplest compound of this series obtained by phosphorylation of phenol is 
diamidafos (XL) [O-phenyl N,N-dimethyl phosphorodiamidate]. 

(XL) 

It was also marketed by Dow Chemical in 1959 [1153] and has an oral LD50 of 
140-200 mg/kg for the rat. Diamidafos fails to act as an insecticide but is pe
culiarly suited to the control of root nematodes. 
A somewhat unusual type of phosphate is ®Gophacide (XLI) [O,O-bis-(4-chlo
rophenyl)-N -acetimidoyl phosphoramidothioate]. 

It was offered by Chemagro Corporation as a selective rodenticide having an 
oral LD50 for the male rat of 7.5 mg/kg [665]. 
®Fujithion (XLII) [O,O-dimethyl S-4-chlorophenyl phosphorothioate] was put 
on the market by Ihara Chemical Co. in 1969 as an weather-resisting insecti
cide for controlling rice stem borer and leaf hopper. Monsanto Chemical Co. 
described this compound in a patent [105] as destroying undesired plants. Its 
synthesis may be carried out according to a patent of SCHRADER [952] (Eq. 
(16)): 

®Fujithion (XLII) 

In 1967 Stauffer Chemical Co. introduced fonofos (XLIII) [O-ethyl S-phenyl 
ethylphosphonodithioate] as insecticide against soil insects [1034]. The com-

/ana/as. ®Dyfonate (XLIII) 
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pound has an oral LDso for the male rat of 8-17 mg/kg and is synthesized from 
thiophenol and O-ethyl ethylphosphonochloridothioate with triethylamine. 
Due to high manufacturing costs, the bis-phosphoryl compounds have not yet 
become established. Recently, however, temephos (XLIV) [O,O,O',O'-tetrame
thyl O,O'-thiodi-p-phenylene bis-(phosphorothioate)] was proposed for con
trolling malathion-resistant mosquito larvae [1047]. 

It has a notably low toxicity with an oral LDso of the order of 2000 mg/kg for 
albino rats. Temephos and its analogues were developed in 1960 by Bayer AG 
[997] and in 1963 by American Cyanamid [650]. It is prepared from the corre
sponding phenol and phosphoryl chloride in the presence of aqueous sodium 
hydroxide. The bis-(4-hydroxyphenyl) sulfide itself is obtained by reaction of 
phenol with sulfur dichloride. 

(17) 

Phosphorylation of salicyl alcohol, described by ETO, ETO and OSHIMA [298, 
782], results in ®Salioxon (XLV) [2-methoxy-4H-l,3,2-benzodioxa-phosphorin-
2-one] or the thiono-analogue ®Salithion (XLVI). 

~,p",O 
~b"'OCH3 

(XLV) (XLVI) 

Both compounds are effective insecticides, whose toxicity in mice is more fa
vourable in comparison to parathion [296] (oral LDso of Salioxon: 30 mg/kg, of 
Salithion: 91 mg/kg) ®Salioxon acts synergistically with malathion against re
sistant house flies and against the silk worm. The size of the group attached to 
phosphorus (XLV compared to SM-l) exerts a considerable influence on the 
biological properties of the compound. Aryl groups reduce insecticidal activity 
and increase synergistic properties; small alkyl groups enhance insecticidal ac
tivity and diminish the synergistic action with malathion. Steric effects are held 
mainly responsible for this phenomenon. 
The synthesis of ®Salioxon and ®Salithion may be traced to the work of ETO, 

CAS IDA and ETO [295] who were able to identify the o-tolyl ester "SM-l" as a 
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toxic metabolite of tri-o-cresyl phosphate which might have resulted from hy
droxylation of a methyl group ("hydroxy-TOCP") and intramolecular trans
esterification: 

CH3 

Q-o,p/o-o 
Q-o ~o CH2-OH 

CH3 

"Hydroxy-TOCP" "SM-l" 

The corresponding phosphonic acid esters were also synthesized [297]. Their 
toxicity (oral LD50 as mg/kg for mice) is, as might be expected, higher than 
that of the phosphates. Their hydrolytic stability is lower, which also correlates 
with the rules. Their activity against various arthropod species is of the same 
order as that of the phosphoric acid esters, so that overall there are no advan
tages of this series of compounds. 
The phosphorylation of salicylic acid ester results in the effective insecticide 
isocarbophos (XLVII) [O-methyl 0-2-isopropoxycarbonylphenyl phosphorami
dothioate] [969]. A related compound, O-ethyl 0-2-ethoxycarbonylphenyl N,N
dimethylphosphoramidate, was synthesized, also by SCHRADER, in 1948 [922]. 
Isocarbophos may therefore be regarded as a further development of this. Its 
synthesis follows a procedure shown in Eq. (18), according to which O-methyl 
phosphorodichloridothioate is reacted with salicylic acid ester in aqueous al
kali: 

isocarbophos. ®Optunal (XLVII) 

(18) 

The oral LD50 is 50-100 mg/kg for the rat. The new compound is particularly 
successful in the control of resistant Heliothis virescens on cotton; it acts sys
temically against aphids and leafrollers and is not very persistent in the 
soil. 
Isofenphos (XLVIII), [O-ethyl 0-2-isopropoxycarbonylphenyl N-isopropyl 
phosphoramidothioate], is another phosphorylation product based on isopro
pyl salicylate. Introduced by Bayer AG in 1974, it is a phosphoramidate with 
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insecticidal and acaricidal properties mainly used for the control of soil 
pests. 

isofenphos, ®Oftanol (XLVIII) 
LDso: 38.7 mg/kg rat, oral, acute 

The synthesis is analogous to that of isocarbophos, O-ethyl phosphorodichlori
dothioate being reacted firstly with isopropyl salicylate and then with isopro
pylamine [969] (see above). 

d) O-Aryl Phosphorothiolates and -dithioates 

The recently synthesized phosphorochlorido(di)thiol(n)ates, described pre
viously (see p. 55 f.), yield new products with interesting possibilities to react 
with certain "classical" phenols. Examples are sulprofos [O-ethyl 0-4-methyl
thiophenyl Son-propyl phosphorodithioate] (I) and prothiofos [O-ethyl 0-2,4-
dichlorophenyl Son-propyl phosphorodithioate] (II), both compounds being in
secticides [548]. 

(I) 

merpafos, sulprofos, ®Bolstar 
LDso: 22.7 mg/kg rat, oral, acute 

(II) 

prothiofos, ®Tokuthion 
®Toyothion, ®'Toyodan (Japan) 
LDso: 1134 mg/kg rat, oral, acute 

Sulprofos is characterized by a particularly high activity against bollworm (He
liothis) in cotton. Prothiofos is a less toxic insecticide and mainly used in vege
table growing and for the control of flies. Among the O-alkyl O-aryl S-alkyl 
phosphorodithioates of the sulprofos and prothiofos type, toxicity and activity 
strongly depend on the nature of the S-alkyl residue. For example, the com
pounds in which this alkyl is n-propyl or sec-butyl display the highest activity 
against susceptible and resistant house-flies. Replacement by methyl, ethyl or 
n-butyl yields products of lower activity. An optimal relation between insecti
cidal activity and mammalian toxicity is frequently found with Son-propyl. 
Here, the Son-propyl O-ethyl esters are also usually less toxic than the O,O-di
ethyl esters of the same phenols. Furthermore, S-n-propyl phosphorothiolates 
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are said to be quite weak in vitro-inhibitors of acetylcholinesterase [590]. Repre
sentative examples are listed in the following table to illustrate this effect: 

Table 6. Toxicity of O-ethyl 0-2,4-dichlorophenyl S-alkyl phosphorodithioates to mice and resist
ant house·flies 

R 

CH3 

C2HS 

iso-C3H7 

n-C3H7 

s-C4H9 

n-C4 H9 

Mouse (mg/kg) 
oral 

1580 
1850 
1600 
940 
250 
410 

LDso 

House-fly (~g/fly) 
Resist. Suscept. 

206.0 
>250 

3.65 
0.66 
1.50 

22.3 

5.3 
18.5 
0.73 
0.36 
0.46 
2.7 

Sulprofos and prothiofos are produced by analogous routes: 

HOAr 

or 

Resistance ratio 
RlS 

39 
> 15 

5 
2 
3 
8 

(1) 

(2) 

The O-ethyl S-n-propyl thiolophosphoryl residue is the phosphoryl component 
of profenofos [O-ethyl O-(4-bromo-2-chlorophenyl) S-n-propyl phosphoro
thioate] (III) [98], which is closely related to prothiofos. 
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Pro/en%s is a contact and stomach poison exhibiting a broad spectrum of ac
tivity. It is used in cotton and vegetables against biting and sucking insects and 
against mites. 
The same phosphoryl component can be found in the Russian development, 
Heterophos (O-ethyl O-phenyl S-n-propyl phosphorothioate) (IV) [304J. 

° ///SCJ H 7 

Q-o-p" 
OC2Hs 

Heterophos (IV) 
LDso: 295 mg/kg rat, oral, acute 

It has been reported to be active against root-gall nematodes with a residual ac
tion of 20-40 days. 
Ethoprophos (O-ethyl S,S-di-n-propyl phosphorodithioate) (V), another nemati
cide with the same phosphoryl component, was introduced by the Mobil 
Chemical Co. in 1967. 

C2H sO" ,f'0 
P 

/" nC J H7S SCJ H 7D 

ethoprophos. ®Mocap (V) 
LDso: 61 mg/kg rat, oral, acute 

This compound can be prepared by reaction of phosphorus trichloride with n
propylmercaptan, followed by treatment with alcohol to give the mixed phos
phite [1137J 

__ H....,2_0-,,-2 --+1 (V) 

(3) 

and subsequent oxidation. The reaction of O-ethyl phosphorodichloridate with 
n-propylmercaptan is an alternative route [667J: 

(V) (4) 

e) Heterocyclic Phosphor(n)o(thion)ates 

The phosphates of condensed heterocyclic compounds with the hydroxyl 
group on the benzene ring represent a borderline group between the esters of 
true phenols already discussed and heterocyclic hydroxy compounds. 

109 



Chemical Section 

Probably the oldest example of this series is ®Potasan (I) [O,O-diethyl 0-4-
methylcoumarin-7-yl phosphorothioate] which was patented by SCHRADER in 
1948 [923, 973]. UNTERSTENHOFER [1073] described the compound as one of 
the first synthetic insecticides against the Colorado beetle. (The trade name 
"Potasan" is derived from "potato" and the Latin "sanus".) 

(I) 

The coumarin required is prepared according to the reaction of PECHMANN 
and DUISBERG [798] from resorcin and acetoacetate in concentrated sulfuric 
acid, the phosphorylation following standard procedures. The oral LDso for the 
male rat is 19 mg/kg. ®Potasan has only a slight contact insecticidal action. Hy
drolysis results in cleavage of an ethyl group giving rise to the inactive deethyl 
compound. The phosphonic acid derivatives are well known and are also good 
contact insecticides but have found no practical application. 
A chlorine derivative of ®Potasan is coumaphos (II) [O,O-diethyl 0-(3-chloro-
4-methylcoumarin-7-yl) phosphorothioate] [930]. The synthesis is analogous, 
a-chloroacetoacetate being used as starting material for preparation of the 
coumarin. 

This compound was also first described by SCHRADER in 1951. The toxity is re
duced by the chlorine atom to an oral LDso for the male rat of 100 mg/kg. 
The most surprising effect of the introduction of a single chlorine atom into the 
3-position of ®Potasan is almost a thousand-fold increase in activity against 
mosquito larvae. The substance was therefore applied in the field of hygiene 
under the name ®Muscatox, later ®Resitox, as a potent larvicide. In veterinary 
medicine it is known as ®Asuntol (in USA ®Co-ral). Its main field of applica
tion is the control of ectoparasites such as screwworms, ticks, blowfly larvae 
and blowflies in cattle and sheep. On account of its stability towards hydro
lysis, it can be used in dips as was suggested by BEHRENZ, FEDERMANN and 
BOLLE [85]. Metabolism in the mammal results in a loss of the diethyl thiophos
phoric acid and opening of the lactone ring. 
These metabolites are excreted mainly in the urine. Introduction of halogen 
atoms into the phosphoryl moiety, i.e. 2-chloroethyl instead of ethyl groups re-
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suIts in at least a tenfold reduction in toxicity. In this way the biological activ
ity is also frequently lost. ®Haloxon (III) [O,O-di-(2-chloroethyl) O-(3-chloro-4-
methylcoumarin-7-yl) phosphate] is an active anthelmintic, described in 1962 
by the firm of COOPER [144, 145]. 

(III) 

The oral LD50 of this compound for the rat is about 900 mg/kg. For its manu
facture the synthesis of STEINBERG [1015] was chosen, involving the reaction of 
3-chloro-4-methyl-7 -hydroxycoumarin with di-2-chloroethyl phosphite and 
carbon tetrachloride in the presence of triethylamine (cf. p. 53). 

CICH2 CH20" 
P-OH + CC14 ~ (III) 

CICH2 CH20/ 
(1) 

A series of highly active compounds are also derived from condensed heterocy
clics containing nitrogen, such as quinoline. Phosphonic acid esters of 5-,6-, 7-, 
and 8-hydroxy-quinolines can be used against ticks and resistant spider mites, 
maximum acaricidal activity* being found with the ester of the 6-hydroxy com
pound and maximum activity against ticks** with the 8-hydroxy derivative. It 
is surprising that these phosphonic acid esters are relatively stable to alkaline 
media and c.ru, therefore, be used in a dip. An important member of this series 
is ®Bacdip with the common name oxinothiophos (IV) [O-ethyl O-quinolin-8-yl 
phenylphosphonothioate] [306], and the derivative of 6-hydroxyquinoline hav
ing the structure (V) [O-ethyl O-quinolin-6-yl methylphosphonothioate]. 

(IV) (V) 

LD50 for the rat 9 per os: 150 mg/kg LD50 for the rat 9 per os: 5-10 mg/kg*** 

* The activity was discovered by I. HAMMANN and G. UNTERSTENHOFER (Bayer AG). 
** W. STENDEL (Bayer AG) determined the Le65 at 5 x 10- 50/0. 

*** G. KIMMERLE (Bayer AG) determined the LD50. 
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Since the synthesis of the requisite 6-hydroxyquinoline is rather expensive, the 
corresponding quinoxaline was synthesized, which is not only less expensive 
but has the additional advantage of possessing the structure of both the 6- and 
7 -hydroxyquinoline [909]: 

HO~N~ HO~N~ V ~ resp. ~N~ 
Nl 

In this way one obtains equally excellent insecticides whose acaricidal activity 
is maintained also against highly resistant strains, e.g. (VI) [O,O-diethyl O-quin
oxalin-6-yl phosphorothioate]*. 

(VI) 

The oral LD50 for the rat is 10 mg/kg**. 
The ester series of the heterocyclics proper begins with chlorpyrifos (VII) [0,0-
diethyl 0-(3,5,6-trichloro-2-pyridyl) phosphorothioate]. 

C2H50,p~S Cl~Cl 

~H5c{ "o~N)l..Cl 
(VII) 

It was was introduced by Dow Chemical Company in 1965 as a new agent 
against mosquitoes [534, 862, 863]. Its larvicidal activity is some 50-toO times 
greater than that of many other commercial products. The LD50 for the rat is 
135 to 163 mg/kg. 
The pyridazine derivate pyridaphenthion (VIII) [O,O-diethyl 0-(3-oxo-2-phen
yl-2H-pyridazin-6-yl) phosphorothioate] has two nitrogen atoms in a six-mem
bered heterocyclic ring in 1,2-position . 

.. The acaricidal activity was determined by I. HAMMANN and G. UNTERSTENHOFER (Bayer 
AG). 

** The LDso was determined by G. KIMMERLE (Bayer AG). 
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LDso: 769 mg/kg rat d, oral, acute 
(American Cyanamid Co., 1974) 

Insecticides 

The hydroxypyridazinone (IX) required is obtained from maleic anhydride and 
phenylhydrazine, and phosphorylated in the usual manner [275]. 

/0 
HC-C 

II :0 + C6 HSNHNH2 . H2S04 -- HO~O + H2S04 + H20 (2) 

HC-C"",O N'6 

(IX) 

Pyridaphenthion is a promising less toxic insecticide used for the control of 
Heliothis spp. and the rice stem borer [326]. 
From pyrimidine is derived one of the oldest phosphates, diazinon (X) [0,0-
diethyl 0-(2-isopropyl-6-methylpyrimidin-4-yl) phosphorothioate], which was 
developed in 1952 by GYSIN and MARGOT [400] of Geigy. 

CHO S CH3 

2 5 'p-7 -CN CH 
/ ........ /' 3 

C2HP 0 "NJl-CH 
..... CH 

diazinon (X) 3 

It is a widely used, rapidly acting contact insecticide and acaricide. 
The starting compound is obtained by condensation of isobutyramidine with 
acetoacetate. 

CH3 
I 
c=o 

/ 
CH2 + 
I 

O=C-OR 

H N 'HCI 
2 I /CH3 

C-CH --
,f ..... CH 

HN 3 

(3) 

The oral LDso for the male rat is 108 mg/kg. In the mammal the compound is 
oxidized as usual to the P 0 compound (diazoxon). Diazinon is often applied 
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where insects have become resistant to DDT and chlorinated hydrocarbons. It 
was developed alongside the analogously constructed dialkyl carbamates of 
enolisable heterocyclic compounds with insecticidal or repellent action of 
which Pyramate (XI) is an example. 

Closely related to diazinon are the three ICI compounds pyrimithate (XII) (lCI 
29,661) [O,O-diethyl O-(2-dimethylamino-6-methylpyrimidin-4-yl) phosphoro
thioate] [694], 

pyrimithate, ®Oiothyl, ICI 29,661 (XII) 
LOso : 125 mg/kg rat, oral, acute 

pirimiphos-methyl (XIII) [O,O-dimethyl O-(2-diethylamino-6-methylpyrimidin-
4-yl) phosphorothioate] (1970) and the corresponding ethyl ester pirimiphos
ethyl (XIV) [O,O-diethyl O-(2-diethylamino-6-methylpyrimidin-4-yl) phospho
rothioate] [694, 993] (1971). 

pirimiphos-methyl, ® Actellic (XIII) 
LOso : 2050 mg/kg female rat, oral, acute 

pirimiphos-ethyl, ®Primicid (XIV) 
LOso : 125 mg/kg rat, oral, acute 

Pirimiphos-methyl is a fast-acting insecticide and acaricide with both contact 
and fumigant action; it is able to penetrate leaf tissue. Pests in cereals are a 
large area of application. It is also used against pests of stored products. 
Another pyrimidine derivative with a different substitution pattern is the short
term insecticide etrimfos (XV) [O,O-dimethyl O-(6-ethoxy-2-ethylpyrimidin-4-
yl) phosphorothioate] [733], 
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etrimfos. ®Ekamet (XV) 
L050 : 1800 mg/kg rat, oral, acute 

introduced by Sandoz in 1972. 6-Ethoxy-2-ethyl-4-hydroxypyrimidine is pro
duced by a multistep synthesis [445, 446, 830] involving alkaline condensation 
of propionamidine with diethyl malonate, chlorination of the dihydroxy com
pound, partial hydrolysis with approx. 4 % aqueous hydrochloric acid, and fi
nally chlorine substitution with sodium ethoxide: 

-

-4% aq. Hel 
• 

• (XV) (4) 

Phosphorylation then leads to the endproduct. Etrimfos is a contact and 
stomach poison [566] and non-systemic but is able to penetrate cell walls well. 
It is active against biting and sucking pests in fruit trees, grapes, vegetables 
[146, 150] and in tropical crops. It is a less toxic insecticide of moderate resid
ual activity. Although it is not a specific aphicide it shows a good effect against 
certain aphid species. Being of low phytotoxicity, it also displays a remarkably 
low toxicity towards fish. 
Arrangement of the nitrogen atoms in the 1,4-position in the heterocyclic nu
cleus results an insecticide, nematicide and fungicide - thionazin (XVI) [0,0-
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diethyl O-pyrazin-2-yl phosphorothioate] [266]. It was patented in 1958 by 
American Cyanamid. The oral LDso for the rat is 5 mg/kg. 

(XVI) 

For the synthesis of thionazin the American Cyanamid Company started with 
1,2-diketones which were condensed with aminoacetamide: 

- R N 
'c~ 'CH 

I II 
...--C~ ...--C-OH 

RI N 
(5) 

If Rand R 1 together signify a benzene ring, then the process is not practicable 
because o-quinone is difficult to obtain and handle on an industrial scale. 
Therefore o-phenylenediamine is to be preferred for ring closure with 1,2-dike
tones. 
In this way Bayer prepared the ester of 2-hydroxyquinoxaline [908]* which 
possesses an excellent action against biting insects, such as beetle larvae, and 
caterpillars, especially against resistant types of Plutella sp. and sucking insects 
such as aphids as well as against the spider mite. Substituents on both rings re
duce toxicity and usually also the pesticidal activity. 
Quinalphos (XVII) [O,O-diethyl O-quinoxalin-2-yl phosphorothioate] was 
chosen for practical application (oral LDso for the rat approx. 70 mg/kg**). 
The advantage of quinalphos consist in an excellent initial action without nota
ble persistence as contact and stomach insecticide. 

(XVII) 

It is not systemic in action but is able to penetrate deeply into plants: if quinal
phos is sprayed onto the surface of the leaf, aphids on the underside of the leaf 
are killed within a few minutes [910]. 
Sandoz AG applied for a patent for this class of compounds about three 
months after Bayer AG [440]. 

* The insecticidal and acaricidal activity was found by I. HAMMANN and G. UNTERSTENHOFER 

(Bayer AG). 
** G. KIMMERLE (Bayer AG) determined the acute LDso in the rat orally. 

116 



Insecticides 

The corresponding dimethyl ester should be mentioned because of its very fa
vourable toxicity (LD50 oral for the rat > 2000 mg/kg). Against diptera its activ
ity exceeds that of quinalphos. 
On five-membered heterocyclic compounds, e.g. pyrazole are based com
pounds such as ®Pyrazoxon (XVIII) [O,O-diethyl 0-5-methylpyrazol-3-yl phos
phate] [400] which was filed for a patent by Geigy in 1952. ®Pyrazoxon is highly 
active systematically but considerably toxic to mammals (oral LD50 for mice: 
4 mg/kg). 

(XVIII) 

The thiono-derivative ®Pyrazothion (XIX) [O,O-diethyl 0-5-methylpyrazol-3-yl 
phosphorothioate] is also a systemic insecticide, but less toxic (oral LD50 for 
the rat: 36 mg/kg), with good activity against aphids and spider mites [400]. 

Newly developed insecticides often cot;ltain heterocyclic hydroxy compounds 
which, compared with phenol derivatives, are more complicated and costly to 
synthesize. In the triazole series, isazophos (XX) [O,O-diethyl O-(5-chloro-l
isopropyl-l,2,4-triazol-3-yl) phosphorothioate] is worthy of mention. 

CH 3 
"- 1 2 

CH-N-N 

CH3/ ~4~ f!/OC 2H s (XX) 
CI N o-P 

"-
OC2H s 

isazophos. protriazophos. ®Miral 
LDso: -60 mg/kg rat, oral, acute 
(Ciba·Geigy Ltd.) 

5-Chloro-l-isopropyl-3-hydroxy-l,2,4-triazole (XXI) is available either in one 
step by addition of isopropylhydrazine to chlorocarbonylisocyanide dichloride 
[403] 

(6) 
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or by condensation of isopropylsemicarbazide and triethyl orthoformate [251, 
1036] with subsequent chlorination [252]. 

(XXI) + 

CH3 
"--

CH-N-N Cl 
CH /' I II ~ (XXI) 

3 HC C-OH 
~/ 

(7) 

Isazophos is a broad-spectrum soil insecticide [252] and nematicide with sys
temic activity via the roots; it remains stable in the soil for 4-6 weeks. It is ef
fective against dipterous larvae, Diabrotica spp., wire-worms and free-living 
and root-gall nematodes on vegetables, maize and soybeans. The systemic ac
tivity makes it effective against beet flies and aphids. It acts as a contact and 
stomach poison. 
Triazophos (XXII) [O,O-diethyl 0-I-phenyl-l,2,4-triazol-3-yl phosphoro
thioate] [251] is also a triazole derivative. It can be prepared by ring-closure of 
phenylsemicarbazide with triethyl orthoformate followed by phosphorylation 
[897]. It was introduced by Hoechst AG in 1970. 

Q-N-N f!/,OC 2Hs 

V-o- P,,--
OC2HS 

triazophos. ®Hostathion (XXII) 
LDso: 83 mg/kg rat, oral, acute 

Although not systemic, triazophos has a good penetration action, long duration 
of activity and is effective against spider mites. It is mainly used in cotton and 
vegetable crops [310]. 
A true phosphonamidate is the insecticide, acaricide and fungicide triamiphos 
(XXIII) [N,N,N' ,N'-tetramethyl P-(5-amino-3-phenyl-l,2,4-triazol-l-yl) phos
phonic diamide]. This new type of product, found by the firm Philips Duphar 
in 1960 [572], was the first phosphate compound showing activity against 
powdery mildews. The oral LDso for the rat is 5 mg/kg [120-124]. 

(XXIII) 

triamiphos. ®Septin, ®Wepsyn 
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For its synthesis [522] (Eq. (8)), dicyandiamide is reacted with benzoyl chlo
ride, and then with hydrazine sulfate. The urea derivative (XXIV) is hydro
lyzed and the resulting amino-compound (XXV) acylated with N,N,N',N'-te
tramethyl phosphorochloridate in the presence of colli dine. 

--. 
-He! 

NH 

OCONH-~-NHCN 

N-N N-N 

H 2N-NH2 ·H2SO. ~ O~'N/~-NHCONH2 -- O~'N/~-NH2 
H H 

(XXIV) (XXV) 

(8) 

Thiatriphos (XXVI) [O,O-diethyl O-(6-bromo-5-ethylthiazolo[3,2-b][1,2,4]-tri
azol-2-yl) phosphorothioate] has a bicyclic heterocyclic ring system [524, 58]. 

C2HS 

)cN-N S 
I~ L ..... OC2HS 

Br O-P"OC2Hs 

thiatriphos, Ni 15 (XXVI) 
LDso: 220-230 mg/kg rat, oral, acute 
(Nippon Soda, experimental product) 

The simple synthesis of the hydroxyheterocycle starts with l-(methoxycar
bonyl)-thiosemicarbazide, which is cyclized under alkaline conditions, alky
lated with an a-haloketone, cyclized with sulfuric acid and then brominated 
[527, 528, 523, 462]. 

S HN--NH 
II aq. NaOH I I 

H2N--C-NHNHCOOCH 3 ----'-------» S==C c=o 
'N/ 

H 

N-bromosuccinimid~ C2Hs~N ~ 

in CHCl3 AS~" 
Br OH 

(9) 
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Ni 15 is a recently developed insecticide highly effective against the rice stem 
borer (Chilo suppressa/is) and the common gnat but can also be used as an 
anthelminthic [1046]. 
Chlorprazophos (XXVII) [O,O-diethyl O-(3-chloro-7-methylpyrazolo[1,5a] py
rimidin-2-yl) phosphorothioate] (IX) is another bicyclic heterocyclic derivative 
[461]. 

CH3 S 

~7%f/~ . II/OC2HS 
5 ~ O-p 
~ w "'-

OC2H S 

Cl 

chlorprazophos. HOX 2709 (XXVII) 
LDso: 50-100 mg/kg rat, oral, acute 
(Bayer AG, experimental product) 

In the synthesis of the pyrazolopyrimidine moiety [861] the pyrazole ring 
(XXVIII) is first constructed by cyclisation of cyanoacetohydrazide and the 
second ring added by condensation with a p-dicarbonyl compound. 

CH 3 

I 
CO 

/ 
CH 2 

I 
HC 
~ o 

CH 3 

+ (XXVIII) ---> Ctt ~ 
"'N OH 

HN-N 

AJl 
H2N ONa 

CH3 

~N-N 
CA-~ 

N T 'OH 
CI 

(XXVIII) 

(XXVII) 

(10) 

Chlorination of the heterobicycle thus formed improves the activity of the end
product. It was possible to study thoroughly the influence of substituents on 
the activity of these compounds. 
The introduction of a methyl group in the positions 5 or 7 reduces the toxicity. 
The introduction of a halogen in position 3 decreases the toxicity but increases 
the insecticidal activity. The most active compound in this series is chlorprazo
phos, a broad-spectrum insecticide with acaricidal properties, which is non-sys
temic and exhibits low phytotoxicity. 

Exceptions to Schrader's Rule 

A few compounds should be mentioned which are "exceptions" to Schrader's 
Acyl Rule in that they do not contain a "classical" acyl component. Examples 
are the phosphorylimines in which the "acyl" residue is bond via nitrogen. The 
nucleophilic character of the doubly bound nitrogen is so reduced that the 
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imide residue can act as an acyl group. The following compounds are exam
ples: 
The systemic soil insecticide and -nematicide Josthietan (XXIX) [O,O-diethyl 
N-1,3-dithietan-2-ylidenephosphoramidate] [1123]. 

C2 HsO, ~O 

/p, =<s> C2HsO N 
S 

(XXIX) 

fosthietan. ®Nem-A-Tak, AC 64,475 (1972) 
LD50: 5 mg/kg rat, oral, acute 

American Cyanamid patented an interesting group of esters with very good ac
tivity against biting and sucking insects as well as against spider mites. These 
esters include the insecticides phosJolan (XXX) [O,O-diethyl N-1,3-dithiolan-2-
ylidenephosphoramidate) and mephosJolan (XXXI) [O,O-diethyl N-(4-methyl-
1,3-dithiolan-2-ylidene)phosphoramidate] [4,6] which were introduced in 
1963 [649]. 

phosfolan. ®Cyolane (XXX) 
LD50: 8.9 mg/kg rat, oral, acute 

mephosfolan. ®Cytrolane (XXXI) 
LD50: 11.3 mg/kg rat, oral, acute 

PhosJolan is a systemic insecticide particularly useful in cotton. It acts as a con
tact and stomach poison. 
The 2-imino-1,3-dithiolanes necessary for the syntheses are obtained by react
ing the corresponding 1,2-dithiols in non-polar solvents with cyanogen chlo
ride in the presence of hydrogen chloride and catalytic quantities of alcohol. 
Phosphorylation is then carried out by the same methods that lead to the phe
nol esters. 

R-CH-SH [R-CH-S J 
I + CICN l!Q. I :C=~H2 CI9 

CH2-SH CH2-S 

R = H.CH3 

Besides the synthesis of phosphorylated 2-imino-1,3-dithiolane mentioned 
above, ADDOR [5] described an alternative in which potassium hydrogen sul
fide was added to O,O-diethylphosphoryl isothiocyanate (XXXII) 
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C2H sO ",0 
'" ~ KSH P ----+ 

/' '" (XXX) (12) 
C2H sO NCS 

(XXXII) 

to give potassium N-(O,O-diethylphosphoryl dithiocarbamate), which was con
verted to phosfolan by reaction with 1,2-dibromoethane [649]. 

f) O-Phosphorylated Hydroxylamine Derivatives 

Like the aromatic hydroxy compounds, hydroxylamine derivatives, i.e. oximes 
and hydroxamic acids, are also suitable starting materials for the synthesis of 
highly active organophosphates. 
One example is the nematicide AC 475 (I) [O-(O,O-diethyl phosphoryl) 2H-l,3-
dithiolane-2-oxime] [3], recently developed by American Cyanamid and still at 
the experimental stage, which contains the same heterocycle as phosfolan in the 
"acyl" component. 

This synthesis (see above) also starts from ethane-l,2-dithiol which is first 
reacted with cyanogen chloride, then with hydroxylamine hydrochloride: 

(1) 

A compound of the oximino ester type highly effective against ticks is phoxim 
(II) [O-(O,O-diethyl phosphorothioyl) a-phenyl a-hydroximinoacetonitrile] 
[633], which was introduced by Bayer AG in 1969. Recently, it has also been 
used as a treatment for mange under the name ®Sebacil. 
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It can be obtained by phosphorylation of a-phenyl a-hydroximinoacetonitrile 
which is synthesized in the following way: 

(II) (2) 

Phoxim is a powerful broad-spectrum leaf insecticide, particularly suitable for 
the control of Heliothis spp. in cotton. This substance has the advantage of a 
very good initial action, is able to control advanced stages of caterpillar and is 
effective in rainy climates [1148]. 
FUKUTO, METCALF, JONES and MYERS [350] investigated p-substituted struc
tural analogues of phoxim with the object of correlating structure and substit
uent properties with activity. The most active compound against the house fly 
is the P=O analogue of phoxim with a cholinesterase inhibition of 1.6 x 10- 9 

(Iso molar, fly ChE). 
Phosphorylated hydroxamic acids have also become known. Maretin (III) 
[O,O-diethyl O-naphthaloximidophosphate] was found in 1953 at Bayer AG 
[638, 1112]; it is a very active anthelmintic, used against stomach and intestinal 
worms. 

®Maretin, ®Rametin (III) 
LD50: 75 mg/kg for the male rat orally 

N~Hydroxynaphthalimide is synthesized from naphthalic acid anhydride and 
hydroxylamine. Compounds related to naphthaloxime were described in 1964 
by Dow Chemical e.g. ditalimfos (IV) [O,O-diethyl phthalimidophosphono
thioate] with an 

ditalimfos, ®Plondrel (IV) 

oral LDso of 5600 mg/kg for the male rat. It is surprising that its spectrum also 
covers fungicidal activity [1057]. 

g) S-Alkyl (subst.) Phosphoro(di)thioates 

The phosphorothioates described in this section are obtainable by alkylation of 
suitable phosphorothioic acids or their salts. (Amidothioates see p. 124). The 
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alkylating agents which are used on an industrial scale can be arranged in the 
following groups: 

1) Methylating agents like iodomethane and dimethyl sulfate 
2) Alkyl, aryl and acylthiomethyl chlorides 
3) Choline (or choline analogues) chlorides 
4) Benzyl chloride and analogues 
5) N-chloromethyl compounds 
6) a-Halocarboxylic acid derivatives 
7) Olefines 

p. 124 
p. 126 
p. 128 
p.138 
p.139 
p.143 
p. 147 

Each one of these groups has provided well-known commercial pesticides. 

1) The simplest phosphorothiolate was developed simultaneously by Bayer AG 
under the trade name Tamaron [981] and by the Chevron Chemical Co. under 
the name Monitor [656, 657] [O,S-dimethyl phosphoramidothioate] (I) and in
troduced in 1969. 

methamidophos. ®Tamaron, ®Monitor 
LOso : 30 mg/kg rat, oral, acute 

This product has three different substituents bound to the central phosphorus 
atom. The synthetic problems thus arising have been solved in various ways. In 
the re-alkylation method O,O-dimethyl phosphoramidothioate is hydrolyzed 
by alkali forming an ambidentate anion. 

dimethyl sulfate 
or iodomethane 

(I) 

(1) 

This anion is realkylated. Owing to its higher nucleophilicity, alkylation occurs 
at sulfur. 
Another method is the application of the Pistschimuka reaction, a one-step 
isomerization [156] involving the intermediate formation of a phosphonium 
salt. 

CH30 SCH 3 
'-- /' 

---> p 
/'--

o NH2 (2) 

(I) 
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The so-called "pyrophosphate reaction" is another possibility [459]. The start
ing material, O,O,O-trimethyl phosphorothioate, is hydrolyzed by alkali. The 
ambidentate anion thus formed rearranges. At 100°C the rearranged anion 
reacts with phosgene to an unstable mixed anhydride which forms the pyro
ester with loss of CO2 • This is then aminolyzed to methamidophos. The by
product (II) formed can be recycled in a phosgene reaction: 

CH3 0 0 
"'--!' 

p 
/' "'-

CH3S NH2 
(I) 

(3) 

In conclusion, one process should be mentioned in which a thiono-thiolo rear
rangement, a reaction step found in all methamidophos syntheses, occurs at the 
O-methyl phosphorodichloridothionate stage: 

(4) 

(I) 

The S-methyl phosphorodichloridothiolate formed is then converted into 
methamidophos by passing ammonia into a methanolic solution under care
fully controlled conditions [217]. Methamidophos is actually chiral owing to the 
four different ligands. A separation into the optical antipodes was studied with 
ethylmethamidophos [1126]. The ( - )-form was found to be markedly superior 
in biological tests. Methamidophos is effective as an insecticide for the control 
of lepidopterous larvae and as an acaricide [406]. 
An investigation of QUISTAD, FUKUTO and METCALF [845] into structural ana
logues of methamidophos indicated that substituents on the nitrogen atom or an 
increase in the size of the alkyl groups on the oxygen or sulfur atom, respec
tively, reduce activity. Surprisingly, the insecticidal activity of methamidophos 
is substantially higher than might be expected from the cholinesterase inhibi
tion data for house flies (Iso 3.9 x 10- 5 molar fly ChE). 
The acetylated derivative of methamidophos, acephate (III) [O,S-dimethyl N
acetyl phosphoramidothioate] was synthesized by LORENZ in 1964 and intro
duced by Chevron Chemical [632] at first as an experimental product and espe-
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cially for the control of Lepidoptera, Hemiptera, Homoptera and Coleoptera. 
The oral LD50 0 is 945 mg/kg for the rat. 

Ac 20 CH30, -::;:::-0 
---~) P 

H2S04 CH3S '" 'NHCOCH3 
(5) 

acephate. ®ORTHO 12,420, ®ORTHENE (III) 

2) Another very simple example is phorate or ®Thimet (IV) [O,O-diethyl S
ethylthiomethyl phosphorodithioate], a contact insecticide with systemic ac
tion. Processes for its manufacture have been developed by American Cyan
amid (1948) (Eq. (6)) and by Bayer AG (1952) (Eq. (7)). 

(a) Following a process by HOOK [474], diethyl phosphorodithioic acid is 
reacted with ethyl mercaptan and formaldehyde: 

C2 HsO, -::;:::-S 
",P, 

C2HsO S - CH2 - SC2HS 

phorate (IV) 

(6) 

(b) In another synthesis ethylthiomethyl chloride is first prepared and reacted 
with the salt of O,O-diethyl phosphorodithioic acid [638, 976]: 

(7) 

The toxicity of the compound (oral LD50) is 2 mg/kg for the rat. 
When aliphatic groups are replaced by aromatic groups, the contact insecti
cidal and acaricidal properties are maintained. We would mention carbopheno
thion (V) [O,O-diethyl S-(4-chlorophenylthio)methyl phosphorodithioate] and 
®Methyltrithion (VI) [300] [O,O-dimethyl S-( 4-chlorophenylthiomethyl) phos
phorodithioate] which were developed in 1954/55 by Stauffer Chemical Com
pany. 

LDso: 28-100 mg/kg for the rat orally 
carbophenothion, ®Trithion 

CH30, ,<:S 
p7 

CH3cf 'S-CH2 S-oCl 

(VI) 

LDso: 180-200 mg/kg for the rat orally 
®Methyltrithion 

The aromatic thioether is prepared from thiophenol with formaldehyde and 
hydrogen chloride [301]: 
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(8) 

RO, h S -0 p~ + CICH2S fj_~ Cl ----+ (V) and (VI) resp. 
RO/ 'SNa 

On the plant, carbophenothion is oxidized to the p=o compound, which is 
more toxic and shows an increased cholinesterase inhibiting activity. It can be 
prepared by means of peracetic acid. 
Closely related to carbophenothion is phenkapton (VII) [O,O-diethyl S-(2,5-di
chlorophenylthiomethyl) phosphorodithioate] [357], which also possesses acari
cidal properties. Systemic action is lacking here. Phenkapton was described for 
the first time in 1955 by Geigy AG. 

The synthesis is analogous to that of carbophenothion. The compound has an 
oral LDso for the rat of 200-260 mg/kg. 
Joining two molecules of diethyl phosphorodithioic acid via a methylene 
bridge results in ethion (VIII) [0,0,0',0' -tetraethyl S,S' -methylene di(phos
phorodithioate)]. This compound was developed independently by the Food 
Machinery and Chemical Corporation in 1956 and by Bayer AG in 1957, re
spectively [31, 642, 1130]. Ethion may also be regarded as phosphorylthimet. 

ethion 

The compound acts as a contact insecticide, acaricide and ovicide. It is manu
factured from the ammonium salt of diethyl phosphorodithioic acid and chlo
robromomethane or methylene bromide: 

+Br-CH,-Cl 
) 

S 
II 

(C,H,O),P - SNH. 
) (VIII) (9) 

In another synthesis, according to COLLN, diethyl phosphorodithioic acid and 
formaldehyde are used [214]: 
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H 2S04 

orCISO,H 

-H20 
(VIII) (10) 

Chlormephos (IX) [O,O-diethyl S-chloromethyl phosphorodithioate] is a con
tact insecticide, effective when applied to soil for the control of the wire-worm, 
white grubs and millipedes and mainly used in inaize and sugar beet [393]. 

chlormephos. ®Dotan 
LDso: 7 mg/kg rat, oral, acute 
(Murphy Chemical Ltd., 1968) 
(RhOne-Poulenc under licence) 

Owing to their sensitivity towards acid it is not possible to chloromethylate 
O,O-dialkyl phosphorothionates and -thiolates. The chloromethyl compounds 
are obtained by reacting the salts of the corresponding acids with bromochlo
romethane [896, 818]. 

(II) 

By reacting the S-chloromethyl ester (X) with sodium N,N-dimethyl dithiocar
bamate or N,N-dimethyl thiocarbamoyl chloride with the sodium salt (XII) of 
O,O-diethyl S-(methylthio) phosphorodithioate, ®Azothion (XI) [O,O-diethyl 
S-(N,N-dimethyl dithiocarbamoyl)methyl phosphorodithioate] results. Its ap
plication as a pesticide, especially as acaricide and hygiene insecticide, was 
claimed by Hoechst AG in 1956 [895]: 

3) One of the simplest phosphoryl choline compounds is amiton (XIII) [0,0-
diethyl S-(2-diethylamino)ethyl phosphorothioate] [371, 112]. Although amiton 
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was synthesized as early as 1948, the first publications did not appear until 
some years later. 

It was introduced in the form of its acidic oxalate (®Tetram) by Imperial 
Chemical Industries as an acaricide and systemic insecticide. Amiton is seldom 
used, however, on account of its high toxicity (the oral LDso for the rat is ~ 3 
mg/kg). Established methods are used for its synthesis via the thionoderivative 
(Eq. (13» [369]. By isomerization amiton is obtained. 

metallicNa 
~ 

- NaC!. -H, 

(13) 

Another route for its synthesis is the reaction of sodium diethyl phosphite with 
the corresponding pseudo-halide [370, 942]: 

(14) 

With alkylating agents, quaternation occurs resulting in compounds with high 
cholinesterase inhibiting activity. 
From a biological, biochemical and toxicological point of view, the phosphoryl 
analogues of acetylcholine (XIV) are of great interest. Compounds of this type, 
the so-called Tammelin esters have the general structure (XV) [1041, 1043-
1045]: 

Acetylcholine: 

Tammelin 
esters: 

(XYa) 

and 

(XYb) 
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where R 1 may be alkyl, fluorine or alkoxy, and X oxygen or sulfur. Their cholin
esterase inhibiting activity is unusually high, in many compounds it surpasses 
even that of Sarin. For practical application as insecticides active substances 
with such extremely unfavourable toxicological properties are out of the ques
tion. 
In order to achieve a lower mammalian toxicity, attempts were made to reduce 
the basicity of the choline nitrogen considered decisive for the interaction with 
the active sites of the enzyme. It was thus that the firm of Stauffer introduced 
alkoxycarbonyl [136] or alkoxy-sulfonyl groups [258]: 

R.., .r0(S) 
p 

RiO/ '0-CH2CH2 -NH-COOR 
(S) 

(XVI) (XVII) 

A second possibility consists in replacing the basic choline nitrogen by less 
basic atoms, such as sulfur. This results in the larger group of the demeton com
pounds. 
Demeton-S-methyl (XVIII) was described by SCHRADER in 1950 [O,O-dimethyl 
S-2-ethylthioethyl phosphorothiolate] 

CH30, .r0 
/p, 

CH30 S - CH2CH2SC2H5 

demeton-S-methyl. ®Metasystox (i) (XVIII) 

It is used as a systemic and contact insecticide as well as an acaricide. The sub
stance results from alkylation of the corresponding phosphorothioic acid salt 
[928]: 

(15) 

According to PRICE and WAKEFIELD [346, 443, 837] the mechanism by which 
demeton-S-methyl is formed involves a sulfonium cation of the following struc
ture (see also p. 37): 

(16) 
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The oral LDso for the rat is 40-60 mg/kg. 
Demeton-S-methyl has a lasting action, longer than might be expected from its 
increased rate of hydrolysis in comparison to parathion. A possible explanation 
may be its oxidation in the plant yielding metabolites less susceptible to hydro
lysis. This is supported by the preparative oxidation, whereby with hydrogen 
peroxide [602, 747] (Eq. (17)) or by means of halogen [636], the sulfinyl com
pound (XIX) results (Eq. (18)): 

CH30, -70 
/p, 

CH30 SCH2CH2 SC2H5 

(XVIII) 

(XVIII) 

+H,O, CH30, -70 ° 
_--..:.....O....~) P, II 

-H,O CH30/ SCH2CH2SC2H5 

+ Br,/H,O ) 

-2HBr 

(XIX) 

(XIX) 

(17) 

(18) 

This ester has been manufactured as such and is available commercially under 
the name oxydemeton-methyl (XIX) [O,O-dimethyl S-2-ethylsulfinylethyl phos
phorothiolate] [602]. It was described by LORENZ et al. [635] in 1954 and 1955 
as a further development of demeton-S-methyl. It can be obtained by the stand
ard procedure: 

-KBr 
(XIX) (19) 

oxydemeton-methyl, ®Metasystox R 

The oral LDso for the male rat is 80 mg/kg. Oxydemeton-methyl is compatible 
with all insecticides and fungicides except those with alkaline reaction. It ex
hibits a specific activity against aphids, spider mites, leafhoppers and similar 
sucking pests. 
The C-methyl derivative of oxydemeton-methyl is called ®Metasystox S (XX) 
[O,O-dimethyl S-(2-ethylsulfinyl-l-methylethyl) phosphorothiolate], also de
scribed by LORENZ in 1955. ®Metasystox S is a less toxic (oral LDso for the 
male rat: 105 mg/kg) insecticidal and acaricidal compound with systemic ac
tion [640]. 

It is prepared by oxidizing with hydrogen peroxide the thiol ester (XXI) ob
tained according to Eq. (20). 
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H,O, 
(XX) (20) 

(XXI) 

Like many other methyl esters, demeton-S-methyl is a strong methylating agent 
which may itself undergo inter- or intra-molecular methylation on the sulfur 
atom (Scheme 5) [431J: 

t Traces H,O 

as well as 

Scheme 5: demeton-S-methyl alkylations 

The isomeric compound to demeton-S-methyl, i.e. ®Metasystox or demeton
methyl (XXII) [O,O-dimethyl 0-2-ethylthioethyl phosphorothionateJ was syn
thesized for the first time by SCHRADER in 1950. 

CH30 ....... ~s 
/p ....... 

CH30 OCH2CH2SC2Hs 

demeton-methyl, ®Metasystox (XXII) 

The industrial product contains 70% of the thiono and 30% of the thiol com
pound. Demeton-methyl operates as a systemic and contact insecticide, 
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which penetrates into the plants. There a rearrangement to the thiol form oc
curs [924, 928, 966] which is responsible for the systemic action. The mixture is 
manufactured from the acyl chloride and ethylthioethanol. 

K2CO, 
(XXII) (21) 

An elegant route for synthesizing demeton derivatives was developed by Far
benfabrik Wolfen [1014]. It consists in the transesterification of dialkyl nitro
phenyl phosphorothionates with monothioglycol-S-alkyl ethers to dialkyl al
kylthioethyl phosphorothionates (Eq. (22)). The reaction is carried out in a 
two-phase system (chlorbenzene/conc. aqueous alkali) at room temperature 
yielding 80% thionoester free from the thiol-isomer. 

NaOH ----
(22) 

The oral LDso of pure demeton-methyl for the rat is 180 mg/kg. As mentioned 
above, this compound easily transforms to the thiol form and exhibits the same 
methylating action [431] resulting in the formation of sulfonium salts. It is me
tabolized in the same manner as demeton-S-methyl. 
The dithio-compound of demeton-methyl is thiometon (XXIII) [O,O-dimethyl 
S-2-ethylthioethyl phosphorodithioate]. 

(XXIII) 

The compound, synthesized by Bayer AG in 1952 [638] and independently by 
Sandoz in 1953 [654] (®Ekatin), also possesses systemic and contact insecticidal 
activity. Thiometon is prepared by the usual synthesis of demeton-methyl com
pounds. 

(23) 

A further method was developed by Sandoz [609]: 
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(24) 

This method consists in preparing the toluolsulfonate of 2-ethylthio-ethanol 
and, without isolation, reacting it with the sodium salt of O,O-dimethyl phos
phorodithioic acid: 

(25) 

The oral LDso for the rat is 85 mg/kg. Metabolism in the plant follows that of 
other demeton-methyl derivatives. 
Not only the dimethyl phosphorothioate but also especially the diethyl phos
phorothioate of this series has become a well-known commercial product 
under the name ®Systox or demeton (XXIV) [O,O-diethyl 0-2-ethylthioethyl 
phosphorothionate]. It was described by SCHRADER in 1950 [346, 928, 938]. 
Demeton acts as a selective systemic and contact insecticide especially against 
aphids and spider mites. The thiol ester which penetrates rapidly into the plant 
is responsible for its activity [1088]. 
The average oral LDso for the mixture of the isomers for the male rat is 9-14 
mg/kg, whereas the thio} ester as such is 10-20 times more toxic. 
Demeton is a mixture of two isomers which appear in the ratio thiono 
ester: thiolo ester of 2: 1 : 

Thiono-isomer 60 -70% (XXIV) demeton-O 

Thiol-isomer 30-40% (XXV) demeton-S 

There are several methods for its manufacture. On an industrial scale, O,O-di
ethyl phosphorochloridothioate is reacted with 2-ethylthioethanol: 

K,CO, 
(XXIV) + (XXV) (26) 
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Transesterification of triethyl phosphite with 2-ethylthioethanol [940] and 
thionation of the resulting ester is a straightforward route to the thiono com
pound demeton-O: 

(27) 

As a pseudo halide, 2-ethylthioethyl thiocyanate [924] reacts with sodium diethyl 
phosphite or triethyl phosphite [975] directly to the thiolo ester demeton-S: 

The reaction of O,O-diethyl phosphorochloridate with 2-ethylthioethyl mer
captide [926] provides a further synthesis of demeton-S (Eq. (29)): 

---N-a-CI-~ (xxV) (29) 

also the reverse reactions [927]: 

-NaCI 
(xxV) (30) 

or [943] 

-NaBr 
(xxV) (31) 

The same mechanism was proposed for the rearrangement of the thiono form 
to the thiolo form, namely, via a sulfonium ion, as for amiton and demeton 
methyl (see p. 130). The fact that polymerization of acryl nitrile and acryl amide 
is not induced by the rearrangement excludes radical mechanisms. Evidence 
for an ionic transition state may be provided by the fact the corresponding 
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sulfones (XXVI) fail to rearrange because they are unable to form anchimeric 
cations. 

The activation energy calculated from the rearrangement of demeton-O is 25.4 
kcallmol and of demeton-O-methyl 22.8 kcallmol. Rearrangement takes place 
on gentle heating and plays an important role in the plant, since the thiono 
compound is almost insoluble in water, whereas the thiol compound is ten to 
one hundred times more soluble and thus responsible for the systemic proper
ties. 
The thiono compound can be oxidized with bromine [397]: 

(XXIV) 
Br,/H,O C2HsO'-70 

--~~~~ /p, 
C2H sO OCH2CH2SOC2Hs (32) 

(XXVII) 

Here also oxidation begins on the thioether group. 
The metabolites expected in the plant are the products already cited. Oxidation 
of demeton-O to sulfoxide in the plant proceeds more rapidly than the next 
step, the formation of sulfone. At a suitable reaction temperature it is possible 
to transform also demeton-O into the thiol ester. 
The dithio-derivative of demeton is disulfoton (thiodemeton. ®Disyston) 
(XXVIII) [O,O-diethyl S-2-ethylthioethyl phosphorodithioate], prepared by 
LORENZ and SCHRADER [638] in 1952. 

C2H sO, -7s 
/p, (XXVIII) 

C2HsO SCH2CH2SC2Hs 

disulfoton. ®Disyston 

The compound acts selectively as contact and systemic insecticide with remark
able stability towards hydrolysis. Because of its strongly systemic activity, disul
Joton was suggested by UNTERSTENHOFER [1079, 1081] for the treatment of 
seed. In form of granules, the compound may also be used together with the 
seed [1085], e.g. in potato [1018] and beet growing [1019]. The plants are there
fore protected against aphids from the earliest stage of growth. Additionally, 
the active compound is continuously released over a relatively long time. 
It is manufactured by conventional methods. The oral LDso for the rat is 2 to 
12 mg/kg. 
The metabolites of disulfoton are the sulfoxide and sulfone. Moreover the 
thiono-derivative can be oxidized to the oxygen compound. In the plant, de
gradation to phosphoric acid occurs [708]. The sulfoxide is known under the 

136 



Insecticides 

common name oxydisulfoton (XXIX) [O,O-diethyl S-2-ethylsulfinylethyl phos
phorodithioate ]. 

CzHsO, -7S 
/p, 

CzHsO SCHzCHz - SO - CzHs 

oxydisulfoton. ®Disyston·S (XXIX) 

It has the same spectrum of activity and scope of application as disulfoton. The 
oral LDso for the rat is 2.6-10 mg/kg. 
In this connection the systemic insecticide isothioate (XXX) [O,O-dimethyl S-2-
isopropylthioethyl phosphorodithioate] [43] is worthy of mention. 

CH30 "'s 
'-..,f" 

P 
/' '-.. 

CH30 S-CHz-CHz-SC3H 7i 

isothioate. ®Hosdon. ®Phosdon (XXX) 
LDso: 150-170 mg/kg rat, oral, acute 
(Nihon Noyaku Co. Ltd., 1972) 

It is also active in the vapor phase and effective against aphids when used in 
the form of a seed dressing or foliar spray. 
A modification of the alkylmercapto group of the demeton molecule leads to 
vamidothion (XXXI) [O,O-dimethyl S-2-(I-methylcarbamoylethylthio )ethyl 
phosphorothioate] [712]. 

CH30, -::::-0 ° 
CH3o/P 'SCH2CH2S -CH - ~-NHCH3 

tH3 
(XXXI) 

This compound may be regarded both as a demeton and a dimethoate deriva
tive, it was developed by the firm Rhone-Poulenc and synthesized similarly to 
demeton. Vamidothion has systemic properties and is used to control sucking 
insects. It has an oral LDso for the rat of 64-100 mg/kg. 

During recent decades systemic insecticides have become a basic factor in crop protection. Histori
cally, the first member of the phosphate series to shows systemic activity was OMPA [1088]. This 
mode of action opened up a new route in controlling pests, i.e. the treatment of plants from within 
("innere Therapie") [1074, 1076, 1077], which provides several advantages: a very high expectancy 
of killing pests and great efficiency against such polyphages as aphids and spider mites, i.e. sucking 
arthropods. In principle it should become possible to control insects which live within the plant and 
are insensitive to insecticides applied from outside, e.g. larvae of Pegomyia hyoscyami. With regard 
to the present awareness of environmental problems, emphasis should be given to the ecological se
lectivity of systemic insecticides. They are non-toxic to non-phytophagous insects, especially to such 
beneficial insects as bees. The most important field of application seems to be the indirect control of 
insect-borne pathogens, e.g. aphid-transmitted virus diseases [26, 878, 456]. One of the best known 
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examples is the outbreak of yellow disease of sugar-beet in Germany. In 1951 the cultivation of 
sugar-beet had dropped to the economical threshold because of the extension of yellow disease, in
troduced shortly after the Second World War from Great Britain. As a consequence, systemic insec
ticides of the Systox group were developed for practical use [1075) against the vector Myzus persicae 
(Green Peach Aphid). Application of systemic insecticides is of equal importance in potato growing 
(deterioration) [1018, 1114). Other aphid-borne virus diseases affect onions, beans, tobacco, cotton, 
cucumber or cereal crops [1032), their transmission being effected not only by aphids but also by 
other arthropods [877), e.g. leafhoppers on rice plants [792), and nematodes (e.g. Xiphinema ameri
canum) [839, 1113, 1049). In the Philippines, Nephotettix impicticeps is the vector of 'tungro', a virus 
disease of rice. Other virus diseases transmitted by leafhoppers are 'mentek' in Indonesia, 'penyakit 
merah' in Malaysia or 'suffocating' in Taiwan, which for a long time were thought to be caused by 
physiological factors. All such virus diseases can in principle be controlled by combatting the vector 
insects with systemic insecticides [668, 784, 30). It should be mentioned that examples of vector con
trol of great importance are found in human medicine [1144), e.g. malaria, schistosomiasis [44, 302, 
379,390,420), Chagas disease [139, 614, 814, 875) etc., but a discussion of vector control in hygiene 
would exceed the scope of this review. 
Internal therapy by means of systemic insecticides involves many variables determined by the chem
ical substance itself, by the injurious pest and by the crop species or individual plant. It is, therefore, 
rather difficult to define the term 'systemic' precisely. UNTERSTENHOFER [1087) proposed three 
processes for systemic action: 

1) Incorporation or absorption of the chemical agent into the plant 
2) Translocation within the plant 
3) Metabolism and detoxification within the plant 

As an additional criterion of true systemic activity, UNTERSTENHOFER requires compounds to have 
a lasting action within the plant of at least seven days. 
The most important absorption organs of the living plant are the roots, although the whole surface is 
able to absorb the active compound. A positive correlation seems to exist between the solubility of a 
substance in water and its systemic activity via the roots. 
Penetration through the leaves has the advantage that contact and systemic action are combined. 
The result is a high initial activity in the control of virus vectors, particularly in the series of demeton 
derivatives. 
Ectodesmata, as the main connection between environment and the interior of plants, may also be 
expected to be the main route for absorption of systemics. 
The mechanism of translocation depends on many factors such as chemical structure, chemical reac
tivity, plant species, absorption organs and environmental conditions. The mode of translocation is, 
therefore, relatively unknown. Members of the demeton series [1087) are translocated quite rapidly 
acropetally into parts of the plant above ground. The route can be assumed to be mainly via the 
xylem, i.e. translocation takes place with the transpiration flow. 
The metabolism and detoxification of systemic phosphates is similar to that of other organophos
phates, as is discussed on page 243 f. in detail. 

4) O,O-Dialkyl S-benzyl phosphorothioates also playa role as rice fungicides, 
for example kitazin [O,O-diethyl S-benzyl phosphorothioate] (see p. 158 f.). 
An alkyl ester of O,O-dimethyl phosphorothioic acid is endothion (XXXII) 
[O,O-dimethyl S-5-methoxy-4-oxopyran-2-ylmethyl phosphorothioate] [711] 
which was synthesized in 1955 by METIVIER. 

It can be prepared by familiar methods: 
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Endothion exerts a marked systemic action; its oral LDso for the rat lies be
tween 30-50 mg/kg. 
Menazon (XXXIII) [O,O-dimethyl S-( 4,6-diamino-l ,3,5-triazin-2-ylmethyl) 
phosphorodithioate] is a less toxic, selective insecticide, a phosphorodithioate 
which is heterocyclic substituted in the alkyl group. The substance was devel
oped in 1957 by I. c.1. Ltd. [40, 163]. 

The synthesis consists in alkylating the alkali salts of dimethyl phosphorodi· 
thioic acid with the heterocyclic chloromethyl compound. The oral LDso for 
the rat is 900-2000 mg/kg. Menazon also functions as a systemic insecticide 
and is used preferably to combat aphids and, in the veterinary sector, against 
Hypoderma lineatum [383]. 
5) A group of substances which has been thoroughly studied comprises the N
chloromethyl derivatives of heterocyclic compounds such as phthalimide [628], 
benzotriazole [978], indazole [269], quinazolone [630], which were reacted with 
salts of phosphoro(di)thioic acids. One of the most active of these compounds 
is derived from benzazimide and is called azinphos-methyl (XXXIV) [O,O-di
methyl S-(3,4-dihydro-4-oxobenzo[d]-[1,2,3]-triazin-3-ylmethyI) phosphorodi
thioate] which was synthesized for the first time in 1953 by LORENZ [627]. The 
insecticidal properties of azinphos-methyl were described by UNTERSTENH(}FER 

[1080]. The oral LDso for the male rat is 15-20 mg/kg. 

azinphos-methyl. ®Guthion (XXXIV) 

The diethyl ester is in use as a pesticide. Both compounds are also available 
commercially as a mixture. Azinphos-ethyl has an oral LDso for the rat of 17.5 
mg/kg and, in contrast to the methyl derivative, is effective against resistant 
spider mites. Azinphos-methyl shows a residual activity significantly higher than 
that of most of the other non-systemic phosphorus insecticides. It finds par
ticular use in fruit-growing against aphids and spider mites, as well as against 
cotton pests - acting therefore as contact and stomach insecticide and acari
cide. 
It is prepared by alkylating dimethyl phosphorodithioic acid with N-halo
methyl benzazimide: 
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(34) 

or the benzazimide is reacted directly with formaldehyde and the dithioic acid 
in the presence of hydrogen chloride [216]: 

S 

(XCO'NH II ..... OCHs 
I I + CHaO + HS-P 

"'" N"""N 'OCHs 

H+ 
--...:::..-.. - (XXXIV) 

-H20 
(35) 

The synthesis of N-chloromethyl benzazimide starts with anthranilic acid and 
proceeds in the following manner (Scheme 6) [1, 307, 441, 1110, 1154]: 

0 CONHa 

VNHa 

HN02 

COC!2 - +NH •• 

-c02 

Scheme 6. Technical synthesis of N-chloromethyl benzazimide 

(36) 

On oxidation azinphos-methyl is converted into the considerably more toxic 
P 0 compound, though this conversion does not take place on the plant 
under the influence of sunlight. 
The use of phthalimide as the nitrogen-containing component, results in phos
met (XXXV) [O,O-dimethyl S-phthalimidomethyl phosphorodithioate] [299, 
628]. It was introduced by the Stauffer Chemical Company. 
Phosmet can be obtained in an analogous way to azinphos-methyl 

S 

(XCO, 1/ ..... OCHs 
I N-CHaBr + KS-P, ---

~ co OCHs 
(37) 

phosmet. ®Imidan (XXXV) 

The oral LD50 for the rat is 147-216 mg/kg. The N-ethyl derivatives, for exam
ple (XXXVI), are inferior in action to the N-methyl compounds [639]. 
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Benzoxazolone as an heterocycle leads to the compound phosalone or ®Zolone 
(XXXVII) [O,O-diethyl S-(6-chloro-2,3-dihydro-2-oxobenzoxazol-3-ylmethyl) 
phosphorodithioate] [137, 268, 713]. 

(XXXVII) 

It was introduced on the market by Rhone-Poulenc. N-chloromethyl 5-chloro
benzoxazolone serves as the starting material. Phosalone exerts a broad activity 
against spider mites, Hemiptera, Coleoptera, Diptera, having an LDso of 135 
mg/kg when administered orally to the rat. 
Azamethiphos (XXXVIII) [O,O-dimethyl S-\6-chloro-oxazolo[4,5-b]pyridin-
2(3H)-onyl-(3)) methyl phosphorothioate], developed by Ciba-Geigy, is a het
erocyclic substituted phosphorothioate. 

CH 30"p/O /JV'" Cl 
/" 0=G, 1/ 

CH 30 S-CH2-

azamethiphos. ®Alfacron (XXXVIII) 
LDso: 1180 mg/kg rat, oral, acute 

It is in fact an aza analog of phosalone. The most important step in the synthe
sis [448, 872, 681, 392, 203, 202, 582, 808, 809, 810, 811, 583,679, 680, 391] of 
this heterocycle is the oxidative conversion of a furan to a pyridine derivative, 
discovered by CLAUSON-KAAS. The nitrogen atom required can either be pres
ent as an exocyclic substituent on the furan ring or be introduced, for example, 
with sulfamic acid. The starting material, 2-amino-3-hydroxypyridine, is ob
tained in this way. An alternative route is from halopyridine via nucleophilic 
substituent exchange. 

(38) 
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This hydroxy-aminopyridine is treated with phosgene to give oxazolo[4,5-b]py
ridin-2(3H)-one which is chlorinated. 

((OH no' Cl Cl~ I + COCI2 ---+ I /CO ----4 I co 
"N NH "NN ~, 

2 H H 

(39) 

Further reaction with aqueous formaldehyde gives the methylol compound 
which is converted to the chloromethyl compound and then phosphorylated 
with the ammonium salt of O,O-dimethyl phosphorothioic acid. 

(XXVIII) (40) 

Azamethiphos is mainly used for the control of biting and sucking insects and 
Acarina pests. It acts as a contact and stomach poison but also exhibits sys
temic activity. Azamethiphos can be used for stored-product protection and is 
also effective against cockroaches and tsetse flies [1149]. 
®Supracide or ®Ultracide (methidathion) (XXXIX) [O,O-dimethyl S-(2,3-dihy
dro-5-methoxy-2-oxo-1,3,4-thiadiazol-3-ylmethyl) phosphorodithioate] was de
veloped by Geigy as an insecticide, especially acaricide [39]. 

CHgO, ",:8 
p~ 

/ " CH ° 8-CP-N-C=0 
g '"'"2 I I 

N"C,8 
I 

(XXXIX) OCHg 

The heterocyclic intermediate is synthesized as follows: 

S-C=O 
CH30-c;(,- I 

-~-NH 

CRO s-c=o 
--'-~. CH30-~ I 

N-N-CH20H 

Scheme 7: Synthesis of 5-methoxy 3-hydroxymethyl 1,3,4-thiadiazolinone 

COC!, , 

(41) 

The oral LDso for the rat is 25-48 mg/kg. Methidathion acts against biting, 
sucking insects, resistant spider mites and is suitable for application in fruit
growing and arable farming. 
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The ethoxythiadiazole derivative is also an effective insecticide and acaricide 
with an oral LDso for the rat of 268-443 mg/kg. 
6) When salts of dialkyl phosphoro(di)thioic acid are alkylated by derivatives 
of a-halogen-carboxylic acids, a series of well-known and important com
pounds result which have become valuable insecticides. 
A basic member of this series is acethion (XL) [O,O-diethyl S-ethoxycarbonyl
methyl phosphorodithioate], whose synthesis was achieved by the firm of 
Boehringer in 1955 [28]. 

(42) 

The oral LDso for the rat is 1050-1100 mg/kg. In Musca domestica acethion is 
metabolized primarily by oxidation of the thiono group [956]. (For further de
gradation mechanisms see p. 243 f.). 
a-Phenyl a-halogeno-acetic ester yields ®Cidial (phenthoate) (XLI) [O,O-di
methyl S-a-ethoxycarbonylbenzyl phosphorodithioate], which has been pre
pared by 

numerous firms. In 1955 SCHRADER (Bayer AG) [945] synthesized Cidial by 
this route given in patent D. A. S. 1.011.416. 
In 1964 Fusco et al. [356] (Montecatini) described a process in which esterifi
cation is performed subsequently: 

(44) 

This compound is used especially in Japan under the name ®Erusan as a con
tact insecticide and special agent against scale insects. The oral LDso for the rat 
is 250 mg/kg. 
If the acetic acid molecule is varied in the carboxyl group, a series of well
known compounds result, of which dimethoate (XLII) [O,O-dimethyl S-methyl
carbamoylmethyl phosphorodithioate] is best known. 
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CH30, .,;::::-S 
P 

CH30/ 'S-CH2CONHCH3 

dimethoate. ®Rogor (XLII) 

There are numerous syntheses available, which indicate the interest of industry 
in this potent product. In 1948 American Cyanamid [174] claimed a process in
volving the reaction of alkali salts of O,O-dialkyl phosphorodithioic acids with 
chloroacetic acid ami des. 

-MeCl (45) 

(XLII) 

In 1955 Montecatini [800] and Boehringer [28] described the following process 
in different patents: 

--+-
-NaCl 

CH3NH2 
---+) (XLII) 

(46) 

In 1958 Boehringer filed a new application for a further process [986]: 

CH30, ~S 
/p~ + CICH2 COOCsH5 

CH30 SNa ----NaCl 

(47) 

+CH,NH, 
(XLII) + OOH 

In the same way that O,O-dialkyl phosphorodithioic acids react with thiosul
furic acid mono-esters to give disulfides, the salts of O,O-dialkyl phosphites 
and thiol phosphites [643] react with the thiosulfuric acid mono-esters to give 
dimethoate: 

In 1959 Boehringer applied for another patent [29]: 
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(49) 

Also in 1959, American Cyanamid developed a synthesis with a different acid 
anhydride as intermediate [1152): 

tert. Amine 
~ 

20-25" 

CH,NH, OR 
(XLII) + HO-P~ 

OR 
~ 

ieebath 

In 1962 the following reaction was investigated by Bayer AG [775): 

+CH,NH2 
~ 

0" 

Scheme 8. dimethoate synthesis 

-2CH,NH,.HC~ 

0_10" 

(50) 

(51) 

In G. D. R. patent 49.605 an improved synthesis of dimelhoale is described 
[567). In principle, it concerns alkylation of dimethyl phosphorodithioic acid 
by chloroacetic acid monomethylamide in a two-phase system at pH 1-4 i.e. in 
an acid medium. The oral LD50 for the rat of the pure compound is 215-267 
mg/kg. Dimelhoale is systemic in action and effective particl,llarly against suck
ing insects, Diptera and susceptible spider mites. This compound is used in 
particular to control the olive fly (Dacus olae). Unlike most organophosphates, 
dimethoale is not taken up by the oily phase and therefore has very good resi
due properties [820). 
Rearrangement of dimethoate as a thiono-thiol compound into the dithiol deri
vative is feasible because of the alkylating properties of dimethoate (see p. 36) 
[276]. 
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dimethylsulfate 
~ (52) 

Oxidation in animals as well as in plants results in a P-O compound of (some
what) higher mammalian toxicity (oral LDso for the rat 50 mg/kg), which is 
known under the common name omethoate (XLIII) [O,O-dimethyl S-methyl
carbamoylmethyl phosphorothioate]. 

CH30 ....... -70 
P 

CH30""'" ....... SCH2CONHCH3 

omethoate, ®Folimat (XLIII) 

In 1961 Sumitomo [48] found a synthesis for dimethoate and in 1962 Bayer AG 
another for omethoate, both using dimethyl thiophosphoryl mercaptoacetic 
acid and methyl isocyanate [776]: 

(53) 

Omethoate is recommended by Bayer AG as a systemic insecticide in agricul
ture and also as an effective acaricide against resistant spider mites. 
The use of omethoate as a systemic agent to control ecto- and endoparasites 
has been patented by American Cyanamid [450]. 
The following compounds are examples of derivatives of dimethoate: 

Morphothion (XLIV) [O,O-dimethyl S-morpholinocarbamoylmethyl phosphorodithioate] [45] 

(XLIV) 

morphothion, ®Ekatin M (Sandoz, 1956) 

with contact insecticidal and systemic activity. 
Prothoate (XLV) [O,O-diethyl S-isopropylcarbamoylmethyl phosphorodithioate] prepared in 1948 
by American Cyanamid Co. [174], in 1957 by Montecatini [801] and in 1958 by Boehringer [986] with 
insecticidal properties similar to those of dimethoate. 
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(XLV) (XLVI) 

prothoate. ®Fac 20 
LD50: 8 mg/kg for the rat orally 

medithionate. amidithion. ®'fhiocron 
LD50: 420-650 mg/kg for the rat orally 

Medithionate (XLVI) [O,O-dimethyl S-(N-2-methoxyethylcarbamoylmethyl) phosphorodithioate] 
[95]. It is effective against sucking insects, sensitive spider mites and Diptera. 
Formothion (XLVII) [O,O-dimethyl S-(N-formyl-N-methylcarbamoylmethyl) phosphorodithioate] 
[653]. 

formothion (XLVII) 
LD50: 353 mg/kg for the rat orally 
(Sandoz, 1960) 

Cyanthoate (XLVIII) [O,O-diethyl S-[N-(l-cyano-l-methylethyl)carbamoylmethyl] phosphoro
thioate] [647] as an insecticide, and acaricide, and finally 

(XLVIII) 

cyanthoate 
(Montecatini,1963) 

C2HsO, ::;::;S 
/p, 

C2HsO SCH2CON-COOC2Hs 
I 

CH3 

(XLIX) 

mecarbam. Murfotox 
LD50: 31-35 mg/kg for the rat orally 
(Murphy Chemical Co., 1961) 

mecarbam (XLIX) [O,O-diethyl S-(N-ethoxycarbonyl-N-methyicarbamoylmethyl) phosphorodi
thioate] [817, 819] as an aphicide and acaricide with ovicidal action. 

7) One of the oldest methods for the synthesis of substituted alkyl esters of 
dialkyl phosphorodithioic acids consists in the addition of dialkyl phosphoro
dithioic acids to unsaturated compounds. In this way malathion (L) [O,O-di
methyl S-1,2-bis(ethoxycarbonyl) ethyl phosphorodithioate] resulted [173]. The 
model reaction was the addition of sodium hydrogen sulfite to unsaturated di
carbonic acid esters, in this case to sulfonosuccinic acid esters such as Aerosol 
OT, the bis-(2-ethyl hexyl) succinate. Compounds of this type were used as de
tergents [673]. Malathion is a product of American Cyanamid (1950). 
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malathion (L) 
LDso: 1200 mg/kg for the male rat orally 

The synthesis is a one-step process in which dimethyl phosphorodithioic acid 
is first prepared from phosphorus pentasulfide and methanol and then added 
directly to maleic acid diethyl ester under the influence of catalytic quantities 
of alkali. In this connection it is worth mentioning that diethyl phosphorodi
thioic acid does not undergo an analogous addition reaction, for example, with 
dimethyl propynyl phosphonate, but is methylated almost quantitatively on the 
thiol group [985]: 

(54) 

Oxidizing agents such as nitric acid convert malathion into Malaoxon (LI) 
[O,O-dimethyl S-1,2-bis( ethoxycarbonyl) ethyl phosphorothioate] [505]. 

Yet another synthesis Malaoxon is from a-halo succinic acid [941]: 

(55) 

The oxygen compound is considerably more toxic, having an oral LDso of 87 to 
90 mg/kg for the rat. Both compounds are effective against biting, sucking in
sects and susceptible spider mites. 
Malathion has been applied to control the vectors of malaria. Considerable 
quantities are employed to protect stored products. On heating, isomerization 
to the methyl thiolester (LII) takes place. 
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A related synthesis, the addition of bis-(O,O-diethyl phosphorothioyl)-disul
fide to p-dioxen [265, 589] leads to dioxathion (®Oelnav) (LUI) [O,O,O',O'-te
traethyl S,S'-(1,4-dioxane-2,3-diyl) di(phosphorodithioate )], 

which was described in 1954 by Hercules Powder Company. Another possi
bility for synthesis consists in reaction of diethyl phosphorodithioic acid with 
2,3-dichloro-p-dioxane [75, 262, 263, 264, 424]: 

pyridine 

orZnCl, 
(LIII) (57) 

This compound exists in the cis and trans forms with different toxicities. 
The subcutaneous LDso for the rat is 65 mg/kg for the cis-compound, and 
240 mg/kg for the trans-compound. Dioxathion is used as contact insecticide 
and acaricide against ticks. 

h) Enolphosphates and -phosphorothioates 

Commercial importance has been attached to derivatives of the OOVP and 
Phosdrin group as insecticides, particularly as they are generally easy to pre
pare. 
Addition of dimethyl phosphite to chloral [73, 626] (Eq. (1» leads to a stable 
product with the structure (I) 

CH30, ~o 
P 

CH30/ 'CH - CC13 

6H 
trichlorfon (®Dipterex) (I) 

(1) 

which itself has developed into one of the most important insecticides and be
come known under the name trichlorfon (®Oipterex) (I) [O,O-dimethyl 2,2,2-
trichloro-1-hydroxyethylphosphonate]. A second synthesis [336] involves a sin
gle-step process: 

-2HCl 
-=CH:::-,C=l---+-~ (I) (2) 
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The resulting hydrogen chloride is removed by blowing air through the mix
ture. Trichlorfon was developed in 1952 by Bayer AG. It has a low mammalian 
toxicity (oral LDso 625 mg/kg for the male rat). The main application of trichlor
fon, which was reported for the first time by UNTERSTENHOFER [1078], is as a 
stomach insecticide against Lepidoptera such as the Egyptian cotton worm 
(Prodenia sp.), also against Diptera and Heteroptera in vegetables, rice, corn, 
sugar cane and fruit culture. This substance is used in the field of hygiene to 
control flies and is known under the name ®Tugon. BEHRENz, FEDERMANN 
and BOLLE proposed the use of this compound in dips against ectoparasites in 
sheep [85]. On account of its favourable toxicity it has become established in the 
veterinary sector under the name of ®Neguvon for application against ecto
and endoparasites. Trichlorfon is relatively harmless to bees. Butonate (II) may 
be regarded as an acyl (butyryl) derivative of trichlorfon [O,O-dimethyl I-buty
rylo xy -2,2,2-tri chi oroethyl phosphonate ]. 

ZoC}, 
-+ 

(3) 

It was developed by the Wisconsin Alumni Research Foundation (W ARF) as 
an agent to control house pests. W ARF has given two syntheses [168]. 
If the hydroxyphosphonate trichlorfon is reacted with alkali, rearrangement [70] 
to the phosphate dichlorvos (III) [O,O-dimethyl 0-2,2-dichlorovinyl phosphate] 
occurs as was found by LORENZ in 1954 [629, 634]. 

(4) 

dichlorvos, DDVP 
(I) (III) 

A direct method yielding dichlorvos is the reaction of trim ethyl phosphite with 
chloral [342, 879]: 

-CH,Cl 
(III) (5) 

The toxicity of dichlorvos is significantly higher than that of trichlorfon (oral 
LDso for the rat: 62 mg/kg). In contrast to trichlorfon, dichlorvos is remarkably 
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volatile and serves as contact, stomach and respiratory insecticide. In the field 
of hygiene its use is mainly against flies (®Oko, ®Mafu, ®Vapona [324] etc.); 
in the agricultural sector it is used against sucking, biting pests and leaf 
miners. 
In the plant, dichlorvos is very rapidly hydrolyzed to dimethyl phosphoric acid 
and dichloroacetaldehyde, it can, therefore, be applied shortly before harvest. 
A compound which may be regarded as a phenyl derivative of dichlorvos is 
chlorfenvinphos (®Dermaton or ®Birlane) (IV) [O,O-diethyl 0-2-chloro-l-(2,4-
dichlorophenyl) vinyl phosphate]. 

(6) 

chlorfenvinphos (IV) 

It is synthesized from the appropriately substituted dichloroacetophenone and 
triethyl phosphite [1120, 1122]. Under the code number G. C. 4072 (Gen. Chern. 
Div. of Allied Chern. and Dye Corp.) chlorfenvinphos was described by DRUM
MOND as a systemic insecticide for veterinary medicine [273, 386]. 
Another compound introduced by Shell Oil Co. and in 1964 patented in the 
USA [1103] is ® Akton (V) [O,O-diethyl 0-2-chloro-l-(2,5-dichlorophenyl) vinyl 
phosphorothioate]. It is noteworthy that this is a thiono compound. The use of 
phosphorothioite in this synthesis is too expensive on an industrial scale and 
therefore another route is chosen using a phosphorochloridothioate (Eq. (7»: 

(7) 

®Akton (V) 
(now discontinued by Shell) 

The oral LDso is 146 mg/kg for the rat. The compound was proposed mainly 
for the control of onion maggot and mosquito larvae. 
Chlorfenvinphos, like the trichloro derivative tetrachlorvinphos (®Gardona) (VI) 
[O,O-dimethyl O-(Z)-2-chloro-l-(2,4,5-trichlorophenyl) vinyl phosphate], was 
patented by Shell in 1952 [815]. 
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Tetrachlorvinphos acts as a contact insecticide with an extremely powerful 
stomach poisoning action. It is highly active against lepidopterous and dip
terous pests and also controls certain Coleoptera, but is not very persistent in the 
soil and does not show activity against the major soil pests. The oral LDso for 
the rat is within the range 4000-5000 mg/kg. 
Heptenophos (VII) [O,O-dimethyl O-(7-chlorobicyclo[3.2.0Jhepta-2,6-dien-6-yl) 
phosphateJ is a recently developed enol phosphate [898J. 

CH3 0 .. P 
"-~ p 
/" "- 6 (VII) 

CH30 0"kQ 

CI 

heptenophos. ®Hostaquick 
LDso: 98-117 mg/kg rat, oral, acute 
(Hoechst AG, 1970) 

Heptenophos is produced from trimethyl phosphite and the appropriate di
chlorobicycloketone by the Perkow reaction: 

(VII) (8) 

It is a systemic insecticide and acaricide with a short residual effect and can 
thus be used as a quick acting insecticide with a short withholding time. 
The olefinic double bonds of the vinyl phosphates add halogens. Naled (VIII) 
[O,O-dimethyl 0-1,2-dibromo-2,2-dichloroethyl phosphateJ results from the 
addition of bromine to dichlorvos [783, 1023J. 

As a pesticide of low toxicity (oral LDso for the rat is 450 mg/kg) it is marketed 
in the hygiene sector. There have also been reports of numerous analogous 
compounds with perhalogenated ethyl or vinyl-oxy groups [682). 

152 



Insecticides 

A very important product of this series is mevinphos (®Phosdrin) (IX) [O,O-di
methyl 0-2-methoxycarbonyl-I-methylvinyl phosphate], which was developed 
in 1957 by Shell. There are two possible routes for its synthesis. O,O-dimethyl 
phosphorochloridate is reacted with the sodium salt of methyl acetoacetate 
[936]. 

mevinphos (IX) 

The technically applied synthesis [1020] uses trim ethyl phosphite and chloro
acetic acid ester: 

-CH,Cl 
(IX) (10) 

Mevinphos is a very toxic compound, having an oral LDso for the male rat of 
3.7 mg/kg. It exists in both a cis and trans form. The cis form is important for 
its insecticidal properties, being about a hundred times more active than the 
trans isomer. 

cis-mevinphos trans-mevinphos 

Mevinphos is a contact insecticide (against sap-feeding insects), acaricide and 
exhibits systemic activity. However, due to its increased susceptibility towards 
hydrolysis insecticidal activity rapidly decreases. 
The recently developed insecticide methacrifos (X) [O,O-dimethyl 0-2-meth
oxycarbonylprop-1-enyl phosphorothioate] is closely related to Phosdrin but 
not available by a phosphite reaction [97]. 

methacrifos, ®Damfin (X) 
LD50: 678 mg/kg rat, oral, acute 
(Ciba-Geigy Ltd., 1977) 
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Methacrifos may be produced by reaction of the sodium salt of methyl 2-(hy
droxymethylene)-propionate with O,O-dimethyl phosphorochloridothioate. 

(11) 

It acts as a contact, stomach and respiratory poison against all important ar
thropods in stored products. It is also highly effective against insects resistant 
to malathion and lindane [1150]. 
Another Phosdrin derivative is the promising insecticide propetamphos (XI) 
[O-methyl (E)-O-2-isopropoxycarbonyl-l-methylvinyl N-ethyl phosphoramido
thioate] [610]. 

CH 30 #s 
"-p7" CH 3 CH3 

..-/ "- I ..-/ 
C2H5NH O--C=CH--COOC~ 

CH3 

propetamphos. ®Safrotin (XI) 
LD50: 82 mg/kg rat, oral, acute 
(Sandoz Ltd., 1977) 

The following process may be used for its manufacture: The dichloride is avail
able by reaction of thiophosphoryl chloride with the sodium salt of isopropyl 
acetoacetate and is further reacted as shown: 

A very important application is the control of cotton boll weevil (Anthonomus 
grandis) and boll worm (Heliothis zea). It is also effective against household 
and public health pests, notably flies, mosquitoes, bugs, and cockroaches [21]. 
A compound closely related to mevinphos is the methylbenzyl ester crotoxyphos 
(XII) [O,O-dimethyl O-(E)-I-methyl-2-(l-phenylethoxycarbonyl) vinyl phos
phate] [46, 1054, 1121]. 

crotoxyphos. ®Ciodrin (XII) 

154 



Insecticides 

Crotoxyphos is considerably less toxic than mevinphos but shares the latter's 
property of being rapidly detoxicated in the plant. It is also effective as a 
systemic and contact insecticide having an oral LDso for the rat of 140-200 
mg/kg. 
The dimethyl amide of mevinphos is called dicrotophos (®Bidrin) (XIII) [229, 
1054] [O,O-dimethyl O-(E)-2-dimethylcarbamoyl-l-methylvinyl phosphate]. 

Its uses are similar to those of crotoxyphos. Monocrotophos (®Azodrin) is the cis 
isomer of the analogous N-monomethyl compound [O,O-dimethyl O-(E)-I
methyl-2-methylcarbamoylvinyl phosphate] with an acute toxicity of 20 mg/kg 
for the rat. 

phosphamidon (XIV) 

Another important member of this series is phosphamidon (XIV) [O,O-dimethyl 
0-2-chloro-2-diethylcarbamoyl-l-methylvinyl phosphate] for which Ciba in 
1955 applied for a patent [99]. 
The synthesis follows a standard procedure employing trimethyl phosphite and 
a,a-dichloroacetic acid diethylamide. In its toxicity phosphamidon resembles 
mevinphos. It has an oral LDso for the rat of 10 mg/kg. 
Chlorination of acetone-dicarboxylic acid dimethyl ester and subsequent reac
tion with trimethyl phosphite yields O,O-dimethyl 0-1,3-di(methoxycarbonyl)
prop-l-en-2-yl phosphate (XV). In 1959 Allied Chemical Corporation offered 
this compound 

S02Ci2 

CI-CH -COOL~!. 

o=t " (CH,O),P 
) 

tH2 -COOCH3 

(13) 

bomyl, ®Bomyl (xV) 
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under the trade name ®Bomyl as a contact insecticide and acaricide [372]. 
It has an oral LDso for the rat of 32 mg/kg. 

i) Miscellaneous 

Compounds of the type 

which belong to this section have, in practice, acquired no importance as insec
ticides. The only commercial product of this series that has become known is 
®Phostex (I) [Bis(dialkoxyphosphinothioyl) disulfides] a compound developed 
by Food Machinery and Chemical Corporation in 1954 [31, 1129, 1131]. 

®Phostex is not represented by a definite structural formula, but contains iso
propyl and ethyl groups in the ratio 1: 3. Synthesis according to Eq. (1): 

(1) 

If the phosphorodithioic acid is prepared not with one alcohol but with a mix
ture of two, then the disulfide contains different alkyl groups in varying combi
nations. The toxicity of ®Phostex is 1000 mg/kg (oral LDso for the rat). It has 
poor contact insecticidal and very good ovicidal action. 
It is the chemical properties rather than the insecticidal properties which make 
the disulfides such interesting substances, for example, they can be desulfu
rized with potassium cyanide [748], and cleaved [961]: 

(2) 

(3) 
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The de-sulfurization with O,O-dialkyl sodium (thiol) phosphite [644] proceeds 
as follows: 

o 
RO" ;::::-0 0.:::::, ..... .oR II/OR' 

P P + Na-P 
RO/ "s - S/ "OR " OR' 

o 
[
RO" ;::::-0 0:,... /OR'] II/OR 

p '-':p + Na-S-P 
RO/ --S-- "OR' "OR 

(4) 

(5) 

Trialkyl phosphites react in a different way [699]: 

(6) 

A particularly interesting reaction is the cleavage of disulfides with alkines, 
alkenes and Grignard compounds [727], 
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1 

Scheme 9: Cleavage of phosphoryl sulfides 

which have, to date, been the only means of synthesizing thiol derivatives of 
the thiono-dichlorvos type. 

3.3. Other Compounds 

a) Fungicides 

The spectrum of activity of the various organophosphates mentioned above not 
only embraces insects and other arthropods but may extend beyond the plants 
to fungi and bacteria. For this reason, the organophosphates which act as fun
gicides (bactericides) and herbicides are treated separately in the following sec
tions. 
The organophosphates have particular advantages with regard to the residue 
problem. They have been gaining importance in the control of pathogenic fun
gi. Although there are still no clearly defined structure/activity relationships in 
the fungicidal action of the organophosphates, a relationship to the "Acyl" 
Formula (see p. 40) may be construed in some examples. Basically, it should 
be borne in mind that, owing to the phosphorylating properties of compounds 
having an "acyl" structure, it is possible for receptors other than cholinester
ases to be phosphorylated. How relevant this is for fungicidal and herbicidal 
action, can first be decided when the mechanism of action is known. 
One example of a compound having an "acyl" structure but displaying fungi
cidal properties is Kitazin (I) (O,O-diethyl S-benzyl phosphorothioate) [894, 
977]; it is used for the control of Piricularia oryzae. 
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Kitazin has only weak insecticidal properties. The isomeric O-benzyl ester (II) 
is virtually inactive as a fungicide. 
A variant of Kitazin, the diisopropyl homologue Kitazin P (III) (O,O-diisopro
pyl S-benzyl phosphorothioate), is produced by the Ihara Chemical Co. [519, 
520]. 

CH3, 

CH ...... CHO ~O 
3 'p:?' 

CH3--CHO/' 'SCH-O' 
/' 2 

CH3 -

IBP, ®Kitazin P (III) 
(Ihara Chern. Co., 1968) 

Kitazin P is also a systemic rice fungicide used specifically for the control of 
Piricularia oryzae and, like Kitazin, inhibits the mycelial growth in tissues. 
Kitazin P shows that the structural dependency of the fungicidal effect obeys 
other rules than those governing insecticides. Generally, compounds of the in
secticide series having O,O-diisopropyl substituents at the phosphorus atom 
show a markedly reduced activity. Here, the isopropyl homologue is more ef
fective. 
Studies on the mechanism of action [734] indicate that Kitazin P inhibits chitin
synthetase in P. oryzae as a non-competitive inhibitor with UDP-N-actylglu
cosamine. It blocks the incorporation of 14C-glucosamine into the cell wall and 
leads to an accumulation of UDP-N-acetylglucosamine [568]. Kitazin P is also 
reported to inhibit the biosynthesis of phosphatidylcholine from phosphatidyl
ethanolamine by transmethylation with S-adenosylmethionine in P. oryzae 
[142]. 
Organophosphorus compounds with fungicidal activity are frequently phos
phates or phosphorothiolates; phosphorothionates and dithioates rarely show 
activity. It seems that fungal mycelia do not contain enzymes which could 
otherwise cause oxidation to phosphate or isomerisation to thiolate (see 
p. 255). 
Kitazin P also inhibits acetylcholinesterase. No relationship between inhibitory 
action on chitin synthetase and hydrolysis constants was established. 
The following compounds also belong to the class of S-benzyl esters: 
Conen (IV) [O-n-butyl S-ethyl S-benzyl phosphorodithioate] [49] is an rice fun
gicide developed by Sumitomo Kagaku. 

n-C4 H9 0, ~o 

C2 Hs s/P'S-CH2-o 

®Conen (IV) 
LOso : 118 mg/kg mouse, oral, acute 

This new ester is prepared from the sodium salt of O-n-butyl S-benzyl phos
phorodithioic acid and bromoethane: 
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H.O,60 ·C -----t_. (IV) 

Conen exerts a curative rather than a protective action. 

(1) 

Another derivative of the S-benzyl esters is a compound developed in 1967 by 
Nissan Kagaku Kogyo KK called Inegin (V) [O-methyl S-benzyl phenylphos
phonothioateJ [994, 948J. 

CH30 ....... ~o 
ryP ....... S-CH.-Q (V) 

F 254, ®Inegin 

It is synthesized by hydrolysis of O-methyl phenylphosphonochloridothioate 
to the thioic acid and subsequent alkylation with benzyl chloride. 

.. (V) (2) 

Inejin is used as a curative and protective agent against Piricularia oryzae. The 
O-ethyl ester is designated as ESBP and also marketed as an agent against Piri
cularia oryzae. 
A related monothiol ester in Cerezin (VI) [O-methyl O-cyclohexyl S-4-chloro
phenyl phosphorothioateJ [892, 893, 955J. It is prepared by reacting O-methyl 
O-cyclohexyl phosphite in carbon tetrachloride with p-chlorophenylsulfenyl 
chloride [959J. 

®Cerezin (VI) 
LDso: 160 mg/kg for the rat orally 
(Nihon Tokushu Noyaku Seizo K. K.) 

(3) 

Cerezin is also effective against Piricularia oryzae and shows a good residual 
action. On account of its curative action it can be used after infection has al
ready become established. 
Another typical example is that of Hinosan (VII) [O-ethyl S,S-diphenyl phos
phorodithioate] [982], 
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O~ s 0 
- 'p~ (VII) OS/ 'OC2H5 

edifenphos, EDDP, ®Hinosan 
LDso: 212 mg/kg for the male rat orally 

which was developed by Bayer AG in 1965-66. It is synthesized from phospho
ryl chloride which is converted to the dichloride with alcohol and then reacted 
with thiophenol in the presence of an acid-binding agent to give the dithiol 
ester. 

2 OSH 
--='---+- (VII) (4) 

Another method of preparation consists in reacting O,O-diethyl S-phenyl phos
phite with phenylsulfenyl chlorides which may be substituted as required 
[984]. 

(5) 

Hinosan is effective against Piricularia oryzae without causing crop damage 
[892]. It has an acyl structure when one considers the two thiophenol residues 
as acyl residues. Regarding insecticides, experiences gained so far have shown 
that compounds having two acyl residues have markedly reduced activi
ties. 
A further special characteristic of fungicidal organophosphates is that here the 
corresponding thiono compounds are very often ineffective. This is true for the 
corresponding thiono compounds of Hinosan and Kitazin. 
Wepsyn (VIII) represents a phosphonic diamide (see p. 118). 

(CH3hN ........ ~ 
/p, 

(CH3hN t Jl 
H2N ~ C6HS 

(VIII) 

triamphos, ®Wepsyn, ®Septin 
(Philips Duphar, 1960) 

It is chiefly applied for the control of powdery mildew in roses and in apple 
culture [892]. This compound has, at the same time, insecticidal, acaricidal and 
fungicidal activity, and has systemic properties. 
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Two experimental products, although they have no fungicidal effect, act in 
combination with others, even phosphorus-free compounds as synergists. 
These products are BPA (IX) [O,O-di-n-butyl N,N-methyl-phenyl phosphor
amidate] and HPA (X) [O,O-dihexyl N,N-methyl-phenyl phosphoramidate] 
[S26, 1069]: 

(X) 

HPA, for instance, in a mixture with edifenphos. controls Piricularia oryzae. 
Mixtures with kitazin and, as phosphorus-free compound, with isoprothiolane 
(Fuji-one) have also been reported [SI8]. These are also intended for the con
trol of Piricularia oryzae. 
For both preventive and curative control of powdery mildew, Hoechst AG has 
introduced pyrazophos (XI) [O,O-diethyl O-(6-ethoxycarbonyl-S-methylpyrazo-
10[I,S-a]pyrimidin-2-yl) phosphorothioate] [3S], 

pyrazophos. HOE 2873, ®Afugan 
LDso: 140 mg/kg rat, oral, acute 
(Hoechst AG, 1971) 

(XI) 

which obeys the "Acyl" Rule in an almost classical sense. DE WAARD [1096] 
maintains that the 6-ethoxycarbonyl-S-methyl-2-hydroxypyrazolo[I,S-a]pyrim
idine produced by hydrolysis in the cell organism has a particularly high fungi
toxicity resulting in the inhibition of the oxygen intake which, in turn, inhibits 
the biosynthesis of proteins in the organism (the synthesis of a pyrazolo-pyrim
idine see p. 120). 
Examples of fungicides based on phosphite, i.e. compounds without an acyl 
structure, are NINA (XII) [sodium O-ethyl phosphonate] and phosethyl Al 
(XIII) [aluminium tris(O-ethyl phosphonate)]. 

NINA (XII) 
(Pepro - Soc. Rh6ne-Poulenc) 

phosethyl AI. ® Aliette (XIII) 
LDso: 5800 mg/kg rat, oral, acute 
(Pepro - Soc. Rh6ne-Poulenc, 1978) 

NINA has a systemic effect against various Phytophthora spp. The high activity 
of the phosphite is attributed to the phosphorous acid released. Phosethyl AI. 
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the more important one, is highly effective against downy mildew (Plasmopara 
viticula) of grapevine and also against other fungi (e.g. Phytophthora spp.). 
Both products are mainly effective against fungi of the oomycetes' group (e.g. 
Pythium, Phytophthora, Plasmopara). They seem to have a limited residual ac
tion. 
The manufacture of these products is cheap and simple, involving alkaline hy
drolysis of dialkyl phosphites [277, 1051]. 

C2 HsO, .po 

C2 HsO/P'H 

(XII) 

(6) 

(XIII) 

Phosphonomycin (XIV) is a new antibiotic of natural origin. It was isolated 
from fermentation broths on which Streptomyces fradiae had been cultured. 

H···C __ C··H 
H3C..... '0/ 'P03H2 

®Phosphonomycin 

(XIV) 

LOso : >4000 mg/kg rat, oral, acute 
(Merck&Co. Inc.) 

The precise structure is (- )cis-l,2-epoxypropylphosphonic acid and was con
firmed by synthesis [191, 195,415,442]: 

hydrogen 

Lindlar catalyst 

benzene 

THF 

cone, HCl n-C4 H90, -::;::;-0 
/p, 

n-C4H90 CH=CH-CH3 

cis form 

30":' H,O, 

Na tungstate 
NH, 

NH40, -::;::;-0 
P 

NH40/ 'CI:!::::-~H -CH3 

° (± )cis-1,2-Epoxypropyl-
phosphonic acid (XV) 

(7) 

The antipodes were separated via the benzylammonium salt and the natural 
product was found to be identical with the synthetic product. 
Many patents claim other methods for the preparation of Phosphonomycin 
[193]. According to these, a-substituted phosphonates are anionized with strong 
bases and further reacted with acetaldehyde to (XVI). Variations of this reac
tion have been described. Some examples are given below. 
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~~ ~~ 
II/O-Alk base e II/o-Alk 

a) Hal-CH2-P 'O-Alk -----. .. - Hal-CH-P 'O-Alk 

methylid 

O(S) 
CH3CHO II/O-Alk 

------., .. - CH3-CH-CH-P, (XVI) "0/ O-Alk 

(Z-1,2-Epoxypropyl)phosphonate 

Alk-OH .. 
o 
1I/0-Alk 

Hal-CH2-P 
'O-Alk 

(XVI) 

NaF ?I /O-Alk 
c) POCl3 

2 Alk-OH .. 
o 
1I/0-Alk 

CI-P 
'-.O-Alk 

-----,-----., ... - F - P 
2h reflux 'O-Alk 

(XVI) 

In another, fundamentally different process diazoalkanes are used [312]: 

o 
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II/O-Alk 
CH3 CHN2 + CHO-P, 

O-Alk 

Formylphosphonate 

o 
II/O-Alk 

CH3 CHO + N2CH-P 'O-Alk 

Diazomethylphosphonate 

o 
1I/0-Alk 

Hal-P 
'O-Alk 

~Vlight 

(XVI) 

~ht 

'" + Oxidant 
~HgO) 

o 
1I/0-Alk 

H2N-N=CH-P 
'O-Alk 
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A Grignard synthesis established the structure of Phosphonomycin (see p. 163). 
Another route is mentioned in ref. [194]: 

j _40° 
pyridine 

....... OC4H9 
CH3-CH=CH-P 

....... OC4H9 

j CH3COCI 
30°C 

....... OC4H9 
CH3-CH=CH-P 

'OCOCH3 

j H,O,/N>-'."""" 

....... OC4H9 
CH3-CH-CH-P 

'0/ ...... OCOCH3 

j 2 N,OH 

H ....... ONa 
CH3-~/CH-P""'o 

j H,O,/N,-,""""" 

o 
II.,.....aNa 

CH3-CH-CH-P 
...... 0..... ......OH 

monosodium (± )(Z-1,2- Epoxypropyl)phosphonate 

Separation into diastereoisomers is possible using a-( + )-phenethylamine hy
drochloride. 
Ring-closure reactions of [1-hydroxy-2-methyl-3-(subst.-imino )-pentyl]phos
phonates or [l-(1-hydroxyethyl)-2-(subst.-imino )-alkyl]phosphonates also lead 
to Phosphonomycin [313]. 

OH 0 
I II ....... O-Alk 

CH3-CH-CH-P 
I ...... 
r=N-R -tAlk 

Alk '" 

OH 0 
I II/O-Alk 

CH3-CH-CH-P 
I ...... 

............ r=N_R O- A1k 

,/ Alk 

(XVI) 

R=tosyloxy, mesyloxy, trifluoroacetoxy et al. 
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Another ring-closure reaction is that of O,O-dialkyl [(1-vinyloxy)methyl]phos
phonate [310]: 

inorg. base .. 
or org. base 
!OO°C 

o HX (gas) II/O-Alk 
-----<.~ CH3-CH-O-CH2-P 

benzene *- 'O-Alk 

dibenzoyl peroxide 
• 

ISh reflux 
radical former 

(XVI) (S) 

The separation of the optical isomers is described in ref. [192]. 
Phosphonomycin and its derivatives are a new class of compounds with cura
tive and preventive anti-biharzia activity which is attributed to the (+ )-form. 
The antibiotic activity of the ( - )-form has already been mentioned [179]. 
Phosphonomycin irreversibly inhibits the enzyme pyruvate-uridine-diphospho
N-acetyl-glucosamine transferase in extracts of gram-positive and gram-nega
tive microorganisms [442]. This enzyme catalyses the first step in the biosynthe
sis of the nucleotide muramylpeptide which serves as a cell wall precursor for 
all bacteria. It has been shown that Phosphonomycin binds covalently to the 
cysteine residue in the enzyme [175]. 

The attack of the cysteine sulfur can be regarded as analogous to the addition 
of mercapto groups to the C=C bond of phosphoenolpyruvic acid in physio
logical reactions. The C=C bond in phosphoenolpyruvic acid corresponds to 
the epoxy bond in Phosphonomycin. 

E= enzyme 

Phosphonomycin is not the only naturally occurring phosphonate. Other exam
ples are the N-methyl derivatives of 2-aminoethanephosphonic acid isolated by 
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KIITREDGE, ISBELL and HUGHES [549] in the crystalline form from ethanolic 
extracts of the sea anemone Anthopleura xanthogrammica (XVII, XVIII, 
XIX): 

(XVII) (XVIII) 

(XIX) Ciliatine (XX) 

The trimethyl derivative is present as its inner salt (XIX). The phosphonic acid 
analogue of p-alanine itself, Ciliatine (XX), was demonstrated by QUIN [844] 
e.g. in Metridium dianthus. 
A naturally occurring phosphinate, namely the antibiotic SF-1293 (XXI) [763] 
(see also p. 175), has also become known. 

CH3 NH2 CH3 CH3 
I I I I 

HO-P-CH2-CH2-C-CONH-C-CONH-C-COOH 
II I I I o H H H 

SF-1293 (XXI) 

It is produced by cultivating a specific strain of Streptomyces hygroscopicus 
[ATCC Nr. 21705] in a complex fermentation medium. SF-1293 is used for the 
control of rice sheath blight (Xanthomonas oryzae) and rice blast (Pellicularia 
sasakii, Pyricularia oryzae). 

b) Herbicides 

The range of herbicides which can be derived from organophosphorus com
pounds is very large indeed. It covers phosphites and phosphorothioites, phos
phorothiolates, phosphor(n)amidates of substituted phenols, substituted alkyl 
esters of phosphorothioates, and derivatives of free phosphonic acids up to the 
phosphonium salts. Since it is difficult to establish relationships between struc
ture and activity here, the compounds are described in a sequence related to 
their structure. 
Systematically, we should begin with esters of phosphorous acid such as 
®Falone (I) [tris-{2-(2,4-dichlorophenoxy)ethyl} phosphite] [416] 

2,4-DEP, ®Falone (I) 
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which was introduced by Uniroyal Inc. in 1961 as a herbicide and plant growth 
regulator. 
Defoliants play an important role in cotton growing since they facilitate me
chanical harvesting. A well-known compound in this respect is merphos (II) 
[1146] [S,S,S-tri-n-butyl phosphorotrithioite] which is synthesized from finely 
dispersed white phosphorus and di-n-butyl disulfide in dimethyl sulfoxide 
under nitrogen: 

merphos, ®Folex (II) 
(Mobil Chemical Co.) 

(1) 

Merphos may also be prepared on a technical scale from phosphorus trichlo
ride and sodium butylmercaptide: 

(2) 

Another important defoliating agent is ®DEF (III) [S,S,S-tri-n-butyl phos
phorotrithioate] [779, 1063], 

(n-C4 H 9ShP = 0 

®DEF (III) 
LDso: 233 mg/kg for the rat d orally 
(Mobay Chemical, 1956) 

starting materials for its synthesis being n-butyl mercaptan and phosphoryl 
chloride 

Na,emuis. 

------~ (III) (3) 

®DEF is also readily obtained by oxidation of merphos. It defoliates cotton and 
inhibits regrowth of axillary buds. 
An example of a phenyl phosphoramidothioate is ®Zytron (IV) [O-methyl 0-
2,4-dichlorophenyl N-isopropyl phosphoramidothioate] (see p. 95) [608]. 

®Zytron, DMPA (IV) 
(DOW Chemical, 1958) 

®Zytron suppresses the growth of germinating seeds. It can be used for the con
trol of undesirable plant species (i.e. weeds). 

168 



Other Compounds 

Closely related compounds are the corresponding O-nitrophenyl esters (Va and 
Vb) [967]: 

i-C3H7NH'P.7S~ 

CH3 0""'" '0 )J-
N02 

(Va) 

i-C3 H7 NH'p7S ~ 

C2 Hs 0""'" '0 )J-
N02 

(Vb) 

the synthesis of which is evident from the formula. These esters are germina
tion inhibitors and are recommended for the control of weeds. 
Amiprofos-methyl (VI) [O-methyl O-(4-methyl-2-nitrophenyl) N-isopropyl 
phosphoramidothioate] is a new herbicidal organophosphate. The synthesis 
[953] starts from O-methyl phosphorodichloridothioate 

CH30 S 
'p?' 

(CH3hCH-NH/ '0-Q-CH3 

N02 

amiprofos-methyl. ®'fokunol M (VI) 
LDso: 1200 mg/kg rat, oral, acute 
(Nihon Tokushu Noyaku Seizo KK, 1973/1974) 

which is reacted with isopropylamine to the monochloridothioate and then fur
ther with 2-nitro-4-methylphenol to give the end product (VI). 

(4) 

(VI) 

The following structure/activity relationship has been established [63]. The ac
tivity of the O-alkyl O-aryl N-alkylamino phosphorothioates is strongest when 
the alkyl group of the alkylamino substituent is composed of 1-4 carbon atoms, 
which may be either straight chained or branched. The activity drops with in
creasing number of carbon atoms. The nature of the substituent on the aryl ring 
plays an important role whereas a change in the O-alkyl group does not affect 
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activity. Substitution by alkyl and halogen in the 4-position of the aryl ring in
creases activity according to the following series: 

2-nitro-4-tolyl > 2-nitro-4-chlorophenyl > 2-nitrophenyl > 
2,4-dichlorophenyl > 2,4-dinitrophenyl 

Amiprofos-methyl is well tolerated by non-target plants and displays high activ
ity against important broadleaf and grass weeds. One major use is on golf 
courses in Japan. An adequate soil humidity is necessary for an optimum ef
fect. Recently, it was tested also for sucker control in tobacco. The application 
rate ranges between 2 and 4 kg/ha. 
Amiprofos-methyl is an inhibitor of mitosis [539]. The herbicidal activity may, in 
part, be due to a selective inhibition of tubulin synthesis [843], as observed in 
Chlamydomonas reinhardii [225]. The absence of tubulin production in cells 
treated with amiprofos-methyl may not necessarily result from a direct inhibi
tion of tubulin-mRNA translation but may be due to a reduced quantity of tu
bulin-mRNA available for translation. 
Butamifos (VII) [O-ethyl O-(3-methyl-6-nitrophenyl) N-sec.-butyl phosphor
amidothioate] is a new pre-emergence herbicide used in cereal and vegetable 
crops. It has been suggested that it disrupts plant cell mitosis [1025] which is 
basically the same mode of action as in the case of amiprofos-methyl [1026]. 

butamifos, ®Cremart, S-2846 (VII) 
LDso: 790 mg/kg female rat, oral, acute 
(Sumitomo, 1974) 

Isophos-3 (VIII) [O-(2-chloro-4-methylphenyl) N-sec.-butyl chloromethylphos
phonamidothioate] [304] is another pre-emergence herbicide: 

CICH2 &,S 
'P~ 

sec. C4H9NH/ '0-o-CH3 

CI 

isophos-3 (VIII) 

(All-Union Sci. Res. Inst. for Plant Prot. Chern., 1975) 

It displays good selective action in tomato and rice. In rice it is mainly used for 
the control of Echinochloa. Besides grass weeds also broadleaves can be con-
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trolled. Apparently, isophos-3 also inhibits cell division and disrupts cell devel
opment systems. 
A derivative of substituted S-alkyl phosphorothioates is bensulide (IX) [0,0-
diisopropyl S-2-phenylsulfonylaminoethyl phosphorodithioate] [258], obtained 
by 

bensulide. ®prefar, ®Betasan 
LDso: 340 mg/kg male rat, oral, acute 
(Stauffer Chern. Co., 1962) 

(IX) 

reaction of N-(fJ-chloroethyl)benzenesulfonamide with a slight excess of am
monium O,O-diisopropyl phosphorodithioate. 

S 

II -0 (i-C 3 H7 0)2 P SNH4 + Ci-CH2 CH2 NH-S02 fj _ "\ -- (IX) (5) 

As Betasan (for turt) or Prefar (in cereals), bensulide is a post- and pre-emer
gence herbicide with a residual action of 4-12 months. 
The chemical variation of the dimethoate molecule results in herbicidal com
pounds (X) which are described in a series of Monsanto patents [199, 200, 
1006-1010]. The general structure of these dimethoate derivatives is (see 
p. 144): 

If R, R \ R 2, R3 represent alkyl or alkoxylalkyl groups, the resulting com
pounds inhibit germination and are therefore effective as pre-emergence herbi
cides when applied at 0.5 to 5 kg/ha. 
R2 and R3 may also be olefinic groups such as allyl. The herbicidal activity is 
also maintained in the case of the monoalkyl derivative or when R 2 is alkyl and 
R3 aryl. Furthermore, R2 may be hydrogen or alkyl and R3 a saturated hydro
carbon ring. The nitrogen atom can also be incorporated into a heterocyclic 
ring (e.g. oxazine, thiazine). 
Free phosphonic acids such as ethephon (XI) (2-chloroethylphosphonic acid) 
are known as plant growth regulators. 

ethephon. ®Ethrel (XI) 
LDso: 4200 mg/kg rat, oral, acute 
(Amchem Products Inc., 1968) 
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Numerous processes for the synthesis of (XI) are available which are described 
here only briefly. The most popular is the reaction of phosphorus trichloride 
with ethylene oxide followed by rearrangement and hydrolysis [1013, 859]. 

(6) 

HCI 
---.......... (XI) 

ISO-160°C 

1,2-Dichloroethane and 2-chloroethanol are formed as by-products. More fa
vourable results are obtained when tris-(2-chloroethyl) phosphite is used as its 
own "solvent" [396]. 
A very pure product is prepared by the addition of dialkyl phosphite to the 
vinyl ester of a carboxylic acid followed by hydrolysis [856]. 

- -70 0 
R-C, 11/0R' 

OCH2CH2-P, 
OR' 

HCI -dry 

2-Acyloxyethylphosphonate 

(XI) (7) 

Vinylphosphonic acid adds hydrogen chloride under pressure to give directly 
2-chloroethylphosphonic acid [550, 551]. 

o 0 
II/OH II/OH 

CH2=CH-P, + HCI - CICH2CH2-P, 
OH OH 

(XI) (8) 

Ethylene can also be added to trialkyl phosphite in the presence of halogen, re
sulting in the formation of 2-chloroethylphosphonate [1092]: 

2 CH2=CH2 + P(ORh + 2 CI2 
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Finally, the reaction of 1,2-bromochloroethane with the alkali salt of dialkyl 
phosphite in N-methyl-2-pyrrolidone [1093] should be mentioned. 

~ OR 
- CI-CH2CH2-P~ -

-MBr OR 
(XII (10) 

M = alkali metal 

The hydrolysis of 2-chloroethylphosphonate to the free acid is described in nu
merous patents which differ only in the reaction conditions employed [858, 
1013, 1012, 271, 857]. 
The biological effect of ethl!phon [337] rests on its ability to release ethylene 
which plays a role in the growth cycle. Furthermore, the quantity of ethylene 
found in the plant is greater than that which corresponds to the added phos
phonic acid (i.e. ethephon). Possibly, ethephon stimulates the relevant enzyme 
system to increase ethylene production. Ethephon accelerates the ripening of 
fruit and induces the formation of separation tissue leading to fruit and leaf 
drop. In rubbers trees the flow of latex is stimulated; in some plants (Bromelia
ceae) flowering is induced. 
CASELY [166] found that ethephon, applied to foliage or soil, released dormant 
buds from apical dominance in aerial shoots and rhizomes of Agropyron repens 
(couch grass). 
Plants treated with ethephon showed dwarfing and displayed twice the peroxi
dase activity of the controls. 
Another active free phosphonic acid is glyphosate [N-(phosphonomethyl)gly
cine] (XII) which is normally formulated as the isopropyl amine salt owing to 
its better solubility [333]. 

glyphosate. ®Roundup (XII) 
LOso : 4320 mg/kg rat, oral, acute 
(Monsanto, 1972) 

The monosodium salt [331] is also available under the trade name ®Polardo. It 
increases the carbohydrate content of sugar cane to a greater degree than gly
phosine (p. 174). 
It is prepared by reaction of chloromethylphosphonic acid with glycine [330] in 
the presence of sodium hydroxide or by oxidation of N-(phosphonomethyl)
iminodiacetic acid (obtained from formaldehyde, iminodiacetic acid and 
phosphorous acid in the presence of sulfuric acid) yielding N-(phosphono
methyl)glycine [332]: 
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(II) 

N-(Phosphonomethyl)glycine can also be obtained by the addition of phos
phite to the condensation product from formaldehyde and glycinate [280, 
140]. 

RO" -:70 ~ A hydrolysis 
3 /p" + (CHz=N-CHz-C-ORh .. .. (XII) (13) 

RO H solvent 

The activity of this compound is attributed to the inhibition of aromatic amino 
acid biosynthesis via shikimic acid [868, 501]. Glyphosate specifically inhibits 
the enzyme 5-enolpyruvylshikimic acid-3-phosphate synthetase [18, 464, 1017]. 
The inhibitory action could be alleviated by the addition of aromatic amino 
acids. 
Glyphosate is a post-emergence herbicide. It is mainly used against perennial 
grass weeds which spread via rhizomes because it penetrates these rhizomes 
and kills them. 
Glyphosine (XIII) [N,N-bis(phosphonomethyl)glycine] is a recently developed 
plant growth regulator prepared by condensation of glycine, formaldehyde and 

phosphorous acid [489]. 

glyphosine. ®Polaris (XIII) 
LDso: 4000 mg/kg rat, oral, acute 
(Monsanto, 1972) 

(XIII) (14) 

It is mainly used to accelerate ripening of sugar cane and to increase the su
crose content. 
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SF-1293 [y-(hydroxymethylphosphinyl)-l-a-aminobutyryl-I-alanyl-I-alanine] 
(XIV) [1038, 1040] is an antibiotic with fungicidal (see p. 167) and herbicidal 
properties. It is reported to be more active than N-(phosphonomethyl)glycine 
to which it is closely related chemically. 

SF-1293 is strongly herbicidal towards a variety of broadleaf and woody 
plants. It not only acts as a contact but also as a systemic herbicide. The herbi
cidal effect can be increased by combination with other herbicides. 
y-(Hydroxymethylphosphinyl)-l-a-aminobutyric acid (XV) [1039], like SF-
1293, was also developed by Meiji Seika Kaisha Ltd. The similarity is quite evi
dent. The L-isomer which is twice as active as the DL-form is employed in the 
control of perennial weeds. 

D,L-Phosphinotricine, glufosinate, ®Basta 

It is known that (XV) completely inhibits the glutamine synthetase [78]. Possi
bly, the enzyme bonds (XV) rather than the substrate [1039]. The structure of 
Phosphinotricine was confirmed by synthesis [78]. 

o 
CH3-~-CH2CH2-CH-COOCH3 

I I 
OC2HS NHCOCF 3 

5nNaOH .. 
100°,3h 

(XV) 

100°,3 h .. 
benzene 

(15) 

Methyl 2-trifluoroacetylamino-4-bromobutyrate (XVI) was obtained from DL

homoserine: 

(CF3COhO 
HOCH2CH2«H-COOH ----=---=-_ .. 

NH2 

BrCH2CH2CH-COOH 

~HCOCF3 

CF 3COOCH2CH2CH-COOH 

~HCOCF3 

(XVI) 

HBr ---
(16) 
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The following syntheses are used for the preparation of Phosphinotricine (XV) 
[874]: 

a) Reaction of 2-bromoethylphosphinate with acetamidomalonate followed by 
saponification and decarboxylation [Eq. (17)]: 

(XV)- HCI 
(17) 

b) Addition of acetamidomalonate to vinylphosphinate in the presence of cata
lytic amounts of a strong base and saponification of the adduct [Eq. (18)]: 

---
(XV)- HO (18) 

c) Application of a synthesis according to STRECKER: 

I) CNe, NH3 .. 
2) HCI (XV) ·HCI (19) 

Other phosphorus compounds with herbicidal activity which do not conform 
to the "Acyl" Formula are listed below: 
Carbamoylphosphonates are suitable for the regulation of the growth rate of 
plants, particularly fosamine-ammonium (ammonium a-ethyl carbamoylphos
phonate) (XVII) [409, 604]. 
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N140/P'CONH2 
(XVII) 

fosamine-ammonium, ®Krenite 
LDso: 24,000 mg/kg rat, oral, acute 

(formulated product) 
(DuPont, 1974) 
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Fosamine-ammonium is easily obtained by reaction of carbalkoxyphosphon
ate with aqueous ammonia: 

C2 HsO, ~o 

C2 HsO"",,-P'COOR 

R= Alkyl 

(XVII) (20) 

It is used for the control of undesired woody plants. Sprayed in late summer, 
no symptoms are visible in that vegetation period but the plant is found to be 
dead the following spring. 
Carbamoylphosphonates can also extend the resting period of perennials and 
thus protect unopened buds from frost. Increased sucrose content is found 
after treating sugar-containing plants. 
Chlorphonium chloride (XVIII) [tri-n-butyl-(2,4-dichlorobenzyl)phosphonium 
chloride], a phosphonium salt, is a plant growth regulator [384, 1136]. 

(XVIII) 

chlorphonium chloride. ®Phosfon 
LDso: 178 rng/kg rat, oral, acute 
(Mobil Chern. Co., discontinued 
Virginia Carolina Chern. Co., 1959) 

The synthesis is obvious from the structure; thus, trialkylphosphine is reacted 
with the benzyl halide. 

c) Chemosterilants 

In addition to the direct insecticidal control of pest populations, other indirect 
methods are applicable: for example, the use of sterile insects for their self-de
struction [1001]. KNIPLING has discussed various ways in which this goal may 
be achieved [561, 562, 563]: 

1) Liberation of male insects that have been sterilized by gamma
radiation, X-rays or other means (sterile-male method) [821]. 

2) Use of chemical substances which cause sterility in both sexes in a 
natural population. 

3) Rearing and liberation of mutants of a species which show dam
aged or lethal genetic characteristics. 

4) Liberation of insects which are infected with pathogens (viruses, 
bacteria, fungi) and serve as vectors. 

Using the first method, BAUMHOVER, BUSHLAND et al., during the years 1955 
and 1957, succeeded in eradicating the screwworm (Callitroga hominivorax), 
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one of the most important domestic animal pests [76, 159-161], from Curayao 
and later, around 1957-1959, from the southern part of the USA. In less than 
18 months, reproduction of the pest was arrested [560, 564]. Since 1962 there 
have been similar campaigns in Texas and New Mexico. For the USA program 
alone, more than a thousand million Callitroga males were reared, sterilized 
and liberated on an assembly-line basis [999]. In a similar way Dacus curcubitae 
was exterminated from the Pacific island of Rota and Dacus dorasalis from 
Guam. The "sterile-male" method is being used on a trial basis on the Califor
nian-Mexican border to combat Anastrepha ludens, in Egypt, Israel and Cen
tral America to control Ceratitis capita and in Africa against Glossina morsitans 
(Tsetse-fly), the carrier of sleeping sickness [22, 737]. 
All these examples show, however, that not every population can be depressed 
in this manner for, where there is possibility of immigration into the controlled 
area, a fertile population can once again be built up. For these reasons, geo
graphically or ecologically isolated islands must be chosen. In these circum
stances the method can be successful but it requires considerable technical, 
biological (i.e. mass-rearing) and financial resources and a high degree of or
ganization. 
It was, therefore, of great interest that the discovery of chemical substances 
with sterilizing properties led to the second method of control; these sub
stances were already known as inhibitors of cell division (mitotic poisons) [114, 
398, 1000]. From a point of view of economy and potency, the best compounds 
include the particularly important phosphorus compounds of ethylene imine, 
of 2-methyl and 2,3-dimethyl ethylene imine. In 1961 LABRECQUE [596] was the 
first to describe their suitability for sterilization of house flies (Musca domesti
ca). The first example ofa compound of this type, synthesized in 1954 by RATZ 
and GRUNDMANN [849], was 2,2,4,4,6,6-hexa-(I-aziridinyl)-2,4,6-triphospha-
1,3,5-triazine or 2,2,4,4,6,6-hexa-(l-aziridinyl)-1,3,5,2,4,6-triazaphosphorin with 
the common name apholate. which was tested successfully by CHAMBERLAIN 
[180] against Callitroga hominivorax. 
It is synthesized by reacting phosphorus pentachloride with ammonium chlo
ride to give the triphosphatriazinyl chloride and by replacing the halogen 
atoms by ethylene imine or its substituted derivative in the presence of equiva
lent quantities of tertiary amine [785, 787, 847, 849, 850]: 

(1) 

apholate 

The second example, phosphoric acid tris-ethyleneimide or tris-(I-aziridinyl)
phosphine oxide with the common name TEPA is synthesized in an analogous 
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manner. The third example, described by CHANCE is N,N'-ethylene-bis-(P,P
bis-(l-aziridinyl)-N-methyl) phosphinic amide or aphamide [182]: 

Since 1960 numerous papers have appeared [cf. 102, 118, 185,241, 740, 790] de
scribing the sterilizing action of analogues of the parent compounds apholate 
and TEPA. The use of chemical contact sterilizing agents is certainly attractive 
but the intrinsic problem is that the sterilizing action of these alkylating and 
mitotic poisons is not restricted to insects, for they can exert carcinogenic and 
teratogenic actions on mammals [69, 359, 425]. The type of compounds most 
frequently investigated are as follows [7, 59, 101, 115, 117, 119, 597, 165, 183, 
240, 791, 823]. 

~N,~/N~ 'pN.S/N~ 
0 

(CHg)2N II N(CHs)2 
P HgC P CHg 

'p/ 
I I I 

N N N 
D ~CHg / "-

HsC CHs 

TEPA, Aphoxide METEPA (= Methaphoxide) HEMPA 

~N,~/N~ pS~ 
1\ tN:::J 

N II N 
P H C ..... p/ CH 

0J-p I gig 

N N . 'N:::J D ~CHg 

MORZID (20PSPA, MSPA) THIOTEPA METHIOTEPA 

An N-phosphoryl urea with the following structure deserves particular atten
tion because of its synthesis: 

R'O 0...., 
I II II/N -....J 

Aryl-N-C-NH-P 
..... N~ 

(I) 

RATZ and GRUBER [848] obtained dichlorophosphoryl isocyanate (II) from 
PCls and ethyl carbamate which, in situ, reacts with aromatic amines to form 
the N-arylureido-phosphoryl dichloride (III). The chlorine atoms may be ex
changed in the usual manner. 
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Aryl-NH2~ 

o 0 
II II/Cl H N::] 

Aryl-NH-C-NH-P ~ (I) 
"Cl 

(II) (III) (2) 

Spiro-compounds of the formula (IV) are of structural interest. RATZ [846] syn
thesized these types from penta-erythritol, phosphoryl chloride and ethylene 
imine. The most active compound was bis-3,9-(l-aziridinyl)-2,4,8,10-tetraoxa-
3,9-diphosphaspiro (5,5)-undecane-3,9-dioxide. 

Typical information on structure and activity is provided by an investigation of 
RISTICH, RATCLIFFE and PERLMAN, as well as by CASTLE and RISTICH [176, 
786, 866], on the sterilizing action, cytostatic properties and oral toxicity in 
mice for the apholate series. Substituents chosen were ethylene imino-, subst. 
ethylene imino-, amino-, alkylamino-, alkoxy groups and chlorine atoms. The 
most important result was the demonstration of a positive correlation between 
the sterilizing properties of a compound and the number of ethylene imino
groups in the molecule (alkylating action), as well as its solubility in water, 
which, together with the sterilizing action, falls with increasing number of chlo
rine atoms. In the presence of at least four ethylene imino groups, radicals like 
methoxy, amino or methylamino groups do not substantially influence the al
kylating properties, while the hydrazino group, substitution of the ethylene 
imine itself, or the formation of metal complexes weaken the sterilizing action. 
The first members of a given series, each with five ethylene imino groups and 
another substituent e.g. halogen atoms, exhibit increased activity. Compounds 
analogous to apholate without ethylene imino groups are inactive. The tetram
eric analogue of apholate with eight ethylene imino groups is no more active 
than apholate itself. CHANG and BORKOVEC [184] found similar relationships 
between structure and activity also in the TEPA series. They replaced an ethy
lene imino group in TEPA by monoalkylamino groups and found a decreasing 
ability to sterilize. Isopropylamine was, however, found to be an exception. 
CHANG and BORKOVEC determined both the sterilizing activity and the toxicity 
in Musca domestica. 
If LDo represents the maximal dose at which no mortality results, and EDlOo 
the minimal dose at which complete sterilization occurs, then a "safety factor" 
(SF) can be calculated from both values. Using probit analysis (see p. 217), the 
LDo.oI and ED99.99 (lethal dose and effective dose) are determined and the 
safety factor obtained: 
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If % mortality of % sterilization in pro bit units are plotted against the logarithm 
of the dose {J.1.g per male injected) then for each compound two curves are ob
tained, as shown in Figs. 14 to 16. Fig. 14 illustrates the conditions pertaining 
to a negative safety factor. Sterilizing action is revealed only at a dose rate at 
which the substance is lethal. The borderline case 0 is shown in Fig. 15. Here 
the ED99.99 and the LDoOl coincide, CHANG and BORKOVEC call this "exact 
dose". Fig. 16 shows a positive safety factor, i.e. the effective dose is substan
tially smaller than the lethal dose, complete sterility is achieved without enter
ing the mortality dose range. 
At the present time the main targets for chemosterilants of the TEPA and apho
late type are economically important cotton pests such as the boll weevil (An
thonomus grandis) [246, 426, 434, 435, 436, 622], the pink boll worm (Pectino
phora gossypiella) [387, 788] and the cotton leaf worm (Prodenia litura) 
[1059]. 
Contact sterilizing agents for the extermination or even the suppression of a 
harmful insect population would offer considerable advantages over physical 
sterilization, because the mass rearing and liberation of sterile males would no 
longer be necessary. 
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Fig. 14. Mortality after sterilization Fig. 15. "Exact dose" 
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Fig. 16. Sterilization without mortality 

Furthermore, as KNIPLING [559, 561] propounded, these compounds are theo
retically superior in comparison to direct-acting insecticides. If it can be as
sumed that the mating behaviour of the insects is not disturbed by sterilization, 
that the population from generation to generation increases five-fold and that, 
in case A, 90 % of the population is killed by an insecticide, while in case B, 
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90% would become infertile due to a sterilizing agent, then in case A, 10% fer
tile insects would remain which were capable of building up a population and 
under circumstances of developing resistance. In case B after sterilization, 90 % 
sterile insects would meet 10% fertile insects and reduce their biotic potential 
by 90% down to a total of 1 %. Moreover, sterile insects are effective over a 
long period of time and over a considerable area against the building up of a 
new population. In the case of insecticide control, these factors are not in
volved. Starting with one million insects, insecticides require about 20 genera
tions to reduce the population to one individual, whereas with sterilizing 
agents the population is reduced to six in only four generations. KNIPLING sug
gested furthermore that the classic methods of control using insecticides, para
sites and predators might be combined with general cultivation methods, the 
"sterile male" method or contact sterilization. This integrated control which 
KNIPLING calls "Total Insect Population Suppression" (TIPS) [564] appears, 
however, to be economically possible only with important pests and in large 
areas of monoculture. 
BORKOVEC [116] has recently published a review of the various classes of chem
ical substances in which chemosterilizing agents are to be found, also their 
pharmacology and practical application. 

182 



4. Biochemistry 

4.1. Mechanism of Action 

a) Mechanism of Action in Mammals 

The organophosphates exert their biological action in mammals and arthro
pods by attacking the system of neural transmission and thus interfering with 
the function of the target organs. The scope of this publication permits refer
ence to be made only to the most important conceptions and interrelationships 
necessary for a general understanding of the mode of action of organophos
phates. Detailed discussions of the hypotheses and experimental results will be 
found in the monographs published by HEATH [430], by O'BRIEN [769], more 
recently by TRIGGLE [1066], as well as in a review of the literature on acetyl
cholinesterases by ENGELHARD, PRCHAL and NENNER [286]. 
The basic structural unit of the nervous system is the neuron, essentially a cell 
having a nucleus and numerous fibres (dendrites) leading away from it. One of 
these fibres, recognized by its considerably greater length, is responsible for the 
transmission of impulses from the cell body to other neurons or to the recep
tors. The simplest neural action in vertebrates involves the participation of sev
eral neurons which form a common functional path. This functional conjunc
tion is established in the synapses of the ganglia. They consist of a presynaptic 
membrane (end of a dendrite A) and a postsynaptic membrane (beginning of a 
dendrite B or target organ) which are 100-200 A apart (synaptic gap). The ac
tion potential (presynaptic impulse) is built up by selective Na + and K + con
centration changes ("ion pump"), and arriving at the synapse induces a corre
sponding postsynaptic reaction. The impulse is transmitted in the synapse by a 
chemical mechanism. On the presynaptic side, acetylcholine or noradrenaline 
is liberated and absorbed by receptors on the postsynaptic side, thus altering 
the permeability of the membrane to ions. 
This results in the build-up of a postsynaptic potential; ECCLES discussed the 
mechanism of postsynaptic inhibition in his Nobel laureate lecture [282]. In a 
second Nobel laureate lecture, HODKIN referred to the ion movements as the 
basis of nervous transmission [458]. The quantitative analysis of nerve stimula
tion and neural transmission constituted the subject of a third Nobel laureate 
lecture by HUXLEY [488]. Further details on these papers cannot, however, be 
given within the scope of this publication. According to O'BRIEN [769] the 
whole system can be well-illustrated by the following scheme (Fig. 17). 
In this connexion, the anatomic description of the nervous system is of less in
terest than the fact that a chemical classification is possible. The synapses and 
myoneural junctions of the motor and the parasympathetic system as well as 
the ganglia of the sympathetic system transmit the presynaptic impulse by 
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means of acetylcholine to the postsynaptic side. The neuromuscular junctions 
of the sympathetic system are stimulated by adrenaline or noradrenaline. It is, 
however, possible that the adrenergic mechanism, too, is set in motion prima
rily by acetylcholine [696]. In order to bring the acetylcholine-induced action 
potential back to the resting potential, in other words to facilitate the transmis
sion of a new impulse, the stimulant in the synapse must be degraded. Degra
dation is effected by the enzyme acetylcholinesterase (which, according to its 
source, is also known as erythrocyte cholinesterase, true cholinesterase, or in 
the classification of enzymes suggested by the Enzyme Commission [321], ace
tylcholine acetylhydrolase [3.1.1.7]). This enzyme hydrolyzes acetylcholine to 
acetic acid and inactive choline. A second enzyme, choline-O-acetyltransferase 
[2.3.1.6] [321], is capable of esterifying both compounds to acetylcholine again. 
A TP and CoA are required for this reaction. 
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Fig. 17. Scheme of nervous system 

The active organophosphates function by blocking acetylcholinesterase. This 
inhibition results in an accumulation of acetylcholine at the postsynaptic mem
brane which is then unable to return to its original (resting) state. Depending 
upon the part of the nervous system in which the synapses are thus kept in a 
state of permanent stimulation, symptoms of predominantly nicotine, musca
rine and sometimes CNS poisoning are noted. With some organophosphates, 
the accent on action may lie more in the one or the other direction. A descrip
tion of the physical and kinetic properties of acetylcholinesterase is given by 
ENGELHARD, PRCHAL and NENNER [286]. 
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KRYSAN and CHADWICK [588] found the molecular weight of house fly head 
cholinesterase to be about 160,000. However, several aggregation states or mo
lecular sizes were encountered, which made the isolation of pure insect AChE 
very difficult (as is also true for the mammalian cholinesterases). 
LEUZINGER and his colleagues have recently succeeded in purifying acetyl
choline acetylhydrolase [3.1.1.7] in large quantities and in crystallizing it [615, 
616]. They determined the molecular weight by sedimentation equilibrium, 
finding a value of 260,000 ± 10,000 [617]. The native molecule of AChE con
sists of four subunits of average molecular weight 64,000 ± 4,000. The enzyme 
is a dimer, each protomer consisting of two non-identical chains. LEUZINGER 
suggested that the molecule may be a dime ric hybrid. The a-chains may be said 
to contain the active site, the function of the p-chains remains unknown at 
present; or the a+p-chains together may form an active site. If the latter is 
true, it becomes possible to set up simpler models for the mechanisms of action 
and for the inhibition of acetylcholinesterase than if the a-chain alone is in
volved. 
In addition to acetylcholinesterase, a second cholinester-hydrolyzing enzyme is 
found in the serum of mammals as well as in insects, viz. acylcholine-acylhy
drolase-[3.1.1.8] (E.C. trivial name: cholinesterase) which formerly was also re
ferred to as pseudocholinesterase or serum-ChE. Its synthesis in vertebrates 
takes place in the liver and requires ATP, CoA-SH, acetate or citrate, choline 
and the enzymes "acetylkinase" or choline-acetyltransferase. CLITHEROW, 
MITCHARD and HARPER [209] assume that in the degradation of fatty acids 
containing an even number of carbon atoms, butyryl co-enzyme A is formed, 
which presumably is also involved in the cholinester synthesis. The biological 
function of acylcholine-acylhydrolase might then be preferentially to hydrolyze 
butyrylcholine (which causes strong nicotinic effects) at the site of formation, 
for acylcholine-acylhydrolase hydrolyzes butyrylcholine at a considerably 
faster rate than does acetylcholine-acetylhydrolase. 

JAMIESON [492], on the other hand, is of the opinion that acetylcholine-acetyl
hydrolase normally degrades neurogenic and non-neurogenic acetylcholine in 
the ileum of vertebrates (rats, guinea pigs), while acylcholine-acylhydrolase is 
capable only of hydrolyzing non-neurogenic acetylcholine in the intestine. 

Both enzymes belong to a group of hydrolases [3.1.1] which, at their site of ac
tion, contain similar amino acid sequences with participation of serine. They 
are, therefore, also referred to as "serine enzymes". Other hydrolases of the 
serine group are, for example, trypsin [3.4.4.4] and a-chymotrypsin [3.4.4.5]. 
They are all inhibited by DFP. 

A third complex of aliphatic ester hydrolyzing enzymes are the carboxyl ester
ases [3.1.1.1] ('ali-esterases'). MYERS, TOE and DEJONGE [754] have suggested 
that carboxyl esterases may playa role in protein metabolism because of their 
ability to hydrolyze esters and amides of amino acids. The carboxyl esterases 
are certainly of great significance in the detoxification of foreign substances 
with ester bonds; their physiological function in normal metabolism is, how
ever, unknown. They are likewise inhibited by DFP and partly by other phos
phoric acid esters; for example, chymotrypsin, trypsin and C'la (activated form 
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of the first component of haemolytic complement) are inhibited by phosphonic 
acid esters of the formula (I) 

where R represents an alkyl or aralkyl group, which in the aliphatic part is sub
stituted by alkoxy or acetoxy radicals. X may be nitro- or fluorophenyl 
[82]. 
DuBOIS, KINOSHITA and FRAWLEY [274] developed a method of determining 
quantitatively in vivo the inhibition of ali-esterase, acyl amidase and cholin
esterase by dioxathion and EPN. 
Certain organophosphates, depending upon their structure, may also inhibit 
other systems in addition to hydrolases, e.g. aminoparathion inhibits peroxi
dases in milk [540, 541]. The inhibition of xanthine dehydrase in milk would 
appear to be limited strictly to derivatives of the parathion series as was found 
by WILDBRETT, KIERMEIER and LETTENMAYER [1127]. Thiono-esters such as 
methyl, ethyl and isopropyl parathion, methyl and ethyl ®Chlorthion may in
hibit xanthine dehydrases in vitro, but not in vivo (concentrations of 10-3 mol.). 
Thiono-esters of other series, e.g. diazinon, demeton, malathion or azinphos, are 
completely inactive. In contrast, the oxon compounds of the parathion series 
caused marked inhibition also in vivo. For organophosphate inhibitors of xan
thine dehydrase in milk it is possible to draw up the following general for
mula: 

R': H-, Q-

where R must be lower alkyl. Larger alkyl groups reduce the activity. The nitro 
group is also a prerequisite, for aminoparathion is completely inactive. Other 
P-O esters, such as trichlorvos, OMPA, or malaoxon, show no inhibitory ef
fect [542]. By dialysis of the inhibited enzyme the inhibition can be abolished. 
WILD BRETT et al. suggest, therefore, as mechanism a reversible adsorption of 
the inhibitor onto the protein molecule; this is plausible in that only the rela
tively polar oxon esters are active. 
There are various possibilities for the inhibition of the normal reaction of an 
enzyme with its specific substrate, e.g. an inhibitor may react with one or more 
sites of the enzyme, the substrate or the enzyme-substrate complex. WEBB 
[1109] presents a classification of the sites of inhibition based on the compo
nent primarily involved in the inhibition: 

(1) Reaction of inhibitor with apoenzyme 
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B. Specific reaction with sites on the apoenzyme: 
The specificity of interaction here resides in the spatial pattern of matter 
and charge over the site rather than in a simple chemical group. 
a) Substrate site 
b) Coenzyme site 
c) Activator site 

C. Generalized adsorption onto the protein surface: 
A relatively nonspecific and weak interaction by substances, frequently 
nonpolar or amphotropic compounds, that associate with the protein 
side-chains and may interfere with binding of any component. 

D. Denaturation of the protein: 
An alteration of the basic protein structure, usually by substances react
ing with those protein groups responsible for the bonds holding the 
polypeptide fabric in a specific orientation. 

E. Hydrolysis of apoenzyme: 
The breaking of peptide bonds in the protein, generally by proteolytic 
enzymes, giving rise to fragments of the apoenzyme that may be par
tially or completely inactive. 

(2) Reaction of inhibitor with substrate: 
The binding or the subsequent transformations of the substrate are hin
dered. 

(3) Reaction of inhibitor with coenzyme: 
Generally the ability of the coenzyme to participate in the reaction is re
duced, although the affinity for the apoenzyme may also be decreased. 

(4) Reaction of inhibitor with activator. 
(5) Reaction of inhibitor with enzyme complex: 

Combination with the enzyme-substrate, enzyme-coenzyme, or enzyme-ac
tivator complex, although there is not necessarily a reaction with any of the 
individual components. 

(6) Entry of inhibitor into the reaction sequence: 
The inhibitor may be acted upon by the enzyme so that it undergoes reac
tions similar to the substrate, thus reducing the amount of substrate reacted 
or causing a subsequent block if a normal transfer reaction is slowed. 

(7) Reaction of inhibitor with linking components in an enzyme aggregate: 
Dissociation of enzyme units in a complex system by interaction with sub
stances, perhaps nonprotein in nature, functioning structurally in the spa
tial orientation of these units. 

Fig. 18 shows several ways in which inhibitors can interfere with an enzyme 
reaction. Molecules X and Yare either two substrates or a substrate and coen
zyme. Z is a co-factor (not always necessary) such as a metal ion, functioning in 
the binding of a substrate on the enzyme surface. The inhibitor in every case is 
represented by the solidly shaded molecule. Case A illustrates the unhindered 
enzyme reaction. Example B shows an inhibitor with substrate-analogous 
structural and binding properties. In example E only a part of the substrate 
structure is occupied by the inhibitor. It is not necessary for the sites of the en
zyme to be directly blocked. In example G, the inhibitor functions in the spa-
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tial vicinity of the enzyme and inhibits the reaction of enzyme with substrate by 
steric or electrostatic repulsion (the inhibitor breaks, for example, the hydrogen 
bonds needed for unhindered function). The reaction types H-L are examples 
of an interaction between inhibitor and enzyme-substrate complex. 

d e 

f 

~ 
h 

m 

o 

Fig. 18. (From J. LEYDEN WEBB: Enzyme and metabolic inhibitors, Vol. J, p. 53. New York-London: 
Academic Press 1963). Schematic possibilities of blocking enzyme function. X and Y signify two 
substrates or one substrate and a co-enzyme, Z a co-factor, e.g. a metal ion. The molecule inhibiting 

is shaded black 

These possibilities may induce partial or complete inhibition. In a molecule, 
the inhibitor itself is capable of satisfying the structural conditions for sub
strate + coenzyme + cofactor. Inactivation may be reversible or irreversible. 
Therefore, these examples do not specify conditions of an "all-or-none" char
acter, and even the enzyme surface has only a schematic character. Further
more, it must be realized that to discuss complicated problems two-dimension-
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ally is in itself problematic, since conformational changes in the apoenzyme 
may be a partial reaction of the enzyme-substrate reaction. 
A detailed discussion of the different types of enzyme inhibitors and their kine
tics will be found in the monograph by WEBB [1109]. 
CLELAND [205, 206, 207] investigated the kinetics of enzyme-catalyzed reac
tions with two or more substrates or products. He proposed a simplified no
menclature of possible mechanisms for enzyme-catalyzed reactions, especially 
for inhibition. Further, CLELAND suggests a shorthand formulation for such 
mechanisms. There is not, however, room in this book to discuss this matter in 
greater detail. 
According to the older template hypothesis, it was assumed that the active site 
had a rigid structure to which the substrate had to be fitted. But according to 
KOSHLAND [573] it is now assumed that a dynamic interaction is involved in 
which the substrate itself induces a conformational change in the protein struc
ture of the active site, leading to an appropriate alignment of catalytic groups 
("induced fit"). This means that only a few amino acids of a sequence need be 
directly involved in the catalytic process ("contact" amino acids), and that a 
single amino acid, e.g. serine, will be sufficient as the "transfer" amino 
acid. 
It also implies that although an enzyme preferably transforms its specific sub
strate, a partial action is maintained on substrates not differing too greatly 
sterically. 
BELLAU and LAVOIE [87] came to similar conclusions in a thermodynamic 
study using AChE as a model receptor. They found that "ligand binding will 
occur only at the expense of an actual physical change in the molecular species 
concerned {'ligand-induced perturbation theory of drug action')". 
KRUPKA, KRUPKA and LAIDLER [586, 587] were especially concerned with the 
structure of the active center and the kinetics of enzyme action and inhibition. 
Their results provide good evidence on the active site of acetylcholine esterase 
and its mode of action. 
Enzyme E and substrate S form a complex ES which, in the case in question, 
splits off choline and changes to the acetylated enzyme EAc. In the final stage, 
hydrolysis takes place, with re-formation of enzyme and acetate, which, to
gether with choline, return to the acetylcholine synthesis. 

1----------------------------------------+----1 
I I I 
t il 

I I 
E + S ES ---- EAc + P I 
t I 
I (acetylcholine) (Michaelis (acetyl enzyme) (choline) I 
I complex) I I 

I + i 
L-------------------------------------E + AcOH------------~ 

Fig. 19. Scheme of acetylcholinesterase function 

The active center of the enzyme has two active sites. The "anionic site" binds 
the cationic part of the substrate by Coulomb forces; it is presumably the car-
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boxyl group of an amino dicarboxylic acid such as glutamic acid. In other ser
ine enzymes, aspartic acid was also found in the amino acid sequence of the 
active center. 
The "esteratic site" contains the primary alcohol group of the transfer amino 
acid serine, together with activating acid and basic groups. The basic groups 
are very probably the imidazole rings of histidine molecules. By taking charge 
of a proton, one imidazole ring activates serine alcohol to a form capable of 
being acetylated; after a conformational change in the active site, a second 
imidazole ring facilitates the analogous reaction with a water molecule. The re
sultant hydroxyl ion serves the purpose of hydrolyzing the acetylserine. The 
acid group in the esterase part has not yet been identified; its role is presuma
bly to protonate the ester oxygen in acetylcholine. Fig. 20 illustrates the sche
matic structure of acetylcholine esterase. Fig. 21 is a schematic representation 
of the enzyme substrate complex ES, and Fig. 22 shows the hydrolysis of acety
lated AChE. 

\ 

Basic 
group 1 

Anionic 
group 

Anionic active site. 

Acidic 
group 

Basic 
group 2 

Serine hydroxyl 
group 

'~------~~------~ 
Esteratic active site. 

Fig. 20. Schematic construction of acetylcholinesterase 

Fig. 21. Enzyme substrate complex 
(schematic) ("Michaelis complex") 

Fig. 22. Hydrolysis of acetylated 
AChE (schematic) 

It is necessary to postulate this interaction between serine and histidine be
cause the alcohol group of serine does not react with DFP alone. 
The enzyme-substrate reaction represented by Fig. 21 may be described as the 
primary step of a trans-esterification of acetylcholine by the serine alcohol of 
AChE. An argument that may be put forward in support of this hypothesis is 
that AChE inhibitors of the paraoxon type can be transesterified, under mild 
conditions, with almost any alcohol (cf. Wolfen method for synthesis of deme-
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ton on page 133). An older mechanism proposed by CUNNINGHAM [242] is 
based, on the other hand, on a trans-acylation as shown by Fig. 23. Acetyl 
imidazole is primarily formed from acetylserine and is rapidly hydrolyzed. The 
hydrolysis of acetylserine can, however, be directly formulated on step (III), 
analogous to Fig. 22. 
In this connection a proposal of PORTER, RYDON and SCHOFIELD [832, 876] is 
of particular interest. They postulate that the serine alcohol reacts with an adja
cent aspartic or glutamic acid of the peptide to form a ,12-oxazoline (Eq. (1». 
Oxazolines react directly with DFP, the rate of reaction increasing with their 
pKa value. This value should not be less than 4. 

o 0 

__ lNH-cH_~lNH-cH_~lNH_-
I I I I I ----H 2 0 

I o+--CH2 

-'-NH-cH-tl tH-clNH--
I I IN/ III 

I r H2 I r H2 I 
I COOH I OH I 

Gly I Asp I Ser I Gly 

I rH2 0 1 

COOH 
(1) 

The primary step is a nucleophilic attack of the oxazoline nitrogen on the ester
carbonyl group, followed by a rearrangement with subsequent cleavage of the 
ester alcohol: 

/CH2 o I 
I CH-CO-

-~H-C~ 0 ---

IH2 \.~-OR' 
COoe I 

R 
(VI) 

-RCOOH 
-H$ 

/CH2 
010 
I CHII-CO-

-CH-C~I /C ....... 
I N R 

CH EB 
I 2 

COOe 

/cH) 
010 
I CH I-co-

- CH - C~ I /C \:.,.OR 
I N I 

CH EB R 
I 2 

COOe i-R,oe 
(VII) 

o rli.zo 
II CH I-co-

-CH-C I...-;C-R 
I ....... r:r 

CH EB 
I 2 

COOe 

(VIII) 

.. CH.2 
0" I D 
Ii CH:I-co-

-rH-C"'~Y'C-R 
CH EB I 2 

COOe 

(X) (IX) 

Scheme 10. Oxazoline hypothesis 
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Cation (VIII) is in tautomeric equilibrium with cation (X). In the case of car
boxylic acid substrate, (X) further reacts to (VI), whereas in the case of the 
phosphoric acid substrate (inhibition), the form (VIII) is favoured in equi
librium. It is not rapidly hydrolyzed in accordance with Scheme 10 but reacts, 
preferably in accordance with Eq. (2), to form seryl phosphate: 

+H,O 

-H'" 

o 
II/OR o CH -o-p 

II I 2 "OR 
-CH-C CH-CO-

I "N/ 
CH2 I 
I H 

COOe 

(2) 

Some authors, for example BENDER [88] and HEILBRONN [437], disagreed with 
the validity of this mechanism mainly on the grounds that such a drastic 
change of the peptide chain under physiological conditions is unlikely and also 
that it is improbable that the carboxylation of aspartic acid, due to its slight nu
cleophilicity, functions in the nucleophilic hydrolysis of the acetylated enzyme. 
The established dependence of hydrolysis upon the pH value is a further op
posing factor. The participation of histidine in the deacetylation is, therefore, 
assumed to be certain, although in the amino acid sequence no histidine has 
yet been found in spatial proximity to serine. On the other hand, the hypothesis 
of PORTER, RYDON and SCHOFIELD [832] has the advantage that the reactivity 
of DFP to serine in the form of oxazolines has been proved by model studies. 
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SHALITIN and BERNHARD [992J studied the hydrolysis of O-acylserine deriva
tives on models of aspartylseryl peptides and assumed that non-polar condi
tions prevail at the active site, under which the carboxyl group of the aspartate 
might very well be present in a non-ionized form (XI). Hence, it is possible for 
imide intermediate (XII) to be formed, which, in an imidazole-catalyzed reac
tion, may undergo faster hydrolysis to (XIII) than other O-acyl serine com
pounds, since the action of p-imide as an electron acceptor raises the acidity of 
serine hydroxyl (Eq. (3». 

o 0 

---NH-CH-~-NH-CH-~---
6H2 6H2 

tOOH ~ACYI 
(XI) 

H 20 

Imidazole 

o 
II 0 

- - - NH - Hc"'C'N -CH -~- - -

(XIII) 

I I I 
H2C--C CH2 

~ ~ACYI 
(XII) 

(3) 

The misgivings of BENDER [88J and HEILBRONN [437J concerning the formation 
of oxazoline in the peptide chain under physiological conditions tend to lose 
weight when it is considered that O-acylserine derivatives may form oxazolines 
in alcohol and in the presence of weak bases such as potassium acetate, in 
other words, under relatively mild conditions [89, 912J (Eq. (4»: 

o 0 

- - -g-NH-CH-g- -
I 

CH2 

I 
OAcyl 

(4) 

Accordingly, the mechanisms of inhibition and hydrolysis cannot be consid
ered as having been completely explained for the serine enzymes. Further 
experiments in this direction, such as those carried out by CRAMER and 
MACKENSEN [237J using bis-imidazolyl cyclodextrines as chymotrypsin mod
els, are most certainly desirable and, in fact, necessary. 
Important contributions to the theory of AChE may also be expected from the 
Leuzinger four-chain model of AChE. If it could be confirmed that chain A 
containing the transfer-aminoacid serine must be combined with chain B in 
order to become activated, as was suggested by LEU ZINGER et al. [615,616, 617J, 
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an improved theory of AChE functioning should result. At present it is difficult 
to understand the different mechanisms of AChE inhibition by different in
hibitors (e.g. interaction by Coulomb forces, by hydrophobic interactions etc.), 
if only one structural type of the active center in AChE, or changes in the struc
ture of the peptide chain may be presumed. 
The molecular dimensions of the active site of an esterase can be determined 
by indirect methods. O'BRIEN [771] elegantly used specific inhibitors of certain 
active sites of the enzyme. Whereas DFP, as a phosphoryl halide, is an almost 
selective inhibitor of the esteratic site in cholinesterases, other phosphoric 
esters (e.g. phosphoryl cholines of the Tammelin ester and the amiton type) are 
bound to the anionic site of the enzyme analogously to acetylcholine by Cou
lomb forces, van der Waals' forces or hydrogen bonds. Interference with bind
ing can be effected with such compounds as (C2Hs)4N$ Br 8 (TEA) or 
(C3H7)4N$ Br8 (TPA). A measure of this effect is the decrease in the p/so values 
under the influence of TEA or TPA (P/so is the negative logarithm of /50, i.e. 
the molar inhibitor concentration necessary for 50% enzyme inhibition). 
The difference between the inhibiting effects of TEA and TPA must have a 
maximum if TEA covers only the anionic site and TPA, because of its greater 
molecular dimension, is capable also of overlapping the esteratic site. Thus, the 
distance between the anionic site and the esteratic site is limited to a range be
tween 4.5 A (radius of TEA) and 5.9 A (radius of TPA). For fly head cholin
esterase, such a maximal difference in the p/so values is found. If, at the other 
extreme, there is no difference in effect between TEA and TPA and the overall 
reduction of the p/so values is slight, the distance between the anionic site and 
the esteratic site would be greater than 5.9 A. A third possible case arises if, on 
the one hand, the effect of a selective esterase inhibitor such as a phosphoryl 
choline is markedly reduced and, on the other hand, there is no difference in 
effect between TEA and TPA. 
The distance between the anionic and esteratic sites would then be less than 
4.5 A (example: plasma and erythrocyte cholinesterases). As an important con
sequence for future organophosphate synthesis, O'BRIEN recommends that, 
apart from the phosphorylating effect of a molecule, emphasis should be given 
to that part of the structure of an inhibitor which corresponds to the anionic 
site of the enzyme. 
The first simplified kinetic theory of the reaction between substrate and en
zyme was suggested by MICHAELIS and MENTEN in 1913 [722]. In their theory, 
it is assumed that enzyme (E) and substrate (S), in a reversible reaction, form 
the non-specific adsorption complex ES ("Michaelis-Menten complex") which 
then decomposes to enzyme and the products: 

k, 
[E] + [S] <=\ =~ 

k-\ 
[ES] 

k, 
-- [E]+[P]. (5) 

A series of differential equations are derived therefrom, which cannot be 
solved in a closed form. Assuming that the initial concentration of the enzyme 
(to be more precise, the initial concentration of active centers) (E)o is very 
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much smaller than the initial concentration of the substrate (S)o and that the 
steady-state approximation is d (ES)/ d t = 0, one arrives from the equation 
(E)o = (E) + (ES), at the expression 

- d[S]/ d t = d[P]I d t =k2 [E]0[S]I(Km + [S]) (6) 

where Km is the so-called Michaelis-Menten constant 

(7) 

If [S] < Km , the reaction will be of the first order with respect to E and S, 
whereas if [S] > Km the reaction will be a zero order reaction with respect to S. 
If [S] > Km (i.e. all the enzyme is used up to form the complex ES: the enzyme is 
saturated with the substrate), the maximal specific activity of the enzyme is ob
served to be: 

(lI[E]o)(d[P]I d t)max = U (8) 

where U having the dimension sec- 1 is the "turnover number". Generally, the 
turnover number is a function of many experimental parameters, including the 
identity of the enzyme itself. Turnover numbers normally range from 10 to 100 
sec- 1 although occasionally they have values of up to 106 sec- 1 (Review see 
[1024]). 
KRUPKA and LAIDLER [587] described the competitive inhibition of acetylcho
linesterase by substrate and reversible inhibitors, using Michaelis-Menten kine
tics. WINTERINGHAM and DISNEY [1138] studied the inhibition of cholinester
ases by carbamates using an integrated Michaelis-Menten equation (Eq. 9», 
and assuming [S] < Km and [S] < Ks (Ks is the dissociation constant of the reac
tion ES+S~ES2): 

(9) 

(V is the maximal theoretical rate for substrate excess without inhibition). If [S] 
is relatively large, the overall rate of product formation v is expressed by: 

v= V/(l + [S]lKs) (10) 

Assuming the primary step in the reaction between esterases and P-ester inhibi
tors to be reversible. MAIN [659] developed equations for the bimolecular reac
tion rate constant which contain an affinity constant and a phosphorylation 
constant. His kinetic scheme is as follows: 

E+I ~ EI kp EI ~ rev ---+ irrev (11) 
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The reversible step depends upon the affinity of the inhibitor for the active 
center and is governed by the affinity constant Ka: 

(12) 

The irreversible inhibition, on the other hand, is determined by the phospho
rylation constant kp • The total inhibition potential depends, therefore, upon 
the affinity of the inhibitor for the active center and upon the phosphorylation 
potential of the inhibitor. 
The inhibition potential is often expressed also as 150, i.e. as the molar inhibi
tor concentration necessary for 50% enzyme inhibition, or as plso, i.e. as the 
negative logarithm of 150. This quantity is obtained in in vitro experiments and 
is usually only a rough approximation to kp • 

Under conditions similar to those in the simple Michaelis-Menten scheme, it is 
possible to use a steady state approximation in MAIN'S scheme, and hence: 

d[EI]irrev 
dt 

[I] . k [EI] 
([I] + Ka) p rev (13) 

If Eq. (13) is integrated between [EI]revI and [EI]rev2' tl and t2 , taking into ac
count that interval Ll t is: 

then 

I ([E]- [EI]irrevl) I (VI) (. A I ) og = og - = L1 og V , 
([E]- [EI]irrev2) V2 

~= Llt !5L __ 1_ 
[I] 2.303Lllogv Ka Ka 

(14) 

kpl Ka has the dimension of a bimolecular reaction constant [min -I (mole 
litre) -I]. Since kl = kpl K a , it follows that 

1 Ll t I 
-= ·kl --
[I] 2.303Lllog v Ka 

(15) 

[I] may be varied for different reactions without the constance of [I] changing 
in each reaction, i.e. the inhibition reaction will be of the first order. Eq. (15) 
may then by utilized experimentally since the corresponding Ll tl2.303 Lllog v 
values for different 1/[1] values can be determined by plotting log v versus t at 
constant [I]. 
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According to Eq. (15), 1/[1] plotted against L1 tl2.303L1logv gives a linear rela
tionship, the gradient of the straight is kh the intercept on the 1/[1] axis is 
- 1/ Ka , the intercept on the L1 tl L1log v axis llkp • If such axial intercepts are 
obtained after extrapolation of the straight line, it is indicative of reversible in
termediate complexes EIrev (example: Malaoxon; see Table 7) and there is thus 
the possibility of estimating Ka and kp • With direct irreversible phosphoryla
tion, the straight line passes through the origin (Example: DFP; Table 7). If 
Eq. (15) is solved with respect to kh then kl can be determined from any point 
of the straight line according to: 

k = 2.303L1logv (~ _1). 
1 L1 t [I] + Ka 

(16) 

Inhibition of the human serum cholinesterase with Malaoxon (cone. 10-3 

mol.) and with DFP (cone. 10-6 mol.) at 37°C and pH 7.6 gives the following 
numerical examples: 

Table 7. Ka, kp, and k t of Malaoxon and DFP 

Malaoxon 

7.7 .10-4 Mol 
11 min-' 
1.42±0.11·104 Mol-' min-' 

DFP (line near the origin) 

1.10-5 Mol 
30 min-' 
3-4.106 Mol-' min-' 

BRAID and NIX [138] obtained corresponding values with mevinphos, Sumi
oxon, DDVP and phosphamidon for the inhibition of bovine erythrocyte cholin
esterase. As with DFP the curve for DDVP runs near the origin so that no 
meaningful value of kp nor, therefore, of Ka could be derived (Values in brack
ets in Table 8). 

Table 8. Values of kinetic constants for inhibition of purified acetylcholinesterase 

Inhibitor 

Phosdrin 
Sumioxon 
DDVP 
Phosphamidon** 

k,±s.e.* 
(M-' min-I) 

1.36 ± 0.05 x 105 
4.02±0.01 X 104 

1.56±0.01 X 104 

6.30±0.4l X 102 

* Standard error of the mean. 
** Estimated values. 

k 2 ±s.e. 
(min-') 

9.24±0.58 
5.58±0.35 
(50)-
9.36± 1.98 

Ka±s.e. 
(M) 

6.90±0.82 x 10-5 
1.38±0.21 x 10-4 

(3 x 10-3)** 
1.90±0.50 x 10-2 

Parameters kp and Ka might be expected to yield improved information on 
structure-activity relationship in comparison to the simple bimolecular rate 
constant for the following reasons: 
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1) Ka represents the mass law proportion of inhibitor reacting with the 
enzyme. 

2) Ka comprises the steric relationship between inhibitor and enzyme 
and, furthermore, the pH-dependent ionic state of the active site. 

3) The rate term kp includes both the bond energy of the leaving group 
in the inhibitor and environmental factors. 

The application of MAIN'S analysis (see page 194f.) to the inhibitory effects of 
parathion-methyl, fenitrothion and its higher m-alkyl substituted homologues 
against fly head and bovine erythrocyte cholinesterases, produced several 
points of interest concerning the mechanism of the selective insecticidal activ
ity of organophosphates of the parathion type having alkyl groups of increasing 
size at the m-position in the benzene ring. HOLLINGWORTH, FUKUTO and MET
CALF [468] found, as was also to be expected chemically, that mesomerism of 
the nitro group with the benzene ring is increasingly disturbed, i.e. MAIN'S kp 
values, I: a of the ring substituents, and the corresponding hydrolysis rate con
stants change in the same way within a series of m-alkylated phenolphos
phates. Differences in toxicity must, therefore, be due to differences in the af
finity of the inhibitor for the various enzymes studied, i.e. Ka (p. 196, Eq. (12)) 
must change from ester to ester. The lower the Ka the stronger will be the bind
ing of the ester to the enzyme. On account of the distance between the electron 
donor in the anionic center and the esteratic site (4.3 to 4.7 A for bovine AChE, 
5.2 to 5.5 A for fly AChE), the m-alkyl group at the benzene ring (distance be
tween P and C of 5.2 to 6.5 A in the meta-position) fits poorly on the anionic 
site of bovine AChE, whereas the distances infenitrothion and in fly AChE are 
in good agreement, i.e. fenitrothion has a very low order of toxicity to cattle 
(and other mammals) and high toxicity to flies (and other insects). This concept 
related to dimethylesters is, however, of limited validity; the corresponding di
ethyl phosphates, and phosphonates are rather toxic to mammals. 
Another example of hydrophobic interaction with the active site of AChE is 
the fact that alkyl groups on the phosphorus lead to high toxicity if they are 
isosteric to the choline group of amiton [131]. It has so far been argued that the 
toxicity of amiton, a phosphoryl analogue of acetylcholine, depends upon its 
excellent affinity for the enzyme surface, which again is a result of Coulomb 
forces between an anionic site in the enzyme and the quarternary nitrogen 
atom of amiton. BRACHA and O'BRIEN [132] calculated the effective part of the 
charge on the nitrogen atom for binding to AChE to be only about 18%. The 
affinity is also due to hydrophobic interaction, as in the series of O,O-diethyl 
S-alkyl phosphorothiolates (XIV). With a six-carbon chain 

(XIV) 

it reaches a maximum which is about the same for both classes of com
pounds. 
The problem of hydrophobic interaction was very recently discussed by a 
group of Russian authors. KABACHNIK et al. [515] investigated the correlation 
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between inhibition of the enzymes AChE [3.1.1.7] (bovine erythrocyte ChE) 
and BuChE [3.1.1.8] (horse serum ChB), and the structure of compounds obey
ing the general formula 

By a systematic variation of R, R' and n with respect to chain length and 
branching of the alkyl groups, the authors tried to evaluate the existence and 
steric location of lipophilic surfaces at the active site of the enzymes used. They 
concluded from the rate of hydrolysis and from the ChE inhibition rate of their 
compound series that there exist in the vicinity of the anionic centers two hy
drophobic regions, one directly surrounding the anionic center and of greater 
importance with BuChE, the other hydrophobic region in both enzymes being 
situated somewhat distant from the anionic centers. The best fitting comple
ments are compounds containing a tert. butyl group. The size of this second 
lipophilic region corresponds in BuChE to a six-carbon chain, in AChE to an 
eight-carbon chain. 
Near the esteratic site of BuChE, separated by a hydrophilic group there are 
two hydrophobic regions, the extent of which corresponds to a seven-carbon 
chain. In AChE only one hydrophobic group exists near to the esteratic site 
and is rigorously correlated to the isohexyl moiety. The hydrophobic regions of 
the esteratic site in both the enzymes are completely unable to accept com
pounds containing tert. butyl groups. 
The different properties of AChE and BuChE are, to a large extent, due to 
these differences concerning the hydrophobic regions. For their biological in
terpretation, the Russian authors put forward a very interesting hypothesis. Be
cause the interaction between substrates and anionic centers in AChE is gov
erned by Coulomb forces, and in BuChE additionally by van der Waals forces, 
the hydrophobic regions prevent a "parasitic" sorption of acetyl choline by 
other active sites in the peptide chain. Acetyl choline contains a highly hydro
philic group which by sorption to other sites would retard the enzymatic hy
drolysis of acetyl choline. The hydrophobic regions push this substrate to the 
active center of AChE, thus ensuring maximum turnover. As was suggested by 
KABACHNIK et al., such lipophilic regions play the role of an "energy hill" 
from which the substrate "rolls down" to the active center of AChE. 
Similar conditions may exist also at the choline receptor site, i.e. sorption and 
desorption rates of the substrate are influenced by the size of the alkyl chains; 
hence the cholinomimetic effect of acetyl choline changes to a blocking ef
fect. 
It might be of special importance if the hypothesis of hydrophobic regions 
in AChE could be introduced into the Leuzinger model of a four-chain 
AChE. 
A further interesting relationship between structure and activity was found with 
amiton: phosphorylation of AChE, i.e. an electrophilic attack on the enzyme 
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by phosphorus, is favoured by electrophilic substituents attached to the phos
phorus. This is also indicated by the Schrader rule and the P-XYZ scheme. For 
the same reason, the phosphorylating and inhibiting action is greatly dimin
ished when a tri-ester is converted hydrolytically into the di-ester, for under 
physiological conditions the resulting hydroxy group on the phosphorus is 
present as a 810-P group, i.e., as a donor. As AHARONI and O'BRIEN [9] found, 
the anticholinesterase activity of various esters is reduced by O-dealkylation by 
a factor of between 6,000 and 665,000 with one exception: when there is possi
bility of internal salt formation between the 810-P group and one of the re
maining substituents on the phosphorus. An example is amiton, the activity of 
which, after dealkylation to (XV) is reduced only 179-fold (AChE fly head) or 
292-fold (red cell AChE). With amiton in the ammonium form (XVI) an inter
nal salt is no longer possible, so that the activity is once more reduced by a fac
tor of 80,000. The permissible structure variance is narrow, so that the P-N dis
tance cannot be varied. Little is known about the mechanism of action of such 
inner salts, or whether this effect is to be observed in the demeton series. 

HO, -70 R 
~/p....... I 

C2 Hsv SCH2 CH2 N(C2 Hs)2 x-
+ 

(XV) (XVI) 

b) Mechanism of Action in Arthropods 

Knowledge of the nervous system of insects, of its chemical function and of the 
biochemical injuries caused by insecticides, is not as soundly based as it ought 
to be, considering the economic importance of noxious insects; this deficiency 
is due not least to the very great experimental difficulties involved. Cock
roaches and locusts have been relatively well studied. 
The nervous system of cockroaches consists of a series of ganglia which are 
comparable, not with the peripheral ganglia of a mammal, but rather with the 
brain and spinal cord, in other words, with the central system. The insect gan
glia are, for example, the seat of coordination. The blood-brain barrier, which 
protects the mammal against exogenous substances, corresponds to an un
broken protective membrane in insect ganglia. In contrast to mammals, the 
myelin sheath is absent in all insect nerves. In mammals, the muscles have one 
neuromuscular junction to an axon on every fibre (end plate); in insects, on the 
other hand, a muscle is innervated by only a few axons, every muscle fibre hav
ing many end plates slightly separate from each other. 
The autonomic system controlling heart, intestine, spiracles, etc., in insects 
does not consist of a cybernetic system formed by antagonistically acting fac
tors (sympathetic-parasympathetic) as in mammals, but only of a sympathetic 
(visceral) system. 
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The visceral system in insects has no peripheral synapses and consequently no 
peripheral ganglia which, in mammals, are especially sensitive to organophos
phates [913]. 
The transmission of impulses in the axon of the insect is comparable to that of 
vertebrates in as much as it is also dependent upon the ratio of Na + to K + 

ions. Herbivorous insects with high K + and low Na + concentrations in the 
haemolymph which might impair nervous transmission, differ from carnivo
rous insects in the anatomical structure of the nerve endings where a high 
Na + IK + ratio is encountered [780, 781, 1064]. 
Chemically, the neuromuscular mechanism of impulse transmission in insects 
is relatively unknown; the cholinergic system of neuromuscular function in 
vertebrates is completely lacking, for example, in cockroaches. The fact that 
there is no cholinergic system would explain the ineffectiveness or poor block
ing effect of acetylcholine injected into insects better than the older hypothesis 
that acetylcholine in quaternary form is unable to penetrate into the neuromus
cular junction. The fact that atropine is ineffective in locusts is difficult to in
terpret if impulse transmission is attributed to a cholinergic system. The neuro
muscular effect of eserine is perhaps due to the attack of eserine on other re
ceptor sites at the non-cholinergic end plates. The fact that some organophos
phate insecticides exert an influence on the central nervous functions, but not 
upon the muscular activity of cockroaches may likewise be accounted for by 
the absence of cholinergically controlled end plates. 
It is generally accepted today that chemical transmission at the insect neuro
muscular junction is non-cholinergic, USHERWOOD and MACHILI [1089] sug
gested L-glutamic acid as the chemical transmitter at the excitatory synapses in 
the locust, grasshopper and cockroach, because L-glutamate is the most active 
excitatory substance among numerous amino acids, active even at concentra
tions as low as 10-6 w/v. 
USHERWOOD and MACHILI [1089] review the very extensive literature on the 
pharmacological problem of nerve conduction in insects. 
A review of the properties of the nerve axon (without, however, giving consid
eration to organophosphates) has been published by NARAHASHI [756]. DAVEY 
[244] describes the autonomous system of insects. Functional aspects of the or
ganization of the nervous system of insects are discussed by SMITH and TRE
HERNE [1002] and the comparative anatomy of the nervous system of insects by 
SCHMITT [913]. OSBORNE [780, 781] investigated the fine structure of certain 
neuromuscular junctions of blowfly larvae. 
BURT [157] studied the biophysical aspects of nervous activity in relation to the 
mode of action of insecticides. Principally, there exist two different mecha
nisms of interaction with the nervous system. Insecticides of the DDT group 
affect the transmission of nerve impulses within the nerve cells (intracellular 
nerve poisons), organophosphates affect the transmission of nerve impulses 
from one cell to another (inter-cellular nerve poisons). As information about 
the organization of the central nervous system of insects accumulates, addi
tional effects will probably be identified. 
A problem which has received little attention is the active transport of insecti
cides to the nervous system of insects. At least three steps must be considered 
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'in the process of penetration to the active site: penetration through the cuticle; 
spread through the tissues to the nervous system, and penetration into the nerv
ous system. GEROLT [365] suggested that insecticides like dieldrin, after appli
cation to the cuticle, penetrate via the respiratory system (spiracles, tracheae, 
and tracheoles) into the nervous system (cf. [813]). The main carrier, however, 
in the transport of insecticides from the innermost layers of the cuticle to the 
active site seems to be the insect haemolymph. The insecticide-carrying po
tency of the haemolymph depends, next to its circulation rate round the body, 
on its sorption properties. 
Acetylcholine, acetylcholinesterase and choline acetyltransferase have, how
ever, been found in many insect species and, by analogy, mechanisms similar 
to those in vertebrates are held responsible for the insecticidal effect of organo
phosphates [223]. AChE has frequently been demonstrated in numerous organs 
of insects. It is not possible here to review all the papers on this subject, but the 
reader is referred to a summary by COLHOUN [223] and a paper by EDWARDS 
and GOMEZ [284] containing an extensive bibliography. The bound acetyl cho
linesterase of the central nervous system of Acheta domesticus was analyzed in 
an zymogram. For this purpose, EDWARDS and GOMEZ chose an acrylamide 
gel electrophoresis technique and showed that in three of the eight cases of de
monstrable esterases, true acetyl cholinesterase was involved. 
There is, however, no doubt that in future far greater attention must be devoted 
to this problem in experimental work, especially as there are increasing indica
tions that, even in vertebrates, the inhibition of acetylcholinesterase cannot be 
the sole mechanism of action. 
BRADY and STERNBURG [135] evaluated the amount of in vivo thoracic ChE in
hibited in house flies at the time of knock-down after the application of six dif
ferent organophosphate anticholinesterases. For each compound, a specific 
level of inhibition was necessary for knock-down (see Fig. 24). 
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Fig. 24. Percentage of housefly thoracic ChE inhibited at the time of knock-down after treatment with 
several different organophosphates [135] 
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As Fig. 8 shows, the cholinesterase inhibition levels vary between 31.1 % inhibi
tion with TnPPP and 86.7% with SO 3562. This means that there is no one level 
of total cholinesterase inhibition which results in poisoning symptoms. These 
data must be regarded as evidence against the exclusive significance of cholin
esterase inhibition in organophosphate poisoning. As early as 1960 VAN As
PEREN had found only 27 % cholinesterase inhibition in house flies with 
OOVP. 
It is interesting that BRADY and STERNBURG could establish a correlation be
tween cholinesterase inhibition levels at knock-down and reactivity of organo
phosphates as measured by stability to hydrolysis in water (see Fig. 25), and bi
molecular rate constants for the reaction with ChE (see Fig. 26). 
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Fig. 25. Relations of percentage ChE inhibited at knock-down (KD) to the stability of each of several 
organophosphates [135) 
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An important conclusion to be drawn from these data is that the inhibition 
level at knock-down appears to be inversely related to the reactivity of the or
ganophosphate [135). In an attempt to clarify this effect, BRADY and STERN
BURG cite numerous authors. The most important hypotheses are the follow
ing: 

1) The more reactive inhibitors effect a rapid accumulation of acetyl
choline in the synapses. This high acetylcholine concentration, on 
the one hand, protects cholinesterase against further inhibition, and 
on the other, increases the nervous activity and knock-down. 

2) Organophosphates react not only with the enzyme acetylcholin
esterase but also with the receptor site, whereby cholinesterase inhi
bition levels at knock-down can be influenced. Reaction at the re
ceptor would antagonize the effect of ChE inhibition, i.e., the accu
mulation of ACh. 

3) Organophosphates evoke the liberation of endogenous substances 
which stimulate electrical activity and which effect an excess of 
acetylcholine and subsequently knock-down. 

A relationship between ChE inhibition levels and penetration, such as lipid or 
water solubility, is not evident. In this connection there is agreement also with 
the work of HANSCH and DEUTSCH [410). 
Voss [1094) found cholinesterases of the insect ChE type in spider mites (Tetra
nychus urticae). LEE and HODSDEN [612) established their presence in parasitic 
nematodes (Haemonchus contortus). 
The Haemonchus AChE differs, however, from the acetylcholinesterase of ver
tebrates because the reaction of Haemonchus ChE with ®Haloxon (see page 
111) is irreversible, whereas the inhibition by ®Haloxon in sheep (host animal) 
is reversible. Aliphatic esters are not hydrolyzed by homogenates of H. contor
(us, which suggests that no carboxyl esterase [3.1.1.1) (formerly "ali-esterase") 
is present. A more recent study conducted by KNOWLES and CASIDA [565) deals 
with the inhibition of cholinesterase in Ascaris lumbricoides by organophos
phates. The ascarid acetylcholinesterase degrades acetyl 2-methylcholine faster 
than acetylcholine itself. In this respect, it resembles the bee brain cholinester
ase. Using DFP as the selective cholinesterase inhibitor (it blocks only the 
esteratic site), no cholinesterase can be found in the homogenates and carboxyl 
esterases are also absent. The mechanism of the anthelmintic effect is the inhi
bition of the acetylcholine esterase, which, however, proceeds at a much lower 
rate than in mammals and insects. 
The presence of acetylcholinesterases in helminths, mites and insects has thus 
been proved, but there is no positive evidence of their function in nervous 
transmission. Atropine and 2-PAM, the principal antagonists of organophos
phates in mammals, are only slightly or not at all effective in insects. In the de
velopment of useful working hypotheses for the synthesis of new insecticides, 
we have, with our existing knowledge and concepts, temporarily arrived at a 
barrier which can only be surmounted by greatly increased experimentation in 
all disciplines concerned with crop protection. 
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The extent to which other biochemical processes in insects are correlated with 
the insecticidal activity of phosphoric esters still remains to be clarified. There 
are, however, some indications that the insect metabolism is greatly affected by 
organophosphate insecticides. For example, the concentration of the acid-sol
uble fraction of hydrolyzable phosphates in the haemolymph of lepidopterous 
larvae was greatly raised following application of paraoxon. At the same time, 
the activity of the alkaline phosphatase [3.1.3.1] dropped at the stage of total 
paralysis to approximately 50% of the normal enzyme activity [495]. A decrease 
in the activity of the acid and alkaline phosphatases in the haemolymph fol
lowing application of DDVP was reflected in an increase in the corresponding 
enzyme activities in the intestine [495]. 
Of the haemolymph transaminases, the activity of alanine-keto acid-amino
transferase [2.6.1.12] was greatly reduced by DDVP up to the time of total para
lysis, whereas D-aspartate-aminotransferase [2.6.1.10] remained largely unin
fluenced. In parallel experiments it was found, that following electrophoretic 
analysis of the free amino acids of the haemolymph, there was a continuous in
crease in the concentration of L-( + )a-alanine, whereas the concentration of a
ketoglutaric acid decreased [496]. The consequence of paraoxon intoxication is 
also of interest: Methionine is the only amino acid that is no longer detectable 
in the total hydrolyzate of the haemolymph of lepidopterous larvae. This offers 
a new field for study, particularly as methionine represents the most important 
component of methylation in metabolism and is closely linked with Vitamin 
B12 through D,L-homocysteine. It has not yet been established to what extent 
these results of JARCZYK may be directly correlated with the lethal effect of in
secticidal organophosphates. It is to be excepted that, in view of the develop
ment of special inhibitors, greater experimental study will be devoted to the C1 

metabolism in insects. 
While in the tests so far discussed a particular inhibitor was taken as starting 
point, and the enzymes concerned were sought, in experiments such as those of 
WATANABE, KOBARA [1105] and MATSUMURA and SAKAI [677] a rather differ
ent approach is used: given enzyme combinations are examined for their spe
cial activities. 
Using an agar gel electrophoresis technique, MATSUMURA and SAKAI obtained 
a zymogram from homogenates of the American cockroach (Periplaneta ameri
cana). At least 14 bands were found which hydrolyzed a-naphthyl acetate. 
Each band was isolated and tested against other esters, insecticidal organo
phosphates and carbamates for their hydrolyzing properties. It was found that 
for the hydrolysis of each of the ester types investigated, a special enzyme com
bination is responsible. The cockroach enzymes belong to two groups: 

1) to the A esterases, these are aryl esterases that hydrolyse paraoxon 
but are not thereby inhibited. 

2) to the B esterases, these are aliesterases that are inhibited by para
oxon. C esterases, which neither degrade organophosphates nor are 
inhibited by such, were not, however, isolated. 

For example, parathion and diazinon were hydrolyzed by the enzymes 3 (A), 
7 (A), 11 a (A) and 12 (A), malathion at the CH30 group by the enzyme 3 (A), 
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11 a and 12, at the carbethoxy group by enzyme 8 (B) and 11 (B), DDVP by en
zyme 7 (A) and 12 (A), while DFP is specifically degraded by enzyme 12 (A). 
Enzyme 2 belongs to the cholinesterases. 
It would be important and desirable to obtain zymograms from as many insect 
species as possible, to know the susceptible and resistant strains, and also to 
know the hydrolyzing properties for many organophosphates. Such in vitro 
tests are very suitable for the analysis of action in vivo and conversely would 
permit conclusions for the synthesis of new products. 

4.2. Structure and Activity 

Some of the common factors relating structure and activity of substituents at 
the phosphorus atom were dealt with from a qualitative aspect in section 2.1.b 
"Bond properties" (page 22). The phosphorylating potential of esters with a 
complex substituent was derived according to the way they could be fitted into 
the P-XYZ-scheme (see page 41). Repeated reference was made to Schrader's 
rule (see page 40), linking structure and biological activity of the organophos
phates. Finally, numerous substantial arguments were put forward showing 
that the biological activity of organophosphates is to be considered as an inhi
bition of cholinester-splitting and other serine enzymes which, chemically, un
dergo phosphorylation of the serine-alcohol group at the esteratic site. 
For the synthesis of new insecticides, it would be extremely interesting if the 
physical and physicochemical properties of a substance could be correlated to 
biological activity. Such easily determined properties are, for example, the pKa 
values of unphosphorylated molecules, the hydrolysis rate of an ester in certain 
pH ranges, the solubility properties (e.g. partition coefficients in oil-water sys
tems) etc. 
The dependence of the inhibitory effect both upon the affinity of the inhibitor 
for the active center of the enzyme as well as upon the phosphorylation con
stants means that, due to the complex nature of the inhibition potential, it is 
only in very favourable cases that there is a direct correlation between inhibi
tion and phosphorylating action. Perhaps the most consequential experiments 
in this direction were those carried out very early by ALDRIDGE and DAVISON 
[14] and by METCALF, FUKUTO et a1. primarily in the series of dialkyl phenyl 
phosphates. FUKUTO [343] determined the bimolecular rate constants of the in
hibition of erythrocyte acetylcholinesterase by different paraoxon analogues, 
and correlated the values found to the rates of hydrolysis in water. In the series 
of O,O-diethyl O-(substituted phenyl) phosphates, FUKUTO and METCALF [347] 
demonstrated that there are correlations between the inhibition of fly brain 
acetylcholinesterase by an ester and the influence of the substituent on the 
phenyl ring on the lability of the P-O-phenyl bond as measured by Hammett's 
a-constants, shifts in the P-O stretching frequencies and hydrolysis rates. If, for 
example, the logarithm of 150 (molar concentration at which 50% inhibition of 
the fly brain acetylcholine esterase is caused) is plotted against the a-values of 
the substituent, a relationship is obtained that shows an astonishingly linear 
tendency, considering the biological-statistical complexity of Iso. The same 
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holds for the relationship between log/50 (molar, fly brain acetylcholinesterase) 
and the P-O-Carom stretching frequencies. It has been shown by ALDRIDGE and 
DAVISON [14] that a linear relationship is also obtained when if the log /50 is 
plotted against the log of the hydrolysis constants for a series of compounds. 
On the other hand, we would draw attention to the fact that reactivity and 
ChE-inhibition level at knock-down, i.e. in vivo, may correlate negatively as 
was found by BRADY and STERNBURG [135] (see page 203 f.). 
MURDOCK and HOPKINS [752, 14 cf.] also investigated a series of O,O-dialkyl 
S-aryl phosphorothiolates for their anti-cholinesterase action from the point of 
view of their possible role as environmental degradation products or impurities 
in formulations of insecticides. They also investigated the hydrolytic properties 
of these compounds in relation to their structure. Their toxicity against Musca 
domestica was used as the only measure of insecticidal activity. In compounds 
of the formula: 

R' = H, 4-Cl-, 2-Cl-, 2,4,5,-CI3-, 

4-Br-, 4-F-, 4-CH3-' 4-N02 -

the same correlations were found as mentioned above [347]. The phosphorothio
lates are active AChE inhibitors and relatively labile to alkaline hydrolysis; 
the parallel is, however, not always very close. There is a correlation between 
house-fly toxicity and ChE inhibition (in vitro), i.e. the mechanism of action 
corresponds to that of the insecticidal phenol esters. The toxicities to M. 
domestica and the /50 values (fly head ChE inhibition) for the most active and 
the weakest compound do, however, lie closer than for the phenol esters. As re
gards their actual insecticidal potency, i.e. the spectrum of activity against ar
thropods, experience has shown that the phosphoric acid esters of the thiophe
nols are inferior to the analogous phenol esters. In numerous cases the direc
tion of their activity is shifted towards herbicidal and fungicidal action. This 
effect is probably no longer attributable to the phosphorylating action of the 
thiolesters but rests rather on the hydrolytically released thiophenol. 
In later studies, FUKUTO and METCALF [348, 352] investigated the relationship 
between the structure and activity of O-alkyl 0-4-nitrophenyl alkylphosphon
ates (I) and 0-4-nitrophenyl dialkylphosphinates (II), from similar aspects. 
They compared the pseudomonomolecular rate constant of alkaline hydro
lysis Kh 

with the bimolecular rate constant of enzyme inhibition Ke. Whereas AL
DRIDGE and DAVISON [14] obtained a straight line for log /50 plotted against log 
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Kh , FUKUTO and METCALF [348, 352] did not find a linear trend when log Ke 
was plotted against log Kh of phosphonic esters with different alkyl groups R. 
Here, several points arise that are of importance for the synthesis of phos
phonic esters, since the phosphonyl radical itself is varied and not the phenyl 
substituent. Branching on C} or C2 in the alkyl group R reduces the rate of in
hibition, whereas branching on C3 and C4 (e.g. R = isopentyl, isohexyl) raises 
the rate of inhibition. If, on the other hand, log Ke is plotted against the log of 
toxicity (LDso Musca domestica) [352], such a wide scattering of points results 
that no definite trend is perceptible. 
With phosphonic esters of the parathion series there is a similar correlation be
tween toxicity and the branching of the alkyl group on the phosphorus (in
creasing steric hindrance, decreasing affinity to the active center, decreasing 
toxicity) [345]. On the other hand, no correlation of this kind could be estab
lished, in flies, for nitro-substituted diethyl naphthyl phosphates. The reason 
for this is probably that the mechanisms of detoxication are different from 
those of the corresponding phenol derivatives [349]. 
A point is thus reached at which the steric factors operating at the site of action 
begin to playa part. They can no longer be derived from the hydrolytic proper
ties of a compound. Similar results have also been obtained by Russian authors 
[661]. Experiments to discover a correlation between Ke , Taft's a*-values and 
toxicity to Musca domestica in the series of amido-esters of 2,4,5-trichlorophe
nol (III) [353] likewise proved unsuccessful. Log Ke plotted against a* gave a 
straight line but log Ke plotted against the log of dose (LDso M. domestica) 
showed no uniform trend. The correlation for the 

R 
'N 

RI"" " AO Cl 
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N-monoisopropyl and the N-mono-tert.butyl derivative of (III) was especially 
poor. Here, the toxicity is considerably higher than the Ke values suggest. Dif
ferent mechanisms of activation in the organism were postulated as an expla
nation. 
In this connection, it is not without interest to note that the toxicity of phenols 
to plants and bacteria, as well as their uncoupling effects on oxidative phos
phorylation, has been examined in relation to Hammett's a values of the sub
stituents on the phenol (see [340]; further references are listed there). HANSCH, 
FUJITA et al. used the a values with a substituent constant n, which is a free
energy parameter evaluating the lipophilic or hydrophobic character of a sub
stituent on the phenol. The decisive factor here is the dissociation of phenol at 
physiological pH, i.e. the ratio of phenolate to phenol varies with the substi-
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tuent at the ring. The following Eq. (1) holds for many cases and also for 
highly specific enzymatic reactions: 

1 
- = a·n+p·a+c 
C 

(1) 

In this equation, C is the molar concentration of a compound at which a 50 % 
effect occurs (e.g. the LD50 , the ED50 the isonarcotic concentration etc.), a and 
c stand for constants. n is defined as log Px -log PH, where Px and PH are the 
partition coefficients determined in a l-octanol-water system of the substituted 
and unsubstituted phenol, respectively. 
HANSCH and DEUTSCH [410] continued their investigation into the structure
activity relationship of cholinesterase inhibitors. Using the substituent con
stants already mentioned and a regression analysis, they attempted to deduce 
the influence of substituents on cholinesterase inhibition from three factors: 

1) electronic 
2) steric and 
3) hydrophobic factors 

which are formulated as Hammett's a constants, Taft's steric constant Es and 
Hansch's constant n. Using the preliminary investigations of METCALF, Fu
KUTO et al. they examined the correlation between the 150 and the three sub
stituent constants for numerous carbamates and phosphates of the structures 
(lV)-(VII) : 

(IV) (V) 

(VI) (VII) 

HANSCH and DEUTSCH found that the substituent constants for these four 
types did not significantly influence activity. In the series of m-substituted 
phenyl phosphates this correlation for only 7 % of the variance in the data, in p
substituted compounds (V) about 50%. In some cases hydrophobic bonding 
does not playa significant role in the action of the compounds (IV) and (V), 
nor in the case of phosphonates (VI). Conditions are more favourable for the 
carbamates. BRADY and STERNBURG [135] came to similar conclusions. 
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BRADY and ARTHUR [133] proved decreasing toxicity in flies with increasing 
stability to hydrolysis in a series of dimethoate analogues, since by increasing 
the size of the alkyl groups at both phosphorus and nitrogen, the rate of hydro
lysis and the toxicity are reduced. Biological Hammett series have also been set 
up for the activity of substituted G-penicillins against Staphylococcus aureus, 
substituted benzoic acids against Aedes aegypti, and chloramphenicol derivatives 
against Escherichia coli, Staphylococcus aureus and S. haemolyticus (see [411]). 
The attempts described to establish a correlation between the physiological 
and the physicochemical properties of a compound have contributed enor
mously to an understanding of the biological activity of organophosphates. 
Both advantage and disadvantage of such concepts are an over-simplification, 
as is indicated by the comparison between Kh and the more complex quantity 
Ke (see p. 208). A further disadvantage is that, in such experiments, the possi
bility of a chemical change in a molecule between its transport form and active 
form on the way to the site of action (lethal synthesis) is not taken into consid
eration. The conditions are still more difficult to survey when one leaves the se
ries of the phosphorylated phenols for the aliphatic, fused or heterocyclic hy- . 
droxy compounds. Furthermore, experience has shown that changes in the 
spectrum of insecticidal activity are to be expected, in which case the evalua
tion of cholinesterase inhibition in vitro does not improve the relevance of the 
construct. 
All these parameters, like the chemical changes of a compound on its way to 
the site of action, enter into the overall effect. Here, one is still dependent upon 
empirical methods, e.g. the species-specific and strain-specific responses of test 
organisms to the series of insecticides must be determined in relation to the sys
tematic variation of all substituents and structural variables. This procedure of
fers, firstly, the greatest opportunity of finding new classes of compounds and 
secondly, the best possibility - in view of our limited knowledge of the bio
chemistry of insects - of chemically approaching optimal activity. Articles in 
periodicals such as the Journal of Economic Entomology and the monograph 
of SCHRADER [956] demonstrate this very clearly. 
A very instructive example is given by a comparison of some esters derived 
from 2,4-dichloro- and 2,4,5-trichlorophenol: 
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Very closely related compounds exhibit quite different types of activity. It 
would be extremely difficult to forecast the practical application of these com
pounds from their activity, for example, against Musca domestica. A further ar
gument emerges from this comparison: the opinion is frequently expressed that 
the synthesis of many chemically closely related compounds is unnecessary, 
makes the market difficult to survey and complicates their application. If the 
aim is to produce pesticides with specific action, then there is no choice but to 
possess a diverse armament to combat pests. If chemical crop protection were 
pursued with a few products produced in large quantities, considerable gaps 
would exist in the protection program. 
A comparison between the products ®Potasan and coumaphos further substan
tiates our claim. The introduction of a single chlorine atom increases the activ
ity against mosquito larvae by the factor of 10,000, although neither the chemi
cal nor the physical properties differ by similarly high factors. The biocidal ef
fect caused by introduction of one chlorine atom was not predictable and 
could only by established empirically. 

Potasan coumaphos, Asuntol (Muscatox) 

LC100 (A. aegypti, larvae) 100 ppm LC 100 (A. aegypti, larvae) 0.01 ppm 

The favourable properties of malathion have stimulated intensive investigation 
of this group. 
In 1966 DAUTERMAN and MAIN, for instance, investigated the toxicity, 
cholinesterase inhibition, carboxyl esterase inhibition, and hydrolysis of mala
thion analogues by carboxyl esterase, in relation to the alkyl group in the car
balkoxy moiety [243]. HASSAN and DAUTERMAN [421] showed that d-mala
thion is more toxic to mice and house flies; d-malathion is superior to I-mala
thion, also as inhibitor of cholinesterase and liver carboxylesterase. The a-car
bethoxy group of malathion is said to be preferentially hydrolyzed in the liver. 
CHIU, HASSAN, GUTHRIE and DAUTERMAN [188] investigated structural ana
logues of malathion (Scheme 11). 
Their investigations indicate that, for the inhibition of cholinesterase and car
boxylesterase, the distance between the a-carbethoxy group and the phospho
rus atom plays an important role. The a-glutarate analogue possesses the high
est toxicity to mice and the p-glutarate analogue the lowest. In the thiono-series 
malathion itself is the most active against house flies. In the oxon series, ma
lonate malaoxon and a-glutarate malaoxon are somewhat more active. 
The differing toxic properties of cis- and trans-mevinphos (VIII, IX) and of cis
and trans-®Bomyl (X, XI) are also explained in terms of differing fit of the mo
lecule to the anionic and esteratic site of cholinesterase [738]. It is known that 
cis-mevinphos is about 50 times more toxic to flies and about 20 times more 
toxic to the mouse than trans-mevinphos. The cis-compound inhibits AChE 
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somewhat more effectively and, in the mouse liver, is more slowly degraded 
than trans-mevinphos. 

Succinate malathion (malaoxon) 

Malonate malathion (malaoxon) 

* Asymmetrical carbon. 

(O)SII H a 
(CzHsOhPS - C* - COOCzHs 

I 
CHz 
I 

CHzCOOCzHs 
y 

a-Glutarate malathion (malaoxon) 

fJ-Glutarate malathion (malaoxon) 

Scheme II. Structure of branched-chain analogues of diethyl malathion and malaoxon [188] 

The distance of 4.5-5.9 A between anionic and esteratic site of insect ChE [771] 
is related to the P-Ccarbonyl distance for 

cis-mevinphos of 4.3-5.2 A (good fit), 
trans-mevinphos of 2.2-4.4 A (poor fit), 
cis-Bomyl of 4.4-5.2 A (good fit), 
trans-Bomyl of 4.4-5.2 A (good fit). 

In fact the toxicities of cis- and trans-Bomyl are comparable; both isomers are 
more toxic for flies than might be expected from a comparison with cis-mevin
ph os, as was also found by NEWALLIS et al. [759]. 
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In the following tables, structural variations of parathion are compared with re
spect to their activity against aphids (Doralis fabae) at threshold concentra
tions, and the acute (single dosage) oral LD50 values for rats expressed in 
mg/kg [960, 963]. Similar comparisons, but of systemic activity have been pub
lished, for example, by MENN and SZABO [702], COE et al. [212], FLYNN and 
EDEN [323], and METCALF, REYNOLDS, FUKUTO and COLLINS [710] for variants 
of 2,4,5-trichlorophenol esters, by METCALF and FUKUTO [706] for Phosphono
demeton compounds, by SCHRADER [960] and FRANCIS and BARNES [329] for 
methylthiophenols and by O'BRIEN and HILTON [773] for the amiton series. 
BRACHA and O'BRIEN investigated carbon isoesters of amiton [131, 132] (see 
p. 198). 

Table 9. Biological properties of structural variations of parathion-methyl and parathion [960, 963) 

Compound Name Structural formula Toxicity: Doralis fabae 
no. LDso rats % conc. 

oral mg/kg % mortality 

parathion-methyl -0 (CHsOhPS.O _ NOa 14 0.0008 100 

CHsS, -0 
50 0.0008 30 2 PO.O NOa 

CHsO/ -

3 methyl-paraoxan (CHsO)2PO'0-oN02 2.5 0.005 100 

4 
CHsO, -0 

PS.O N02 
CHi -

0.001 100 

5 -0 (CHS)2PS,O _ N02 100 0.1 98 

6 
(CHS)2N, -0 

PS.O NOa 
CH30/ -

250 0.01 90 

(CHs)2N, -0 
500 0.1 0 7 PS.O N02 

CHi -

8 -0 (CH30)2PS,S _ N02 1000 0.1 80 

9 ( C2HsO)2PS'0-oNOa 6.8 0.00016 20 

10 
C2HsS, -0 

PO.O N02 
C2HsO/ -

50 0.01 100 

.11 ( C2HsOhPO'0-oNO:a 2.5 0.00016 10 
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Table 9 (continued) 

Compound Name Structural formula Toxicity: Doralis fabae 
no. LDso rats % cone. 

oral mg/kg % mortality 

12 
CaH 50, -<=:>-

2.5 0.001 100 PS.O NOa 
CaH: -

13 
CaH 50, -<=:>-

0.001 100 PO.O NOa 
CaH: -

14 
-<=:>-

(CaH5)2PS,O _ NO:! 5 O.oJ 100 

15 
(CHs)aN, -<=:>-

50 0.001 90 PS.O NOa 
CaH 50 / -

(CHs)aN, -<=:>-
250 O.oJ 0 

16 
PS.O N02 

CaH: - 0.1 100 

17 ( CaH50)2PS.S-<=:>-NOa 10 0.1 90 

18 
-<=:>-

(CaH50)aPO.S _ N02 2.5 0.1 100 

19 ( C2H50)aPS'0-Q-N02 50 0.001 100 

Cl 

20 (CaH50)aPS'0-Q-N02 10 0.02 100 

CHs 

21 ®Chlorthion ( CHsO)aPS'0-Q-NOa 625 0.001 100 

Cl 

22 fenitrothion 

(CHsO)aPS'0-Q-NOa ®Folithion 250 0.004 100 
®Sumithion 

CHs 

23 ®Fluorthion (CHsO)aPS'0-Q-NOa 250 0.02 100 

CFs 

An analysis of the results given in Tables 9 and 10 shows that mammalian tox-
icity and activity against aphids do not run parallel (this also holds for other in-
sect and mite species). Conversion of P=S to P=O results in increased toxicity 
(Table 9: 1 to 3, 9 to 11). Phosphonates are usually more toxic than phos-
phates (Table 9: 4 to 1, 12 to 9), except amides (Table 9: 7 to 4, 16 to 13). 
Ester ami des are usually less toxic and also less biologically active than the 
esters themselves (Table 9: 6 to 3, 15 to 9). Thiol esters are less toxic and less 
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active than the corresponding thiono compounds (Table 9: 2 to 1, 10 to 9). 
Methyl esters are less toxic (Table 9: 1 to 9, 21 to 19,22 to 20) and sometimes 
less active (biting insects) and sometimes more active (sucking insects) than the 
ethyl esters. This very largely depends upon the insect species. 

Table 10. Biological properties of structural variations of methyl isopropyl parathion [960, 963] 

Compound Name Structural formula Toxicity: Doralis fahae 
no. LDso rats %conc. 

oral mg/kg % mortality 

(CHg)2 CHO, 0-
PS.O NOa 5 0.00016 100 

CHgO"" -

2 
(CHg)2 CHO, -Q 

5 0.001 90 PS.O 
CHO/ -

g N02 

(CHg)2 CHO, -0 
3 PS.O 37.5 0.001 40 

CHO/ -
g NOa 

(4 parathion-methyl) 0-(CHg0laPS.O _ N02 14 0.0008 100 

(CHgh CHO, -Q 
5 PS.O NOa 50 0.004 100 

CHO/ -
S Cl 

(6 ®Chlorthion) ( CHsO)2PS'0-Q-N02 625 0.001 100 

Cl 

(CHsh CHO, -Q-
7 PS.O NOa 25 0.0008 40 

CHO"" -
s CHg 

(8 ®Folithion) ( CHsO)2PS'0-QN02 250 0.004 100 

CHg 

An example is the data of KERR [536] on the dependence of the action against the Southern chinch 
bug (Blissus insularis Barber) upon the structure of various organophosphates. Here it applies that 
the dimethyl esters are inactive and that insecticidal activity increases by way of the diethyl esters to 
the diisopropyl esters. Furthermore, with certain exceptions the following holds true: 

a) Aliphatic esters such as malathion. demeton, phosphamidon and dimethoate are inac
tive, 

b) Aryl esters, like parathion. dichlofenthion or fensulfothion possess very good activity, 
c) Esters of heterocyclic compounds such as ®Dursban, thionazin or diazinon occupy an 

intermediate position. 

Phosphinates are less toxic and usually less active as insecticides than phos
phates and phosphonates (Table 9: 5 to 1, 14 to 12). Substituents at the m-po-
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sition of the phenyl ring have a strong detoxifying action (Table 9: 19 and 20 
to 9, 21, 22, 23 to 1; Table 10: 5 and 7 to 1), but the biological activity need not 
necessarily decrease. Branching in an alkoxy group on the phosphorus often 
increases toxicity, with activity remaining constant (Table 10: 4 to 1,6 to 5, 8 to 
7). In very many cases, systematic variation enables a phosphoric ester to be 
matched to special practical requirements, it being possible to reduce toxicity 
levels or to alter spectra of activity. The tables show that this approach has led 
to some of the most important commercial products. 
On the other hand, this empirical method and also SCHRADER'S rule (see page 
40) or the P-XYZ scheme (see page 41) may result in too much importance 
being attributed to phosphorus as the central atom. With a given 'acyl' or 
X-Y-Z, the preparative variation of the other two groups can no longer deci
sively change the action of the complete molecules, although it does permit a 
certain "tuning". The real question is not, for example in the case of azinphos, 
why the ethyl ester and not the methyl ester is active against resistant spider 
mites, while the reverse is true for omethoate. The question to be asked is: To 
what extent do the expected metabolites, perhaps benzazimide or thioglycolic 
acid, differ in their biochemical action within the spider mite. A more promis
ing model for special problems such as acaricidal action, resistance, insect or 
type-specific control agents could be made available by providing an insect or 
mite-specific inhibitor with the phosphoryl group as "vehicle". In this way in
secticidal compounds would be obtained which reveal a "bi-toxic" action, 
since primary degradation of the ester in the organism produces a physiologi
cally active substance which can evoke further specific inhibition reactions. At 
the present time, however, this model which is orientated to the biochemistry 
of insects has the decided disadvantage that a special toxicology of insects in 
contrast to mammals virtually does not exist. For the more important commer
cial products from the series of insecticidal organophosphates the threshold 
concentrations of activity are known for numerous species of insects and mites, 
although we are not able to refer to them in any great detail in this work. Basi
cally, however, it is difficult to establish the details of the correlation between 
spectrum of activity and structure of an insecticidally active compound, since 
this largely involves the know-how of the crop protection industry. On the 
other hand, numerous papers on structure and activity are published; they are 
restricted to the biological parameters: toxicity (mouse or rat, usually oral), 
AChE inhibition in vitro and, at the most toxicity for flies (usually to Musca 
domestica by topical application). Since it is useless to discuss a potential in
secticide unless its spectrum of activity is known, investigations into structure 
and activity should begin by testing insecticidal activity against typical repre
sentatives of various classes and orders of arthropods. The action of a com
pound on Musca domestica reveals little about its insecticidal potential. In par
ticular, it gives no information on type-specific activity, e.g., against spider 
mites, ticks or aphids. 
To summarize, it should be emphasized that, for the synthesis of insecticidal 
organophosphates, the phosphorylating potential and the required detailed 
structure of the molecule are only two parameters, knowledge of which does 
not suffice for a prediction of activity. Other factors, that are hard to estimate, 
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are involved in the complex term of "activity", e.g. stability to climatic condi
tions, favourable formulating properties, resorption, penetration, partition, so
lubility, stability under hydrolytic, oxidative and reductive conditions etc. 

4.3. Mixtures of Active Substances 

(Synergism, Antagonism) 

In practice, it often happens that several substances are applied as a mixture. 
An intentional combination of sprays is frequent for technical reasons when 
different pests are to be controlled at the same time. Unintentionally, however, 
a mixture may result as a consequence of large-scale synthesis which often 
yields several isomers or by-products. An important example is the demeton 
group. Here, in addition to the relatively non-toxic demeton-O methyl the more 
toxic thiol isomer demeton-S methyl is produced. Other examples are the cis
trans isomers of the enol phosphates such as mevinphos: the mixture resulting 
from large-scale manufacture contains up to 60 % of the cis-compound. These 
by-products may appreciably alter the spectrum of toxicity of a substance. 
CAS IDA [172] described similar toxicity-potentiating effects for dimethoate. 
From a practical point of view, SYNNATSCHKE [1033] described a transesterifi
cation of dimethoate in a formulation containing methyl cellosolve. The initial 
LD50 of the dimethoate formulation (150-250 mg/kg oral for the rat) may fall 
to 30-40 mg/kg after storage for 7 months and under tropical conditions to 15 
mg/kg after 9 months. The question thus arises: what is the relationship of the 
toxicity of the mixture to that of the individual components? It is possible by a 
suitable combination of several components from the same or different classes 
of substance to gain insight into the mechanism of the biochemical action of a 
single component. Another problem of practical importance is whether an in
secticide, against which resistance has developed, can be reactivated by mixing 
with suitable compounds which themselves do not necessarily possess insecti
cidal activity. In the case of malathion a considerable number of reports have 
been devoted to this problem (see [155]). The relationship between dose and in
sect mortality is generally assessed statistically. Toxicological problems in crop 
protection are mostly approached by the method of probit analysis, which was 
suggested by Buss [109] as early as 1934, and by WADLEY in 1945 [1097] and 
1949 [1098]. Meanwhile, computer programs are available for probit analysis, 
enabling a rapid statistical evaluation of the numerous experimental results 
and a direct answer to comparisons between activity and structure (e.g. FINK 
and HUND [308] and FINK, HUND and MEYSING [309]). As it is not possible to 
go into any great detail here, a reference to the comprehensive special litera
ture of biological statistics must suffice ([311] and appendix). An important 
contribution to the evaluation of bioassays and field tests in crop protection 
was published by UNTERSTENHOFER in 1963 [1086]. 
Using probit analysis, the %-mortality is expressed in probits (PROBability 
unITs) [109] and a linear relationship (a straight line regression) is obtained in
stead of the sigmoid mortality curve. A prerequisite is usually the conversion of 
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the dosage data (abscissa) into logarithmic form. FINNEY [311] formulates this 
linear relationship as 

y=a+bx" 

where y = the probit mortality, 
x = the dose and a the variance index, 
b = slope of the regression line. 

Substances possessing similar mechanisms of action usually provide parallel 
regression lines. These substances can replace one another in a mixture, i.e. the 
toxicity of a mixture can be predicted if the ratio of the concentration of com
ponents having similar action is known, as BLISS [110] was able to show in a 
statistical treatment of mixtures of active substances. If a mixture of two sub
stances affect~ different biochemical systems, then their regression curves vary 
in slope and form asymptotes to a hyperbolic dose-response curve. The same 
effect may also occur with similarly acting substances if, for example, they re
quire a different time to reach the site of action. BLISS formulated four differ
ent types of action for mixtures of active substances: 

1) Similar action, when the components act independently but simi
larly. 

2) Independent action, when the components are both different and 
independent in action. 

3) Synergistic action, when the toxicity of the mixture is greater than 
that of the sum of the individual components. 

4) Antagonistic action, when a substance A (B) reduces the activity of 
substance B (A) in· a mixture. 

Considerable effort would be involved if such problems were subjected to an 
exact statistical treatment, which in most cases is not called for. SUN and JOHN
SON [1029] therefore suggested a simplified method of evaluating the insecti
cidal activity of mixtures against defined species. A difficulty here is that the 
mortalities of the components in a mixture can not simply be added to a total 
mortality, for the linear relationship between mortality and dosage does not 
follow an arithmetic scale but is probit-Iog dependent. SUN and JOHNSON over
came this difficulty by referring to the 50 % mortality (y = 5) and the associated 
concentration. For this purpose, three dose-mortality curves were determined 
on log-pro bit paper for insecticides A and B and the mixture AB and from the 
individual LC50 values the toxicity indices (T l) were determined using A or B 
as standard. (Within a given test series the ratio of A and B in the mixture must 
remain constant.) 
The actual T I value of a mixture AB with compound A as standard is given 
by 

T I = LC50 of A . 10 
AB LC50 of AB 0 . (1) 

The theoretical T I value of a mixture AB is equal to the sum of the toxicity in
dices which can be calculated from the percentage fractions A and B and their 
respective toxicity indices: 
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TI1B = TI of A·%A in AB+ TI of B·%B in AB. (2) 

From the actual and theoretical toxicity of the mixture AB, the total toxicity 
can be calculated by the following equation: 

ThB 
CTC = -+-·100. 

TIAB 
(3) 

CTC is the "cotoxicity coefficient" of the mixture. Ifthe CTC is 100, the mix
ture probably exhibits a similar action. If the mixture AB shows a coefficient 
significantly higher than 100, this demonstrates synergistic action. Independent 
action is characterized by coefficients with values less than 100, in which case 
the total toxicity should exceed that of the individual components. 
Neglecting the acute toxicity of a synergist (or antagonist), then Eq. (3) simpli
fies to: 

CTC = TI of A (in the mixture) . 100 = LCso of A·I00 (4) 
Tr of A (alone) LCso of A (in the mixture) 

For example, if parathion-methyl is tested alone and in a mixture with 1 % sesa
mex against Muscua domestica. then a CTC value of 37 is obtained (LCso of 
parathion-methyl 0.0055%, LCso of the mixture 0.015%, LCso of sesamex at 1 % 
can be neglected). This indicates an independent action, i.e. no synergistic ef
fect. In an analogous manner GERSDORFF and MITLIN determined the C TC 
value of a parathion parathion-methyl mixture for house flies and found a value 
of 95, i.e. a similar action [367] which might, in fact, be expected. However, 
tests in vivo with parathion. malathion and mixtures of both showed different 
effects with rat esterases: in subacute doses, the substances act antagonistically, 
whereas at least a similar action can be demonstrated at acute doses [990]. 
In a later paper, SUN and JOHNSON [1028] simplified the cotoxicity coefficient 
as the LCso of a substance only with reference to the LCso of this substance in a 
mixture. In this case CTC values significantly higher than 1 point to syner
gism. Values less than 1 indicate antagonism. The authors investigated a series 
of vinyl phosphates and vinyl phosphonates, each possessing one amido 
group; alongside amiton and schradan. they studied dithioacid esters such as 
azinphos and malathion. monothio-esters, like ®Chlorthion, parathion. para
thion-methyl and the oxygen analogue paraoxon-methyl and, finally, the 
phosphonomonothioate EPN. In each case a mixture with 1% of the pyrethrum 
synergist sesamex were tested. It was clearly shown that sesamex acts synergis
tically with phosphates containing amino or amido groups. For susceptible 
house flies, CTC values of the order of 40 or more are found and, in the case 
of resistant strains, of up to 30. The toxicity of the thiono compounds may be 
noticeably diminished by sesamex (CTC values down to 0.3), i.e. antagonistic 
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action. Similar behaviour is found with aphids and spider mites. SUN and 
JOHNSON [1028] explain the synergistic or antagonistic action of sesamex in 
mixtures with organophosphates in terms of an inhibition of the biochemical 
oxidation reactions which constitute the activity ofphosphorothionates. The fact 
that the inhibition of oxidizing systems by sesamex potentiates the action of 
esters containing amido groups indicates that different mechanisms are in
volved. 
Sesamex is also effective as a synergist with other oxidizable phosphorothio
nates, as was reviewed by SUN, JOHNSON and WARD [1030]. 
Another synergist is 2-(diethylamino)-ethyl 2,2-diphenyl valerate hydrochlo
ride (SKF 525-A), which has a similar mechanism of action to sesamex [770]. In 
a mixture with organophosphates, SKF 525-A acts both synergistically and, de
pending upon the compound used, also antagonistically in Musca domestica. 
With many substances there is no notable effect. The structure-activity relation
ships are, therefore, difficult to define [325]. 
TRIOLO and COON [1067] found an antagonistic action between chlorinated hy
drocarbon insecticides such as aldrin and organophosphates such as parathion, 
paraoxon, EPN, azinphos-methyl, TEPP or DFP. In mice, administration of 
1 mg/kg aldrin markedly reduces the action of oral doses of the above-men
tioned esters (not, however, of schradan). The protection lasts for several days. 
If the phosphoric acid ester is administered first, followed by aldrin, a synergis
tic effect is obtained. The protective action may be explained in part by the fact 
that aldrin activates liver A-esterases and plasma B-esterase (detoxication proc
esses by enzyme induction) and, furthermore, that aldrin decreases the inhibi
tion of brain ChE; paraoxon does not, however, decrease inhibition of plasma 
ChE. 
Numerous combinations of insecticides have also been investigated by KEP
LINGER and DEICHMANN [535]. They usually found normal additive effects 
(similar action), but found a marked antagonism (or protection) in the rat for 
combinations of aldrin with diazinon, malathion, dichlofenthion, dioxathion, 
carbophenothion and a potentiation of activity in mice for combinations of 
®Aramite with dioxathion, diazinon or parathion. 

"EPN-oxide" 

Synergistic effects are also known with mixtures in the phosphoric acid ester 
series itself [228]. For example, EPN-oxide inhibits the malathionases, i.e. the 
metabolism of malathion in the liver. The result is a synergistic action with 
EPN-O/malathion mixtures. Paraoxon, on the other hand, inhibits the car
boxyl esterases of the liver of humans and rats so strongly that its potentiating 
action on malathion can be neglected [660]. For a series of phenyl phosphates, 
CASIDA drew attention to a positive correlation between the synergistic action 
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of malathion (toxicity to mice) and ability to inhibit carboxyl esterases [167]. 
PLAPP and EDDY [827] therefore attempted to overcome malathion resistance in 
house flies and mosquitoes (Culex tarsalis) by using known carboxyl-esterase 
inhibitors. With triphenyl phosphate, S,S,S-tributyl-phosphorotrithioate and 
-thioite, the resistance of house flies is reduced from 100-fold to about 5-fold 
and in favourable cases from 300-fold to about 5-fold [829]. In the case of sus
ceptible house flies, a factor of only 2 is found. With mosquitoes it is possible 
with the known synergists to eliminate a 100-fold resistance. 
Similar figures were also found for Musca domestica and Chrysomya putoria 
[86]. The ratio of synergist to insecticide was, however, unfavourable, it was 
5: 1. 
The most likely explanation of this effect may be that the synergists prevent the 
hydrolysis of the carbalkoxy group. In further experiments, PLAPP et al. [824] 
found that synergists of the same type when used with other phosphates, such 
as parathion, fenthion, coumaphos, trichlorfon, ®Ruelene or ronnel against mala
thion- and parathion-resistant strains of Musca domestica do not exhibit any
thing like the same synergistic potency as with malathion. Only when tri-ethyl, 
propyl or butyl phosphorotrithioites were used in a ratio of parathion to syner
gist of the order of 1 :10 did a certain synergistic effect become apparent 
[828]. 
While it is possible by applying these results in reverse to obtain selective inhib
itors of aliphatic esterases indirectly by way of their synergistic action against 
malathion, CASIDA et al. [169] provided another interesting approach. They in
vestigated 112 phosphoric acid esters in vitro for their inhibitory action on 
mouse plasma esterases, which hydrolyze malathion and propionyl choline. 
Amongst the most active of the synergists they found were the trialkyl phospho
rotrithioites and -thioates, diphenyl phosphates, neurotoxic compounds such 
as tri-o-cresyl phosphate and certain cyclic saligenin phosphates. The following 
generalization would, therefore, appear permissible [169]: a synergistic effect is 
to be expected if one compound interferes with the metabolism or detoxifica
tion reactions of another substance. There is, therefore, no necessity to postu
late a direct correlation between synergistic action and neurotoxic effects. 
More recent papers reviewing the problem of mixtures of active substances 
have been published by HEWLETI [451] and WILKINSON [1128]. 
After a critical examination of the literature, one is forced to conclude that the 
scientific interest of combinations of organophosphates with synergists is con
siderably greater than their practical importance. Furthermore, the increase in 
insecticidal activity is often accompanied by an increase in toxicity for mam
mals, as is shown from many examples of malathion synergists, so that one un
desirable effect would be replaced by another. 

4.4. Resistance 

More and more frequently it happens that, in the case of certain pests, increas
ing quantities of insecticide must be applied in order to achieve the same ef
fect, until either an economic limit or a toxicological threshold is reached. In 
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extreme cases the pest becomes completely insensitive. The pest responds to 
the pressure of insecticides by the development of resistance, i.e. the ability to 
withstand doses of toxic substances which would be lethal to the majority of 
individuals in a normal population of the same species [1124]. 
Early examples are the resistance of San Jose scale to lime sulfur in 1913/14 
and of California red scale (Aonidiella aurantiij to hydrogen cyanide in 1916 
[1082]. 
This resistance is the result of a selection which develops more rapidly the 
higher the rate of reproduction and the more rapid the succession of genera
tions, in other words, the higher the biotic potential of a pest population. An
other factor which is decisive for selection is the impracticability of 100% de
struction of the pests. The survivors are therefore able to initiate a new popula
tion. Continued selection by means of an insecticide leads to resistant strains. 
The causes of resistance may be of a varied nature, for example, genetically in
duced changes in species specific behaviour or of the morphological or physi
ological nature of an insect species. 
The causes of resistance of insects to pesticides can be illustrated as follows: 
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In the following paragraphs it will be seen that genetically controlled physiol
ogical resistance occurs along the paths indicated by the heavy arrows. It is al
most certain that reduced permeability of the cuticula or an accumulation of 
the active substance in organs with markedly reduced metabolism have, so far, 
never been the main cause of resistance to insecticidal organophosphates. 

SAWICKI [887] confirmed that the penetration-delaying factor alone confers lit
tle resistance in diazinon-selected strains of Musca domestica. When it is com
bined with the deethylating factor, however, resistance to many organophos
phates is greatly increased in comparison to the effect of the deethylating fac
tor alone. This indicates an interaction of both factors which is greater against 
thionates than against the corresponding phosphates. Probably, the penetration 
factor delays the entry of thionates more than that of the corresponding oxon 
compounds. Resistance shows a maximum in the double homozygote. In
creased excretion is of necessity a consequence of the increased metabolism 
and, as such, not a cause of resistance. 

Changes in species-specific behaviour are referred to as behaviouristic resist
ance or the ability to avoid doses of toxic substances which would otherwise be 
lethal [1124]. For example, ERLENMEYER-KIMLING, HIRSCH and WEISS [293], 
using a normal population of Drosophila melanogaster, succeeded by repeated 
selection in obtaining two strains, one of which, when placed on perpendicular 
surfaces, ran only vertically upwards while the other ran only downwards. A 
practical example is that of mosquitoes which avoid surfaces treated with 
DDT, and become exophilous, exophagous or zoophagous, i.e. they change 
their habitat, feeding habits and source of food. These effects are relatively dif
ficult to demonstrate in nature, but they certainly playa role [408]. (For "be
haviouristic avoidance" see also [303].) This is clearly demonstrated by an in
teresting investigation of EBELING, WAGNER and REIERSON [281] on the ac
quired behaviour of cockroaches (Blattella germanica) which were able to 
avoid various insecticides according to their repellent properties and learnt to 
resist the strong impulse to seek dark hiding places when the light areas were 
not treated with an insecticide. Time-mortality curves reflect the time required 
to learn and the success of the learning process. An effective agent for the con
trol of 'roaches, therefore, must possess a high initial potency, otherwise selec
tion of the "intelligent" 'roaches occurs. 

The term "behaviouristic resistance" is defined from a rather descriptive point 
of view; one must look for the basic mechanisms involved. In this connection, 
POLLES and VINSON [831] have provided important evidence which points in 
the same direction as do the cockroach experiments of EBELING et al. [281]. If 
third-instar larvae of Heliothis virescens are brought into contact with cotton 
plant leaves treated with malathion UL V droplets of a suitable size, it is seen 
that the larvae attempt to avoid contact with the drops, whereas larvae pre
treated with malathion do not show this selective behaviour. The cause is the 
repellent property of malathion - a property which other insecticides may pos
sess. The behaviouristic resistance may thus be caused in many cases by the se
lection of repellent-sensitive insects. Nothing is known about the "repellency 
spectrum" of the organophosphates. 
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It is also possible that individuals of robust constitution may be selected from a 
normally sensitive species. This is referred to as "vigour tolerance". According 
to BUSVINE [162], this hypothesis is not very convincing, for all natural selec
tion is selection for "vigour". In a few generations, selection under the pressure 
of insecticides should produce a result which natural selection would not 
achieve over many thousands of generations. Vigour resistance was postulated 
in order to explain the occurrence of a weak, unspecific cross-resistance. By 
cross-resistance we understand the fact that a strain selected by insecticide A 
can at the same time show resistance to an insecticide B from another class of 
chemical compound, although the pressure of insecticide B was never involved 
in the selection. 
GRAYSON and COCHRAN [388] define cross-resistance as the case when "resist
ance to more than one insecticide occurs following exposure to only one com
pound" ("true cross-resistance", "uncomplicated cross-resistance"). 
WINTERING HAM and HEWLETT [1139] reviewed the correlations in the resist
ances resulting from chlorinated hydrocarbons, carbamates and organophos
phates. In the case of organophosphates the resistance maximum is generally 
associated with the selecting agent itself; cross-resistance occurring mainly 
within the class of organophosphates also occasionally against DDT and some 
carbamates. (This usage of the term cross-resistance is found in the literature, 
but it is a matter of debate whether it is possible to speak of cross-resistance 
within the same class of compounds.) Diffuse cross-resistance spectra might be 
based on vigour resistance but it suffices to explain them as the change of a 
single morphological property, such as the cutaneous absorption or the pene
trability of the nerve sheath [585]. On the other hand, the more cross-resistance 
is confined to certain compounds, the more probable is it that a common enzy
matic resistance mechanism can be postulated (simultaneous mechanism). 
The fact that malathion often evokes no cross-resistance to other organophos
phates is easily explained by the fact that it is metabolized in resistant strains to 
malathionic acid by the action of carboxylases on the carbethoxy group. This is 
the very reason why esters without this selectophore group cannot be metabo
lized by this mechanism. On the other hand, a genetically controlled detoxica
tion enzyme with low substrate specificity can lead to a broad cross-resistance 
spectrum, e.g. it is to be expected with phosphatase types that - in addition to 
malathion - other similar esters containing phosphoryl radicals will fall within 
the cross-resistance spectrum. 
Cross-resistance must be distinguished from poly- or multi-resistance which 
develops when a strain selected by insecticide A is then exposed to insecticide 
B and becomes resistant to this insecticide too, and so on (additive mecha
nism). 
"Multi-resistance" according to GRAYSON and COCHRAN [388] occurs when a 
strain of insect is selected sequentially or concomitantly with two or more un
related toxicants and because of this mUltiple selection it becomes resistant to 
more than one type of material. 
The most important mechanism of resistance to the organophosphate insecti
cides, qualitatively, is that of a genetically controlled potentiation of enzymatic 
hydrolysis in the insect (physiological resistance). Taking into consideration 
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the activation of phosphorothionates by oxidation within the organism (see p. 
246), as well as their degradation within the organism by hydrolysis (see p. 
257), an inversion of the relationship between oxidation and hydrolysis for tox
icity provides a measure of the resistance to organophosphates of the parathion 
series [498]: 

~ == R == Enzym. hydrol. (detoxification) 
T Enzym. oxid. (activation) 

This expression telIs us that a resistant insect is able, by an increased formation 
of hydrolases, to alter the relationship between oxidation and hydrolysis to the 
detriment of the activating oxidation. A change in this ratio can result in "re
sistance" which does not depend on selection, but is encountered during cer
tain stages of the life cycle in an otherwise normalIy sensitive pest species. For 
example, a reduction of the fat-body fraction occurring in certain stages results 
also in a reduction of the activating oxidation mechanisms which are localized 
in the fat-body, in favour of the detoxifying hydrolysis mechanisms. The appli
cation of insecticides must, therefore, be directed against particularly suscepti
ble stages in the development of a pest. 
This does not, however, necessarily exclude other mechanisms or resist
ance. 
BOUSH and MATSUMURA [126] reported for the first time on insecticide degra
dation by Pseudomonas melophthora (ALLEN and RIKER), an obligate extra-cel
lular bacterial symbiote of the apple maggot (Rhagoletis pomonella (WALSH)). 
P. melophthora occurs in all stages of the insect life-cycle and can readily me
tabolize organophosphates. P. melophthora provides, presumably, a favourable 
physical environment for the larvae, the insect R. pomonella transports, trans
mits and acts as a reservoir for the symbiotes. The metabolic pathway for its 
chemical degradation would appear to be predominantly hydrolysis of the 
ester by the very active bacterial enzyme systems. Under the special conditions 
of the experiment the substrates most preferred were o=p compounds. S=P 
derivatives were metabolized more slowly, i.e. the microorganism does not pos
sess significant oxidation activities. As Table 11 shows, the hydrolytic effects 

Table 11. Degradation of various insecticides by Pseudomonas melophthora [126] 

Labeled 
insecticides 

C 14 dichlorvos 
C 14 diazinon 
H3 parathion 
H3 DFP 
C 14 dieldrin 
H3 carbaryl 

Water-soluble 
metabolites 
produced 
(%) 

83.3 
26.7 
15.5 
61.1 

5.5 
6.4 

Solvent-soluble Original 
metabolites insecticide 
produced remaining 
(%) (%) 

8.5 8.3 
2.4 71.0 
4.8 79.6 
5.6 33.3 
4.5 90.0 

45.5 48.1 
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are quite considerable but cannot be considered as the only factor responsible 
for the resistance. They are, however, important as supporting mechanisms and 
further investigations are required, for it is conceivable that phosphoric acid 
esters with bactericidal side-effects may delay the formation of resistance. In 
the first place it is necessary to determine whether there is a qualitative or a 
quantitative distinction between the symbiotes in sensitive and resistant insects, 
and finally whether there is a correlation with insect resistance. 
Over the last 15 years numerous papers have provided ample evidence of a ge
netic relationship between resistance and an increase in certain hydrolases. A 
starting point was the observation of OPPENOORTH and VAN ASPEREN [60, 61, 
777, 778], that the carboxyl esterase [3.1.1.1] content of organophosphate-resist
ant house flies (Musca domestica) was significantly reduced ("aliesterases", ali
phatic ester-hydrolyzing enzymes). The explanation of this was that the 
"aliesterases" originally present had been transformed by gene mutation into 
phosphatases ("modified aliesterases"), i.e. were able to function as degrada
tion enzymes for organophosphates. At the same time MARCH [669] found that 
in tests in vitro a malathion-resistant strain of M. domestica metabolized mala
oxon more rapidly than did malathion-susceptible individuals. HOLLING
WORTH, METCALF and FUKUTO [469] also attributed the resistance of house 
flies to fenitrothion and parathion-methyl to an increased activity or organo
phosphate metabolizing enzymes. They explained the high level of resistance 
as a saturation of the penetrating and activating mechanisms of the resistant 
strain at high insecticidal doses. The consequence of this resistance, which 
does not depend upon hydrolysis, is an increased accumulation of the acti
vated products, i.e. of the P 0 compounds. The degradation of both insecti
cides in the resistant strain at high dosage is then just as rapid as with a sensi
tive strain and low dosage. 
In the majority of cases there is a good correlation between insecticidal pres
sure, rate of development of resistance and hereditary mechanisms. Resistance 
to organophosphates is almost exclusively associated with a single gene. If the 
resistance is dominant or semidominant, then the R,R homozygotes and R,s 
heterozygotes are able to survive the application of the insecticide. If, on the 
other hand, the resistance is recessive, the insect population remains suscepti
ble until the quantitatively smaller fraction of r,r homozygotes appears. In this 
case resistance is considerably slower in developing. Resistance to organophos
phates is usually controlled by a dominant gene [162]. 
In general, physiological resistance is of a complex nature despite its depend
ence upon a single gene. Resistant Culex tarsalis larvae contained only a third 
of the quantity of malaoxon as did sensitive Culex larvae. There are two rea
sons for this: firstly, an increased organophosphate hydrolase content of the R
strain and, secondly, a raised carboxyl esterase fraction, by which malathion it
self - and not merely the activation product malaoxon - can be metabolized. In 
Culex tarsalis, unlike the house fly, it was not possible, to demonstrate a fall in 
carboxylases, together with an increase in the phosphoric ester-hydrolase frac
tion. The carboxylesterase on the other hand was genetically inseparable from 
the resistance phenomenon. As a typical carboxylase inhibitor EPN has a syn
ergistic action with malathion in the resistant strain [674]. The carboxylesterase 

226 



Resistance 

activity was especially marked in the mitochondria in a resistant strain of Culex 
tarsalis. It was some 13 times higher than in the sensitive strain. The carboxyl 
esterases were concentrated particularly in the intestine [675]. In an investiga
tion of the hydrolysis products of parathion and paraoxon in one sensitive and 
two resistant strains of house fly, MATSUMURA and HOGENDIJK [676] found 
evidence that resistant individuals were able to metabolize parathion itself to 
diethyl phosphorothioic acid. The activity of these "thionases" against para
oxon was only slight (cf. [826]). 
OPPENOORTH and VAN ASPEREN [778] on the other hand considered that the 
"oxonases" were responsible for resistance. In addition, since these are said to 
be dependent upon a single genetic factor ("low aliesterase gene"), the genetics 
involved must be examined more closely in order to clarify whether the gene 
responsible determines broth a "thionase" and an "oxonase". 
From the midgut of lepidopterous larvae, such as Antherea pernyi (Satur~idae), 
Lymantria dispar (Lymantriidae) and Mamestra brassicae (Noctuidae) JAR
CZYK [497] in 1963 was able for the first time to isolate two organophosphate
hydrolyzing enzymes, of which one preferentially cleaved E 600 (paraoxon) and 
other P=O esters, while the second preferred ®E 605 (parathion) and other 
P S esters. Later JARCZYK extended his investigations to further types of 
Lepidoptera, Musca domestica (normally sensitive and 50-fold resistant to para
thion) and others [498]. 
Subsequently both enzymes were found to hydrolyze both ester types but they 
differed in respect to their turnover number, their rate constants and substrate 
specificity, their Michaelis-Menten constants and activation energies. Reduced 
glutathion activates, while oxidized glutathion inhibits the enzyme action in 
vitro and also the compounds (n-C4H 9ShPO (®DEF) and (n-C4H 9S3)P (®Folex) 
[499]. 
For the classification of these new enzymes JARCZYK suggested the names 
phosphoric acid triester nitrophenol hydrolase [3.1.7.n] and thionophosphoric 
tri-ester nitrophenol hydrolase [3.1.7.n]. 
In crossing and selection tests with spider mite (Tetranychus pacificus), ANDRES 
and PROUT [19] found that parathion-resistant mites reacted not only with rise 
in LCso (concentration of the active substance at which 50% of the animals in 
the test die), but also by division into a resistant and a sensitive population. 
They were able to show, by backcrossing, that a main gene is responsible for 
resistance and that the resistance is dominant. With a resistant strain (Blauvelt) 
of Tetranychus teiarius, MATSUMURA and VOSS [678] were able to demonstrate 
an enhanced capacity for detoxification of malathion, Malaoxon and para
thion; in the case of malathion this is attributable to increased quantities of car
boxylesterases. As an first example they also could establish that the resistant 
strain contained a higher phosphatase activity than the sensitive strain (Niaga
ra). The quantity of malathion taken up by both resistant and sensitive strains 
was equal, the rate of cholinesterase inhibition in vivo was higher for the sensi
tive Niagara strain than for the resistant Blauvelt strain. In both strains it was 
not possible to detect either a qualitative or quantitative difference in cholin
esterase. JARCZYK was able to isolate enzymes from organophosphate-resistant 
spider mites which, like the enzymes from the intestine of lepidopterous larvae 
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(see p. 227), hydrolytically metabolize esters of the parathion series [498]. The 
resistant strains of spider mite contained a larger quantity of metabolizing en
zymes than the sensitive strains. He was able to demonstrate the same condi
tions in a tetradifon-resistant species of T. telarius. A mutagenic change in the 
cholinesterases and hence a coupled resistance is, however, quite feasible. Evi
dence was provided by SMISSAERT [998] using a demeton-selected resistant 
strain of Tetranychus telarius from Leverkusen. This strain had been crossed 
with sensitive individuals and again selected with parathion. SMISSAERT deter
mined the bimolecular reaction constants k2 for both the sensitive and resistant 
strains. The lower k2 value found for the resistant strain is a clear indication 
that it possesses a modified cholinesterase. The vitality of the resistant strain is 
not diminished in comparison with that of the sensitive strain, and the resist
ance appears to be controlled by two alleles. About the same time, MATSU
MURA and VOSS [678] found, for the first time, a change in the substrate speci
ficity of a malathion-metabolizing cholinesterase in Tetranychus urticae. Simi
larly BALLANTYNE and HARRISON [67] found that, in the Leverkusen R-strain 
and two resistant strains from New Zealand, the resistance gene determines the 
structure or a part of the structure of the cholinesterase. The altered enzyme 
possesses a decreased sensitivity to organophosphate inhibitors and provides 
the resistant spider mites with more time to detoxify the inhibitor. Using the 
previously mentioned strains of Tetranychus telarius, Voss, DAUTERMAN and 
MATSUMURA [1095] investigated the relationship between activity and structure 
of the phosphoric acid molecule. A Blauvelt strain with a 60-fold malathion re
sistance resulting from increased carboxyl esterase and phosphoric ester hy
drolase showed remarkable resistance to carbalkoxy analogues of the mala
thion and Malaoxon type. However, the resistance factor fell rapidly when a 
group higher than a propyloxy group was attached to the phosphorus atom. 
The change in resistance factor (LC50 Blauvelt/ LC50 Niagara) was directly re
lated to the toxicity of these compounds in the susceptible Niagara strain: the 
more toxic a substance was to the sensitive strain, the higher was the level of 
resistance. The resistance factor, therefore, was entirely dependent upon the 
susceptibility of the Niagara strain. The methyl, butyl and amyl carboxyester 
derivatives exhibited less interstrain-difference, either because the Niagara car
boxylesterase is also able to metabolize these compounds, or because these ho
mologues are relatively nontoxic to spider mite for other reasons than reduced 
power of penetration. If the resistance factor is plotted against toxicity (LC50 

Niag.), a linear relationship is obtained which, however, is only valid for 
closely related compounds. The factor responsible for resistance in the Blau
velt strain is rather unspecific; it enables resistant mites to counter the attack of 
many chemically related acaricides. Consequently, in the synthesis of these 
compounds it is not possible by making minor molecular changes to overcome 
resistance in the spider mite, at least not with the malathion analogues. With 
cockroaches (Blattella germanica). however, VAN DEN HEUVEL and COCHRAN 
[449] discovered something at variance with this; they found that a malathion
selected Blattella strain which, because of the resistance factor carboxylester
ase, showed no cross-resistance to other organophosphates remained sensi
tive to a vinyl malathion (dimethyl 3-(O,O-dimethyl phosphoryloxy)-glutaconate. 
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HERNE and BROWN [447] investigated parathion resistance in the Niagara 
strain of Tetranychus urticae KOCH. They showed that resistance was com
pletely dominant in reciprocal crosses with the susceptible (S) counterpart 
strain. 
If the resistance phenomena and their various mechanisms in the spider mite 
are compared, then it is apparent that the American and European strains 
show considerable differences: 

1) Niagara and Blauvelt R-strains show undiminished ehE activity. 
Due to a mutated ehE, the Leverkusen R-strain possesses 50% of 
the normal ehE activity. 

2) The Leverkusen R-strain is substantially less susceptible to Mala
oxon, paraoxon and Diazoxon. 

HERNE and BROWN attribute this difference between strains of different origin 
to the fact that the resistant European strains were selected for the most part by 
parathion and malathion, whereas the American strains were selected by deme
ton and oxydemeton methyl. If non-European strains are selected with para
thion (cf. BALLANTYNE and HARRISON [67]), they exhibit the same reduced 
ehE activity to paraoxon as did the Leverkusen R-strain. 
The organophosphorus resistance of cattle tick larvae (Boophilus micro plus) is 
similar, as LEE and BATHAM found [611], to that described by SMISSAERT [998] 
for resistant spider mites. 
The resistant strain possesses at least two different types of enzyme of which 
one is far less sensitive to organophosphates and carbamates than the others in 
the same strain or in susceptible strains. It can be fully appreciated that posses
sion of such an enzyme combination is a great advantage to tick species that 
are under the pressure of insecticidal carbamates or phosphates. Zymograms of 
these pests that are important in livestock farming would be very helpful. 
Another possible way of lowering resistance to organophosphates is by specifi
cally inhibiting the metabolizing enzymes in both insects and spider mites 
("anti-resistants"). The addition of tri-n-butyl phosphorotrithioite (Folex), the 
analogous phosphate (DEF) or triphenyl phosphate to malathion lowers the re
sistance of Musca domestica or Culex tarsalis [828]. With Tetranychus telarius 
HENNEBERRY and SMITH [444] achieved a reduction of malathion resistance by 
a factor of 3.5 by the addition of the same compounds (otherwise known as 
carboxylase inhibitors) as well as EPN, which MATSUMURA and BROWN [674] 
used against malathion-resistant Culex tarsalis. Since many of these synergists 
cause ataxia in the hen, i.e. are neurotoxic in action (e.g. tri-o-tolyl phosphate, 
(RShP, (RS)3P=O etc.), their use, at least from a toxicological point of view, 
would be questionable. PLAPP and TONG [828] deny a strict correlation between 
neurotoxicity and synergistic action, a correlation which might at first be as
sumed (cf. p. 2201221). Further investigations are certainly desirable in order 
to settle the point. 
According to the investigations of JARCZYK [500], diphenyl and triphenyl phos
phate synergists behave as competitive inhibitors, and would have to be ap
plied in the ratio of at least one mol inhibitor to one mol synergist. Also there 
remains the danger that insects and spider mites might once more become re-
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sistant to these displacement inhibitors (poly or multi-resistance). JARCZYK was 
able to find true inhibitors, i.e. those which act non-competitively in vitro and 
which are still completely active in a ratio of 1 mol inhibitor: 100 mol insecti
cide. 
Some special problems of resistance in practical crop protection can be best 
expressed in the form of the following questions: 
What biochemical mechanisms are involved when a resistant population con
tinues to develop without the pressure of an insecticide (stability of resist
ance)? 
How do resistant and sensitive individuals of a species differ biochemically 
and biologically from one another? Is resistance reversible? 
Because of the large range of harmful arthropods, their biology and biochemis
try and the multiplicity of chemical classes of insecticides and, within them, the 
individual compounds, there can be no conclusive answers to these ques
tions. 
For instance, THOMAS and BRAZZEL [1052] investigated the biological differ
ences between a sensitive and resistant population of an inbred strain of the 
cotton boll weevil (Anthonomus grandis). Selection was carried out over 14 gen
erations with endrin; in comparison to the sensitive control population the re
sistance was 75-100 fold. The development period of resistant individuals was 
prolonged by about 12.5 hours, and the fertility of the resistant Anthonomus fe
males was reduced by about 22 %. Both factors have an unfavourable influence 
on the biotic potential. Also the duration of the embryonal, larval and pupal 
stages was markedly different. No differences were observed in mortality rates, 
sex ratio, length of the period before and during oviposition or in the percent
age of viable larvae. In field strains of Anthonomus grandis or in other insect 
species a completely different situation might be found. Biochemical investiga
tions of spider mite of the species Tetranychus urticae showed that, in organo
phosphate-resistant female individuals, the activity of the alkaline phosphate 
monoesterases [3.1.1.8] was greatly diminished compared with that found with 
normally sensitive individuals. The same picture was found with tetradifon-re
sistant female individuals of T. urticae [498]. 
DITIRICH [260] worked with a Leverkusen strain of Tetranychus urticae which 
possessed a recessive factor against oxydemeton methyl resistance. All other re
sistance factors were excluded by inbreeding. Under homozygote conditions 
(r,r) the vitality was markedly reduced; the heterozygotes (S,r) were capable of 
competing with the S,S type or were slightly superior. The heterozygotes were 
thus able to hold their ground alongside the normal sensitive spider mite; the 
resistant homozygotes (r,r), on the other hand, were maintained only up to a 
state of equilibrium between elimination and re-formation within the popula
tion. After seven generations the homozygote strain perished. 
In California Panonychus citri (citrus red mite) is one of the main pests in citrus 
growing. Field strains that had become resistant to demeton and chloifenson 
were collected and reared further without insecticidal pressure. GILMORE and 
MUNGER [374] obtained the following results: The resistance index (LD50res.: 
LD50sen) for the demeton-resistant strain fell from 163 to 35 within 27 months 
(58 generations). At this point carbophenothion (®Trithion) was inadvertently 
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applied, the resistance index rose to 117 and after 41 months (89 generations) 
fell to 2. The chlorfenson resistance proved considerably more stable. After 20 
months (42 generations) the resistance index fell from 131 to. 60, rose to 123 
after the carbophenothion treatment and after 33 months (71 generations) had 
reached 56. 
KEIDING [531] described the diazinon resistance of Danish strains of the house 
fly (Musca domestica). This resistance seemed to be controlled by two semi
dominant main genes. The homozygotes (R,R) showed a resistance index of 70, 
the hybrids one of 20. The main factor was the stability of this intermediate di
azinon resistance, which is presumably heterozygote. The development of re
sistance proceeded in the following manner: presumably during the first years 
only the heterozygote resistance level was reached. When the pressure of diazi
non fell, e.g. in winter, reversion of resistance took place. Re-application of di
azinon raised resistance to the old level or even higher. At the end of the season 
the population consisted of a mixture of resistant hetero- and homozygotes. Al
though the homozygotes disappeared in winter, re-treatment with insecticide 
stabilized the population as a mixture of homo- and heterozygotes at an index 
of 30-50. 
When diazinon was withdrawn, slow reversion resulted but when other phos
phate insecticides were used, the level of diazinon resistance was again rapidly 
established. Hence resistance to phosphate insecticides is, in principle, no 
more readily re-established than is that to the chlorinated hydrocarbons. 
After 4 years, malathion had attained a stable resistance index of 500-1000, and 
reversion was no longer observed. 
KEIDING concluded that resistance to an insecticide A may fall substantially 
when a change is made to an insecticide B possessing a different mode of ac
tion. The stability of the resistance to insecticide A is a function of the time for 
which the insecticide is applied and of the degree of insecticidal pressure 
("age" of the resistance). It depends upon adaptation to the environment of the 
resistant genotypes and also the heterozygotes. Reversion frequently leads to a 
heterozygote population with only a few highly resistant individuals, most 
maintaining the resistance level of the hybrids (often heterozygotes). It would 
appear to be a rare occurrence for a high percentage of resistant homozygotes 
to survive in nature if the pressure of the insecticide is not maintained. 
"Young" resistance regresses more readily and completely than "aged" resist
ance. If the heterozygotes are sufficiently susceptible, the partly reversed popu
lation may once more be treated with insecticide A, although it is likely that, 
after only one generation, the old of level of resistance will again be established. 
In a publication in 1967 KEIDING [532] provided ample evidence in support of 
the following conclusions: there is little possibility of restoring susceptibility to 
a pesticide once resistance has become established; a high degree of resistance 
may be maintained for a very long time yet diminishes once the pressure of selec
tion falls; the R-genes present after selection can survive many generations, 
often as heterozygotes, and provide for rapid adaptation to renewed pesticidal 
pressure; resistance is re-established for more rapidly than at first selection, 
even when apparently complete reversion of resistance has taken place in a 
population. 
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In the main the results of KEIDING with Musca domestica confirm the results 
published by UNTERSTENH6FER on resistance of spider mites to acaricides 
[1082, 1084]. 
It is desirable to have insecticides A and B with a negative correlation, i.e. in
secticide B selects the genotypes resistant to insecticide A. Considering the 
small number of insecticides which are effective against resistant pests, in com
parison to the far larger number of compounds that can be used against sensi
tive pests, then the chance of finding insecticides with negative correlation 
must be regarded as extremely small, at least with the statistically orientated 
methods of research usual today. 
A the 6th International Crop Protection Congress in Vienna, STEINHAUSEN 
[1016] described formetanate [N-methyl (3-(N',N'-dimethyl aminomethylene-

formetanate chlorphenamidine, ®Galecron 

imino)phenyl carbamate], synthesized by the firm of Schering in about 1962 
[799], as an example of a compound with negative cross-resistance ("resistance
induced enhanced susceptibility"). 
Formetanate is said to be 4-12 times more active against various strains of or
ganophosphate-resistant spider mites (Tetranychus spp.) than against normal 
sensitive laboratory strains. It remains to be seen whether, under field trial con
ditions and after several Tetranychus generations, these findings can be con
firmed. 
Similar effects have been reported for the structurally analogous chlorphenami
dine [N,N-dimethyl formamidine N'-(2-methyl 4-chlorophenyl)] CIBA C-8514, 
Schering 36268, ®Galecron [261]. The LCso ratios between the Leverkusen S 
and R strain of Tetranychus urticae are: 

410 for oxydemeton methyl 
52.6 for parathion methyl 
0.0093 for chlorphenamidine 

It can be regarded as proven that the phenomenon of negative cross-resistance 
is not restricted to phosphorus-free compounds. The decisive factor is that re
sistance-specific biochemical factors are inhibited. This is also possible within 
the organophosphates. Nevertheless, objective investigations are necessary into 
the physiological activities of the R30-group in the general formula (I), for it 
seems somewhat unlikely 

(1) 
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that all the compounds cited Section 3.2 and 3.3 act only as purely phosphor
ylating agents. As far as the organophosphates are concerned, there are no re
ports in the crop protection literature, in toxicological or biological papers, of 
the additive effects exerted by R30H, after the enzymic hydrolysis or inhibi
tion; in many cases these effects may influence the specific spectrum of activity 
of a compound. 
In practice the reverse is usually true, i.e. insecticide B lowers or stops the re
version of the resistance to insecticide A. Since, from a genetical point of view, 
reversion is the result of selection against the resistant genotype, and in addi
tion of a "dilution" of the population by immigration of susceptible individu
als from untreated populations, KEIDING suggests that for practical crop pro
tection, only those areas should be sprayed where it is absolutely essential. He 
also believes, at least in theory, that it should be possible to expose susceptible 
individuals at a time when the population is at a minimum, for example in 
winter. 
There have been numerous cases of an intensification of certain pest popula
tions after the use of insecticides. There are several possible explanations for 
this phenomenon. ROOT and SKELSEY [870] attribute such outbreaks in part to 
the fact that the insecticides used act selectively against certain types of phyto
phagous insects, disturbing interspecific competition. This was confirmed by 
BARTLETT [74], who studied 59 different insecticides and attributed the abnor
mal increases of both aphids and mites in some cases to the suppression of 
competing pests. In other cases, however, a pest stimulation effect had to be 
postulated. 
LUCKEY [651] named this effect "insect hormoligosis", meaning the stimulating 
effect of a stressor in subtoxic quantities on the growth of organisms existing 
under suboptimal conditions. The principle of hormoligosis is not limited to 
either insects or insecticides; other stressors can be climatic factors, nutritional 
factors, radiation, etc. A further conceivable mechanism is the elimination of 
the natural enemies of pests of which BARTLETT [74] gives numerous examples. 
If the great rapidity with which such upsets occur is taken into consideration, it 
may well be that we are concerned here only with a supporting effect. 
It may also be taken as a certainty that the plant itself can influence the multi
plication of pests. CHABOUSSOU [178] attributed the mass reproduction of suck
ing insects, such as mites, aphids, scales, etc., mainly to physiological and bio
chemical changes in the plant itself under the influence of crop protection 
agents. 
For the dependence of a living organism upon its nutrition CHABOUSSOU sug
gested the term "trophobiosis". Factors which can influence the trophobiosis, 
for example, are the K: Ca ratios in the plant and, associated with this, the con
tent of free amino acids and reducing sugars in the leaf. In the case of insecti
cidal phosphoric acid esters, another possible parameter is the phosphate con
tent of the leaf. CHABOUSSOU also discusses the hypothesis that the resistance 
of many pests might depend upon the influence of trophobiosis. 
It would not seem to be of much importance whether a particular effect is 
solely responsible for a pesticide-induced upset of pests; it is more likely that a 
complex of the above-mentioned mechanisms is usually involved. What would 
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appear to be of importance is the conclusion that the use of very specific sub
stances, both in chemical and in integrated crop protection, is not favourable. 
Furthermore, in the control of pests it is necessary to consider not only the tar
get species but also the competitors and their dependence upon the host plant 
(trophobiosis ). 
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Fig. 27 
Damage to leek caused by free
living nematodes. (Photo : 
B. Homeyer) 

Fig. 28 
Spruce seedlings: top, plant 
damaged by free-living nema
todes; bottom, healthy plant. 
(Photo : B. Homeyer) 

Fig. 29 
Carrots deformed by root-knot 
nematodes. (Photo : B. Homeyer) 

Resistance 

I Damage to Plants 
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II Widespread Pests 

Fig.30 Cotton bollworm (Heliothis zea) in cotton boll (cut open). 
(Photo : v. Eickstedt) 

Fig. 31 Larva of Prodenia eridania on cotton plant. (Photo : v. Eickstedt) 
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II Widespread Pests (continued) 

Fig. 32 Damage due to larvae of Laphygma Jrugiperda feeding on corn 
plants. (Photo : v. Eickstedt) 

Fig. 33 Banana root damaged by nematodes. (Photo : P. Kraemer) 
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II Widespread Pests (continued) 

Fig.34 Larva of apple-blossom weevil (Anthonomus pomorum) in 
destroyed bud. (Photo: H. 1. Roth) 

Fig. 35 Parthenogenesis in aphid (Megoura viciae. Mexiko). 
(Photo : H. J. Roth) 
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II Widespread Pests (continued) 

Fig.36 Cotton-boll weevil (Anthonomus grandis, "picudo"). (Photo : G. MUlier) 

Fig. 37 Rice-stem borer (Chilo supp.). (Photo : Fa. Nitokuno K. K.) 
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II Widespread Pests (continued) 

Fig. 38 Colorado beetle (Leptinotarsa decemlineata). (Photo: H. J. Roth) 

Fig.39 Damage caused by locusts feeding (Morocco) . (Photo: Pit Miiller) 
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II Widespread Pests (continued) 

Fig. 40 Mediterranean fruit fly (Ceratitis capitata). (Photo: H. J. Roth) 
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II Widespread Pests (continued) 

Fig. 41 Sigatoka disease (Mycosphaerel/a musicola) on bananas. 
(Photo: E. Haeske) 

Fig.42 Spider mite. (Photo: Bayer-Pflanzenschutzcompendium) 



Metabolism 

4.5. Metabolism 

Organisms are forced to take up foreign compounds from their environment. 
To protect themselves, they then degrade or modify such foreign compounds 
with the purpose of producing polar, water-soluble derivatives which can then 
be excreted as such or in the form of conjugates. However, not all metabolic 
changes are detoxification reactions. In the oxidation of phosphorothionates to 
phosphates and of thioethers to sulfoxides and sulfones it is the oxidation 
products which are the real inhibitors of acetylcholinesterase (e.g. [127]). The 
degradation thus starts here with an "activation" (see below) and increase in 
toxicity. Relatively few basic chemical reactions are found in biological degra
dations. For organophosphates these include: 

a) Oxidation thiono -+ oxo-form 

b) Reduction 

c) Isomerisation 
d) Hydrolysis 
e) Dealkylation 

f) Degradation at 
the carboxy 
group 

g) Conjugation 

oxidative N-dealkylation 
thioether -+ sulfoxide -+ sulfone 
oxidation of aliphatic substituents 
hydroxylation of an aromatic ring 
nitro -+ amino group 
other reductions 
thiono +:t thiolo form 
enzymatic 
triester -+ diester 
Cal) oxidative O-dealkylation 
(bl) glutathione-S-transferase 

catalysis 
(Cl) hydrolytic cleavage 

"saponification": ester -+ acid 
amide -+ acid 

hydroxy compounds with glucose 
hydroxy compounds with glucuronic acid 
hydroxy compounds with sulfate 

As a rule, insecticides are not degraded by anyone of the above mechanisms 
alone, but rather by several of these reactions occurring simultaneously and 
consecutively. In mammals, degradation occurs mainly in the liver. Owing to 
the high hepatic esterase levels, the toxic oxygen compounds are hydrolyzed 
there (see below). 
SUN [1027] has recognized a quantitative relationship between toxicity (to in
sects) and rates of penetration, activation and detoxification of organophos
phates. By "penetration" he meant the result of physical factors such as per
meation, absorption, partition, elemination, and transportation; "detoxifica
tion" implies chemical and enzymatic factors such as decomposition, metabo
lism and conjugation. "Activation" (oxidation) may be regarded as a special 
type of metabolism and for certain compounds (e.g. thionoesters, aliphatic and 
aromatic thioether groups) it represents an additional mechanism. After appli-

243 



Biochemistry 

cation of an insecticide to insects, all three effects proceed synchronously, but 
at different rates. The relationship of these rates to one another determines the 
apparent toxicity of a substance. The relationship between rate of penetration 
P and rate of detoxification D determines the accumulation of the substance at 
the target - a very important factor for toxic action. For phosphorothionates or 
compounds such as fenlhion or demelon an additional factor to be considered 
is the rate of activation A. 
If one simplifies the mechanism of action to these three stages, and if one as
sumes that their rates are in conformity with first-order kinetics, then it is pos
sible to evaluate penetration, activation and detoxification by integration of 
their relative rates P, A and D between 10 and II or for other time intervals 
(t2' ... , tn). They obey the following equations: 

tl 

Penetration at tl=JPdt (1) 
to 

tl 

Activation at tl=fAdt (2) 
to 

II 

Detoxification at 11 = J Ddt (3) 
10 

Eqs. (1 )-(3) correspond to the hypothetical curves in Fig. 43. Fig. 43 a applies 
to P S or other esters susceptible to activation : P, A and D increase rapidly 
with time and then decrease. The area abe (Eq. (1)) between to and tl corre
sponds to total penetration, the area a b d (Eq. (2)) to activation and the area 
abc (Eq. (3)) to detoxication. The shaded area a c d represents the accumula
tion of the active ester (P=O compound) which also increases with time. 

Time 

0) PS-compounds b) PO-compounds 

Fig. 43. Hypothetical curves for penetration, activation, and detoxication of insecticides (1027) 
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Fig. 43 b shows the penetration Po and detoxification Do of the P-O com
pound or of the activated ester. Between to and t1 penetration corresponds to 
the area a1 b1 d], detoxification to the area a1 b1 C1. The accumulation of active 
substance at the target corresponds to the shaded area a1 C1 d1 which is consid
erably larger than a c d in Fig. 43 a. This explains why the activated compound 
or P=O compound is faster-acting than the thionoesters or inactive transport 
forms. The actual relationships between the three factors may, however, be 
considerably more complex. 
Using the method described by SUN in which he also suggested a graphical de
termination of accumulation at the target, it is possible in a first approach to 
evaluate differences in these three factors with respect to different insects spe
cies, susceptible or resistant strains of the same species, different properties of 
penetration and detoxification in different classes of chemical insecticides or 
their individual representatives. A disadvantage is the difficulty in determining 
zero time. Binding of the substances to proteins or partition into lipids give in
correct values. The advantages are that synergism, knock-down effects, rate of 
toxic action, species specificity or resistance can be better analyzed on a 
mechanistic basis. 
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Fig. 44. Rates of penetration and detoxication of topically applied dimethoate in the house fly 
(1027) 
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For the phosphoric acid esters given, the examples show that parathion, para
oxon and dimethoate penetrate rapidly into house flies. The maximal rate is 
very high and, after topical application, is reached rapidly. Differences in rate 
are determined by the specific properties of the insecticides, by the nature of 
the cuticle strain difference and difference in deposit. Fig. 44 shows that, in the 
case of house flies, dimethoate reaches the maximum rate of penetration in fif
teen minutes (180% h); it is, however, detoxicated slowly. Dimethoate is, there
fore, very rapid in action and is rather toxic. For a lower rate of penetration on 
the other hand, detoxification gains in importance. 

Table 12. Maximum rate of penetration of some insecticides applied topically to several species of 
insects [1027] 

Calculated may rate 
of penetration 

Toxicants Test insect Dose Hours after Rate, 
(ug/insect) application %/h 

paraoxon House fly 0.004 1112 320 
parathion House fly 0.004 1112 290 

3 jlg/g (or 
dimethoate House fly 0.06 jlg/fly) 0.25 180 
dimethoate Large milkweed bug 3 jlg/g 0.25 120 
dimethoate Colorado potato beetle 3 jlg/g 0.25 56 
dimethoate American cockroach 3 jlg/g 0.25 40 

Table 12 (abbrev.) illustrates a comparison of the penetration rates of various 
insecticides for different insects; these data were compiled by SUN from the 
literature (for references see original paper [1027]). 

In the following sections the various metabolic reactions are discussed individ
ually. 

a) Oxidation: 

Thiono- -+ oxo-form 

This type of oxidation is an important metabolic process. Phosphorothionates, 
for example, are converted to phosphates; this process representing an activa
tion rather than a detoxification. The phosphates are the active inhibitors of 
acetylcholinesterase and activation signifies here "precursor" for degradation 
(see also [757]). Among vertebrates oxidation takes place in the liver micro
somes in the presence of NADPH and oxygen [143]; in insects the fatty tissue 
can be regarded as a "liver" in terms of function, because the fat body plays an 
active part in metabolism [543]. 
The reaction scheme for this oxidative activation of thiono esters is as fol
lows: 
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Metabolism 

(1) 

Among thiono esters activation seems to take place mainly with retention of 
configuration at phosphorus [735]. 
Oxidative activation is a reaction which would appear to be generally applica
ble to the thiono esters. NAKATSUGAWA and DAHM [755], for example, were 
able to demonstrate the presence of parathion-activating enzymes in the fat 
body microsomes of Periplaneta americana (American cockroach) which also 
require oxygen and NADPH or NADH for oxidation. Azinphos-methyl is also 
activated oxidatively in the fat body of P. americana. 
KNAAK, STAHMANN and CASIDA [558] assume that the oxygen is activated by 
the peroxidase-hydrogen donor system as a free hydroperoxy radical formed 
by the reaction of molecular oxygen and the hydrogen donor. Free hydro per
oxy or hydroxyl radicals form an activated, rapidly decomposing intermediate 
of parathion by displacing the sulfur or an ethoxy or p-nitrophenyl radical. The 
hydrolysis products identified indicate that, in addition to oxidation, hydro
lysis has also taken place and explain how a free radical causes both oxidation 
and hydrolysis. The P 0 compound is generally more water-soluble and more 
toxic. The sulfur alone is possibly eliminated as inorganic sulfate. 

Oxidative N-Dealkylation 

Alkyl groups bound to nitrogen are removed by oxidative N-dealkylation. The 
un substituted amides are formed from substituted acid amides (e.g. dimethoate, 
dicrotophos, OMPA, monocrotophos) [703]. The modification or removal of N
alkyl substituents can lead to activation, degradation, or loss of toxic proper
ties. The oxidative demethylation of OMPA has been known for a long time 
[294]. 

The intermediates postulated could not be characterised exactly but are never
theless held responsible for the anticholinesterase activity. TSUYUKI, STAH-
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MANN and CASIDA [1068] postulated the N-oxide to be the most efficient cho
linesterase inhibitor. However, according to SPENCER, O'BRIEN and WHITE 

[1005], the methylol derivative was the active form. In both cases, the presence 
of oxygen in the dimethylamido group seems to enhance cholinesterase inhibi
tion. 
The N-demethylation of dicrotophos and monocrotophos in animals and plants 
is a typical example [151]. An N-methyl group is removed via formation of an 
N-hydroxymethyl intermediate and subsequent loss of formaldehyde. In this 
way, dicrotophos may be converted to monocrotophos [153]. Formation of a glu
coside probably occurs at the hydroxy group just introduced, as has been ob
served for dicrotophos in plants. Toxicity studies showed that the N-demethyl
ated products were more toxic than the starting materials. 
The further degradation is shown in the following flow scheme [152]: 

P: metabolism in plants, I: in insects, R: in rats 

Unknown 
metabolites 

Scheme 13. Dicrotophos degradation 

The experiments indicate that the hydroxymethyl compound might be the main 
target for further degradation. 
Monocrotophos may be further demethylated via a second hydroxylation. How
ever, as further degradation reactions occur more rapidly than loss of form
aldehyde, the unsubstituted amide is only formed to a slight extent. 
The oxidation of monocrotophos to the N-hydroxymethyl derivative is less im
portant in cotton plants than in insects and mammals [621]. The main break-
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down pathways are hydrolysis at the enolate bond and at the methyl ester bond 
as summarized in the following scheme: 

Unknown compo 
p --

P: metabolism in plants, I: in insects, R: in the rat 

Scheme 14. Monocrotophos degradation 

After the initial oxidation of monocrotophos, further hydrolysis occurs rapidly 
in rats and insects but slowly in cotton plants, thus explaining the long residual 
action of the product. 
The N-deethylation of phosphamidon follows a similar breakdown path in 
plants and animals. The N-ethyl substituent is hydroxylated at the a-carbon 
and cleaved as acetaldehyde. The presence of NADPH-dependent oxidases is 
considered necessary for this step. 

- ___ NH
2
(40S) 

The hydroxyalkyl intermediates have been isolated. In the degradation of ph os
phamidon in bean plants an additional reaction, hydrolysis, is involved, the ox
idative dealkylation does not proceed beyond the monoalkyl derivative [20]. 
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Smaller fragments --
Scheme 15. Degradation of phosphamidon in beans 

Thioether .... Sulfoxide .... Sulfone 

The oxidation observed with aliphatic and aromatic thioethers is of less signifi
cance than the oxidation of the P S grouping, but nevertheless is also asso
ciated with an increase of anticholinesterase activity. Generally, the formation 
of the sulfoxide is rapid, that of the sulfone slower. 
When phorate is applied as a systemic insecticide to seed treatment of cotton, 
the metabolites formed are shown below: 

-

(I) 

Scheme 16. 

O,O-Diethyl S-ethylsulfonylmethyl phosphorothiolate (I) is the most active 
cholinesterase inhibitor, as reported by BOWMAN and CASIDA [127]. 
The same catabolic pathway is also found for carbophenothion, mercaptophos, 
disulfoton, fenthion, phenamiphos, temephos [613] etc. 
Fenthion is a good example of a parent compound which represents only the 
transport form whereas the sulfoxide is the actual active form (see p. 100). 
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NIESS EN, TIETZ and FREHSE [761] examined the quantitative influence of light, 
plant enzymes and temperature on the breakdown of Jen th ion in beans (Phaseo
Ius vulgaris) and set up the following scheme: 

Scheme 17. Metabolism of fenthion in Phaseolus vulgaris 

As with mercaptophos [709,806], demeton methyl [749], thiometon [511] etc., oxi
dation starts at the thioether group. However, this is mainly due to the expo
sure to light. Oxidation of P=S to P 0 is, in contrast, carried out by plant en
zymes. The thiomethyl isomers (8)-(9) found can only be obtained in vitro by 
thermal isomerisation. 
The breakdown of Jonophos [686] and phosalone (see p. 253) is also worthy of 
mention. These products are first oxidized and hydrolyzed enzymatically. Thio-
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phenol and N-methylmercapto derivatives are formed respectively which are 
methylated enzymatically to thioethers and then oxidized by a mixed function 
oxidase system to sulfoxides and sulfones . 

.. 

t 

-[~l-

Scheme 18. Metabolism of Jonophos 

The methyl phenyl sulfone thus formed then undergoes hydroxylation at C-3 
and C-4 on the ring. The intermediacy of arene-oxides is deduced from the end 
products. 
In the case of phosalone other breakdown pathways are found in plants and 
soil in addition to sulfone formation detected in rats. Cleavage occurs at the 
C-S and P-S bonds to give 6-chloro-1,3-benzoxazolone, formaldehyde and 
diethyl phosphorodithioic acid [714]. The heterocycle is then converted into 2-
amino-7-chloro-3-oxo-3H-phenoxazine as shown below. In plants an N-gluco
side is found. Rats metabolize phosalone to the phenoxazine derivative and the 
sulfone. 
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/ phosalone 

{Jcl 
N-CH2-SH + LOC2Hs {JcNH S A HO " I A II/OC2Hs -p + CH20 + HS-P a :::::,.. 0 0 '-OC2Hs :::::'" ....... oc H CI 0 0 2S 

/ 

rats rats, soil 

Scheme 19. Metabolism of phosalone 

Oxidation of Aliphatic Substituents 

Diazinon provides a suitable example for the oxidation of aliphatic side chains. 
The first step is, of course, oxidation of the thiono sulfur to Diazoxon followed 
by hydroxylation of the side chain as shown below, as has been found in the 
blood, tissue and urine of sheep [493]. Some of the phosphorus-containing hy
droxylated metabolites are still cholinesterase inhibitors. 
After hydrolytic cleavage of the phosphate residue, the pyrimidine ring is bro
ken down to carbon dioxide [227]. Rats do not metabolize the pyrimidine 
moiety to CO2 , but to an additional metabolite, a pyrimidone derivative 
[746]. 
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diazinon 

( 

,II E" /cn, 
,.....p-o N CH 

'CH3 

-

Hydroxylation of an Aromatic Ring 

in plants 

Edifenphos and Kitazin P have illustrated the enzymatic hydroxylation of an 
aromatic ring [1070] in rats, cockroaches and Piricularia oryzae. 

edifenphos 

iC3 H70, r:o iC3 H70, ,r:0 

/p, -0\\ - /p" -Q\\ iC3 H7 0 S-CH2 '1_ 'I iC3 H7 0 S-CH2 'I _ 'I 

®r<.itazin P OH 

b) Reduction 

Nitro groups can be reduced enzymatically by the rumen fluid of cattle [10, 
991]. 
Oxidation of the thiono sulfur and hydrolytic cleavage can also occur. 
NADPH is the co-factor for the reduction. The metabolites circulate in the 
blood and even appear in small quantities in the milk. Any p-aminophenol re-
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leased is excreted as the glucuronide or sulfonate. This reduction occurs with 
all nitro compounds related to parathion. The p-amino derivatives have a much 
lower biological activity than the nitro compounds but are more resistant to hy
drolysis. 

Scheme 20. Parathion metabolism in cattle 

In soil and plants sulfoxides can be reduced to thioethers [335], as has been 
shown for fensulfothion: 

fensulfothion 

c) Isomerization 

The rearrangement of a thiono ester to the thiolo form has been proved in vivo 
for several compounds. According to a report by RALLS and CORTES [852], di
azinon can be rearranged to Isodiazinon [O,S-diethyl 0-(2-isopropyl-6-methyl
pyrimidin-4-yl) phosphorothioate], which itself is a strong cholinesterase in
hibitor, in cereal extracts. The reverse rearrangement of thiolate to thionate has 
been observed with kitazin P and Inezin. The first step in the photodecomposi
tion of kitazin P exposed to UV-light under laboratory conditions is isomeriza
tion [751]. Only then does cleavage of the P-S bond take place. On the other 
hand, thiono-kitazin is rearranged back to kitazin by UV radiation. MURAl and 
lGAWA have therefore proposed the following equilibrium or common interme
diate under UV irradiation: 

thiolo form ~ E + ~ thiono form 
E + = excited state of thiolo or thiono form 
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Metabolism 

This isomerization was not found in the case of edifenphos. It is concluded that 
the presence of the S-benzyl group is essential for isomerization. 

d) Hydrolysis 

Along with the oxidation of phosphorothionates to the corresponding phos
phates, hydrolysis is the most important of all degradation reactions. Enzymes 
which cleave phosphates - called phosphatases, phosphotriesterases, arylester
ases etc. - are widespread in mammalian and insect organisms. In enzymatic 
hydrolysis the "anhydride" bond (see p. 33) is cleaved and the phosphoryl 
group transferred to water (inhibition occurs when the phosphoryl group is 
transferred instead to the serine alcohol of cholinesterase). Both reactions in 
fact compete with one another. Organophosphates do not just inhibit cholin
esterases alone, although this action is responsible for their toxicity. For exam
ple, chymotrypsin is inhibited by DFP. 
Primarily, organophosphates can be cleaved either with loss of the acyl group 
or of the O-alkyl residue (dealkylation, see p. 261) [487]. 

These cleavage products cannot inhibit acetylcholinesterase. Hydrolysis is thus 
a primary detoxification reaction. The primary metabolites can then be hydro
lyzed further. In order to achieve maximum activity it is necessary that the ac
tive ingredient be taken up in a form less susceptible to degradative reactions 
and then transported. Only at the target site should the "transport form" be ac
tivated to the "active form" (see p. 243). As a very rough generalisation it may 
be said that hydrolysis by phosphotriesterases proceeds parallel to alkaline hy
drolysis, i.e. insecticides which are stable towards alkali are also stable towards 
enzymatic hydrolysis. The course of hydrolysis is now illustrated with some ex
amples: 
In the case of cyanophos, cleavage occurs at the O-alkyl and O-aryl bonds in 
animal organisms, the cyano group remaining intact [736]. The following 
breakdown scheme has been suggested: (Scheme 22) 
With thionazin, breakdown in soil starts with the hydrolysis of the ester linkage 
to the heterocycle. The heterocyclic ring is then destroyed by the formation of 
CO2 [368]. 
In the case of phosmet, the oxidation and hydrolysis also includes the cleavage 
of the ring system. Phosmet is easily taken up by the leaves but not transported 
within the plant. The following metabolites must be considered [700]: (Scheme 23) 
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CH30,- ~S 

CH30/P'-°VN 

cyanophos 

.. 

~ conjugation 

Scheme 22. Metabolism of cyanophos 

(XCO 

I )NH 
~ co 

(yCOOH 

~COOH 

o ~COOH 

HO~ 

~COOH 

Scheme 23. Metabolism of phosmet 

In cotton plants, hydrolysis predominates over oxidation. The intermediacy of 
phthalamide acid and/or phthalic acid is deduced from the occurrence of the 
decarboxylation products, p-hydroxybenzoic acid and the formation of CO2 , 
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Phthalimide itself is not found, probably because the hydrolysis proceeds di
rectly to phthalic acid. The non-toxic metabolites, i.e. the aromatic acids, are 
excreted as such or as conjugates, as studies on man and animals have shown. 
In the soil, phosmet decomposes very rapidly due to hydrolysis [701]. If the soil 
is first sterilized to kill the microorganisms, phosmet remains intact longer. 
O,S-Dimethyl phosphorothioic acid, phosphoric acid and two unknown com
pounds have been found in the metabolism of methamidophos in pine seedlings 
[1115]. 

-
methamidophos 

Trichlorfon is unstable in aqueous media, and is catabolized by different path
ways, depending on pH (see Scheme 24) [255]. 

CH3 -O, -70 
: /P"";" 

CH3-,-0 : T~-CCl3 

°tH 

Scheme 24. Reaction of trichlorfon 

ARTHUR and CASIDA [56] were of the opinion that they had discovered the oc
currence of trichloroethanol by hydrolysis under acidic conditions; based on 
the alkylating properties they assumed that dealkylation to demethyl-trichlor
fon also occurred. 
Under weakly basic conditions, i.e. physiological conditions, trichlorfon easily 
rearranges to dichlorvos. This reaction occurs without the participation of an 
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enzyme system. This activating dehydrochlorination of trichlorfon to the more 
toxic dichlorvos also occurs in vivo. Some authors have therefore concluded 
that not trichlorfon but rather its rearrangement product, dichlorvos, is the ac
tive agent [708, 806]. Dichlorvos is in fact more toxic. On the other hand, other 
authors [56] believe that trichlorfon is the cholinesterase inhibitor. The lower 
mammalian toxicity of trichlorfon is said to be due to the hydrolysis of the 
phosphonate by serum esterases. Here the 2,2,2-trichloroethyl-residue is conju
gated to trichloroethyl glucuronide [806] (see p. 268) and eliminated with the 
urine. 
The breakdown of dichlorvos in mammals possibly takes the following path 
[457]: 

> [HO-Cr~CCl'1 

O=CH-CHC12 

HOOC!C~HOCH2-CHC12 
(traces) 

Scheme 25. Metabolism of dichlorvos 

2,2-Dichloroethanol is excreted in the urine as the glucuronide. According to 
CASIDA [170], the C1 fragments are excreted in the form of unknown deriva
tives in the feces and exhaled as CO2 , 

Naled and dichlorvos are readily hydrolyzed by mammalian enzymes, whereby 
metabolites such as dichlorobromoacetaldehyde and dichloroacetaldehyde are 
formed [170]. Studies with rats and cattle have shown that hydrolysis starts at 
the P-0-CH3 group yielding additional metabolites. Furthermore, naled can 
easily react with mercapto groups to reform dichlorvos as shown by the exam
ple of cysteine. 

.. 
-2 Bre 
-RSSR 

naled dichlorvos 
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The metabolism of malathion is summarized in Scheme 26 [660]. 

Hydrolysis 
in Insects 

Alkylations, Oxidation in Insects 

CH3+0 ,/ S,/ 

: ,~p/, CHz-COOCzRs 

: y~ ; I 0 
CH3-t--O '. / S~-CH-C~' 

. , " l( 
: ": ': ,: OCzHs 

Alkaline Cleavage Carboxyl est erases 
hydrolysis: by Alkali in mammals and resistant insects 

A~id 
hydrolysis 

Scheme 26, Metabolism of malathion 

Metabolism 

Malathion is degraded to a variety of hydrolysis products in mammals, the 
major metabolite, however, was shown to be the water-soluble malathion a
monoacid [186]. The enzyme hydrolyzing one of the ethoxycarbonyl groups is 
called "malathionase" (see also p. 266). It is mainly present in the liver [704]. 

malathion a-monoacid 

In the house fly the phosphatase reaction predominates (see arrows) whilst in 
mammals the carboxyesterase ("malathionase") action predominates. This may 
account for the selectivity of malathion [584]. 

e) Dealkylation and Dearylation 

Triester --+ Diester 

The O-dealkylation of triesters to water-soluble and rapidly excretable diester
acids is the third important detoxification mechanism in vivo since the removal 
of an alkyl group from a triester causes a marked drop in anticholinesterase ac
tivity [466]. This plays an important role both for the selectivity and resistance 
in plants and animals. Originally, this cleavage was thought to be exclusively 
an hydrolytic reaction catalyzed by a phosphorus-triesterase enzyme system. It 
is now known that non-hydrolytic processes, namely oxidative and glutathione 
S-alkyltransferase mechanisms, are also involved. Mercaptans other than cys
teine are inactive (e.g. I-cysteine and thioglycolic acid) [341]. The biological 
mechanisms which can cause O-dealkylation are as follows: 
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at) The oxidative process (oxidative O-dealkylation) which only occurs in the 
presence of oxygen and NADPH [294]. The enzyme system has the characteris
tics of microsomal hydroxylases. The intermediate is probably an unstable hy
droxylated compound from which the O-dealkylated derivative and acetalde
hyde finally result, as shown by the reaction of chlor/envinphos. In vitro-experi
ments have confirmed O-deethylation by enzyme extracts of rabbit liver. The 
reaction requires oxygen and NADPH. The end products were O-deethyl chlor
Jenvinphos and acetaldehyde. An unstable intermediate formed by hydroxyla
tion of the a-carbon atom of an ethyl group was postulated but not detected. 

chlorJenvinphos 

bt) A soluble glutathione-dependent alkyltransferase system is necessary for 
the second mechanism. O-Dealkyl derivatives and S-alkylglutathione are the 
corresponding products [130]. Glutathione is the direct methyl group acceptor; 
it is less significant for ethyl and isopropyl derivatives [465] (e.g. methyl para
thion). Glutathione S-transferases [E.C. 2.5.1.18] catalyze two types of reac
tions [745]. 

Alk-O, ~s 
p::?' + GS-Alk 

HO/ 'ox 
Alk-O ~s 

'p::?' + GSH 
Alk-O/ 'ox 

ox = leaving group 
X = Ar, e.g. 

Scheme 27 

Which reaction takes place greatly depends on the structure of the alkyl resi
due and the leaving group but even source and form of the enzyme used play 
an important part. Transferase activity is highest in the liver of mammals and 
in the fat body of insects. Generally, it is found that first one alkyl group is 
cleaved; the second one is cleaved when the acyl bond in the molecule has 
split. 
In the degradation of mevinphos a distinction between cis- and trans-forms 
must be made. Cis-mevinphos is cleaved to cis-demethyl-mevinphos and S-
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methylglutathione by an enzyme system requiring reduced glutathione. Trans
mevinphos is metabolized to dimethyl phosphoric acid, i.e. cleavage occurs at 
the P-O-C=C grouping. The fact that cis-mevinphos is metabolized in a way 
differing from that of trans-mevinphos leads to the conclusion that steric effects 
play a certain role. In cis-mevinphos the methyl groups are relatively unhin
dered whereas in the trans derivative they are screened by a carboxylate group. 
The following scheme illustrates this aspect [739]: 

+ GSH ----

cis-mevinphos glutathione cis-demethyl
mevinphos 

methylglutathione 

When glutathione plays the decisive role in the dealkylation of trichlorfon, then 
the methyl group is transferred to glutathione as has been shown by experi
ments with labelled sulfur. The methyl group is further metabolized to carbon 
dioxide. In an early publication (1965), HASSAN and ZAYED [422] have shown 
in experiments with C4CH3)-trichlorfon that, in addition to C-P hydrolysis, 
cleavage of O-methyl ester bonds (in liver and kidney) is also involved, as de
monstrated by the formation of 14C02 which is supposed to originate from 
stepwise oxidation of 14CH30H [422] (see scheme). They assumed that the 
P-OCH3 bond is hydrolyzed, and indicated to the biosynthesis of labile 
methyl groups. The monodemethylated trichlorfon is said to be found in rat 
brain homogenates. 

/ 
CH30, /1 
CH30/P ....... OH 

20-24% in urine 

trichlorfon 

[Methanol] 

[Formaldehyde] 

biosynthesis of - Formate 
labile methyl groups 

CO2 

(28%) 

- unchanged 
in urine 
(2-4%) 

Scheme 28. Possible metabolic pathways of the methyl groups of trichlorfon 
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In the in vitro-breakdown of azinphos-methyl by mouse liver, methyl group 
transfer to glutathione occurs in addition to hydrolytic and oxidative cleavages 
[744] whereby S-methylglutathione and demethylazinphos-methyl are formed. 
This transfer is blocked by iodomethane, thus proving that glutathione-S-alkyl 
transferase is responsible for this reaction. 

azinphos-methyl 

\ 
microsomes .. 
NADPH,02 

Scheme 29 

microsomes 
NADPH,02 

In recent years, another aspect of the methylating properties of certain methyl 
phosphates has come to the forefront of discussion: the question whether the 
products formed by direct methylation of the nucleotide bases in DNA could 
possibly be the primary step in mutagenic or carcinogenic effects. 
For example, in vitro dichlorvos is capable of methylating, to a very low extent, 
the N atom of the guanine moiety in isolated DNA. This atom is, however, 
only weakly polarizable and the reaction thus proceeds very slowly. In contrast 
to the enzyme-catalyzed reaction with glutathione, mammals possess no en
zyme which could possibly accelerate this reaction (i.e. of the dichlorvos methyl 
group with N-nucleophiles). Since it has not yet been possible to demonstrate 
such a relationship in animal experiments, it is time that the primitive model 
methylating activity .... 7-methylguanine .... mutagenic activity be abandoned 
[1145, 83, 254]. 
According to Scheme 27 p. 262, the leaving group X might also be an aryl resi
due [467]. 
A soluble enzyme, glutathione S-aryl transferase, is present in the liver ofverte
brates, which cleaves aryl groups from phosphoric acid triesters. It is possible 
to distinguish this enzyme from glutathione S-alkyl transferase. SHISHIDO et al. 
[995] showed that heterocyclic groups can also be transferred to glutathione 
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Metabolism 

(reduced) by rat liver and cockroach fat body enzymes, as was shown in the 
case of diazinon. 

CI) Hydrolytic cleavage 

a) of the alkyl-phosphate bond with formation of an O-dealkyl product and an 
alcohol (!) (e.g. paraoxon) [569]. The hydrolysis could possible be mediated by 
a phosphor-triesterase enzyme system. From the little information available it 
seems that this reaction could play a part in the in vivo O-dealkylation of 
paraoxon in certain fly species. The main metabolite was ethanol [765]. 

~) of the S-alkyl phosphorothioate bond. This can either occur at the P-S or 
S-C bond [1102] (e.g. phosmet, methidathion, dioxathion etc.). 

S 
,II 

P-S-CH-/' t I 

o 
,II 

or P-S-CH-/' t I 

The cleavage of the P-S-alkyl bond is not so clear and it depends on the struc
ture of the compound and the nature of the organism involved whether the 
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P-S or the S-C bond is attacked, i.e. either a P-OH or a P-SH product is 
formed. In the case of dioxathion both bonds can be broken [57]. 

dioxathion 

The C-S bond is cleaved inphosalone [714] (see p. 141) andphosrnet [687] (see 
p. 140). 
y) of the N-alkyl phosphate bond [77] (e.g. ernfornate) 

CH30, p:70 -A
CH,HN; '0 W C(CHJ, 

Cl 

eru/ornate 

CH30, ~o 

- /p"-A-
HO ° >=I C(CH3h 

Cl 

f) Degradation at the Carboxy group 

"Saponification": ester --+ acid 

Breakdown at the carboxy group of a pesticide molecule also belongs to the 
hydrolytic metabolic reactions. This "saponification" requires the mediation of 
carboxylesterases or aliesterases. These enzymes are widespread in nature and 
capable of hydrolyzing both aliphatic and aromatic bonds and even glycosidic 
and amide linkages. The highest carboxylesterase activity is found in the liver 
among vertebrates [283]. 
Malathion is metabolized by this reaction to the non-toxic a-monoacid (see 
p.261). 
The metabolism of phenthoate is similar [1037]: 

C-o or P-O oxidative desulfurisation 

cleavag~ / 
' v CHH,':"'O 0' S ester hydrolysis 

3- " :7 ° / 
/p" II 

CH3-Y S-THC-OC2Hs 

/ t C6HS 

p-s cleavage C-S cleavage 

phenthoate 

These various reactions all seem to be involved in the metabolism to about the 
same extent. 

266 



Metabolism 

Amide -+ Acid 

Organophosphorus compounds which contain a carboxyamide group can be 
hydrolyzed by a carboxyamidase. This enzyme must be differentiated from the 
carboxylesterase which attacks malathion, for example. Amidases from mam
malian tissue hydrolyze only phosphorothioates (e.g. dimethoate, formothion). 
Monocrotophos and dicrotophos are not cleaved by amidases from insect or 
mammal tissue but are hydrolyzed by plant enzymes [283J. 
A high carboxyamidase content is an important condition for the low mamma
lian toxicity of dimethoate [151J. In the metabolism of dimethoate a distinction 
between the organisms involved must be made. In sheep liver, the amidase 
reaction predominates and dimethoatic acid is formed, which is a poor cholin
esterase blocker owing to its hydrophilic character. The phosphatase reaction 
predominates in many insects and plants [772J. (One exception is the cotton 
boll weevil where, as in mammals, the degradation starts with the amidase 
reaction.) The following scheme should clarify these points [882J: 

mammals, 

boll weevil 

Dimethoatic acid 

mammals, 
boll weevil 

Scheme 30. Metabolism of dimethoate 

In the case of formothion the amidase reaction also occurs in bean plants; 
equal proportions of dimethoate and dimethoatic acid are formed. Oxidation 
products are, of course, also found (see Scheme 31). Remarkable is the ap-
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pearance of bis [O,O-dimethylthiophosphoryl] disulfide. Only dimethoate and 
dimethoxon are insecticidal. N-Demethylated metabolites are not found. 

/ 
Dimethoatic acid 

disulfide 

Various esters of phosphorothioic acid, 
acetic acid derivatives, phosphoric acids, 
amine derivatives, methanol 

'- , , , , , , 

(- proved, ----- presumed) 

Scheme 31. Metabolism of formothion 

dimethoate 

Dimethoxon 

The initial activity of form oth ion is ascribed to formothion itself whereas the 
long-lasting biological activity is attributed to the dimethoate and Dimethoxon 
formed [883]. 
Generally, it is true for both plants and insects that the phosphatase reaction is 
the more important step in the total hydrolysis. Of all degradation pathways, 
oxidation and hydrolysis are the most important. The reader is reminded at this 
point of the various metabolic pathways of the same compounds in different 
organisms [772]. 

g) Conjugation 

Organophosphorus compounds can be metabolized in various ways. The corre
sponding reactions occur simultaneously or consecutively. Occasionally, a new 
substituent is introduced, e.g. a hydroxy group, which then serves as the site for 
conjugation. The hydroxylated compounds, which can still be toxic, usually 
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react with glucose or glucuronic acid, sometimes with sulfuric acid, amino 
acids etc., and are thus detoxified. Conjugation is an easy reaction leading to 
the formation of hydrophilic, inactive compounds which are excreted by ani
mals or stored by plants. A high-energy state and a suitable enzyme are needed 
for conjugation. Insects and higher plants form glucosides, the glucose being 
transferred from UDP-glucose [267]. Mammals and other vertebrates form glu
curonides, the glucuronic acid originating from UDP (uridine-5'-diphospho)
glucuronic acid. Glucuronic acid reacts with phenols, enols, alcohols, hydroxyl
amines, carboxy, amino, imino, and mercapto groups. The following table il
lustrates the relationship between the conjugating agent and animal or plant 
organism. 

Conjugating Agent 

Glucuronic acid 
Sulfuric acid 
Glucose 
Glutathione 
Phosphoric acid 
Amino acid (glycine) 
Methyl groups 
Acetyl groups 

Fonned in 

vertebrates 
vertebrates 
plants, insects 
animals, plants 
insects 
animals, plants 
animals, plants 
animals, plants 

In mammals the liver and kidneys are the organs responsible for glucuronide 
synthesis. The reaction may be conceived as: 

~COOR 0 0 

OR -LO-~-OCR2 
OR I I 

OR OR OR 

o 

+ ROR 
Glucuronyl.. 
transferase 

Uridine-5' -diphosphoglucuronic acid 

UDP + 
Uridine diphosphate 

~COOROR OR 
RO 

OR 
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This will now be illustrated by a few examples: 
In the metabolism of mephosfolan in cotton plants, oxidation, hydrolysis and 
finally conjugation with glucose take place [1155]. 

Glucosidic 
conjugates 

Scheme 32. Metabolism of mephosfolan 

j 

Thiocyanate ions and the glucosidic conjugates have been identified as metab
olites. 
The following scheme shows the degradation of dichlorvos. chlorfenvinphos and 
parathion [294]: 

-
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This reaction does not take place in insects. Here, as in plants, the most impor
tant detoxification process is the formation of a glucoside. 
Trichlorfon. the hydroxylated derivatives of monocrotophos. dicrotophos. and 
the aromatic thioethers or their sulfoxides or sulfones are conjugated directly 
and excreted as glucosides [294]: 

The metabolic pathway of isoxathion in plants, soil and mammals is a good ex
ample for general conjugation reactions of many pesticides occurring in these 
organisms [267]. 

CHzOH 

~o~Tl n 
H~ "'o~ 

OH 

O-Glucoside 

N-Glucoside 

'COz 

isoxathion 

H-0---r-l r\ 
<"o~ 

soil microbes 

. \)eS 

~ 

~ 

Q 
c=o 
I 
«Hz 
C=O 
I 
NHz 

~ 
= I -_::::mals 
...... " Plant;--Q lJJalJJ 

'COOH 

Scheme 33. Metabolism of isoxathion 

COOH 

~O~0--r-l n 
H6'L-(l "'O~ 

OH 

O-Glucuronide 

H0 3S-0-o-Q 
N f' '0 _ 

Sulfate 

Conjugates 

Sulfate conjugation mainly occurs with phenols, occasionally with aromatic 
amino acids. They energy donor here is 3'-phosphoadenosine-5'-phosphosulfate, 
the necessary enzyme sulfokinase. 
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4.6. Toxic Action 

The mechanism of action of phosphoric acid esters in the mammalian organ
ism has already been discussed (see p. 183 f.). Attention must now be paid to 
the chemical aspects of some special effects of AChE inhibition from a toxico
logical point of view, such as the aging and reactivation of AChE. 
In the first stage the phosphorylated AChE can be regenerated both in vitro and 
in vivo. This reactivatability decreases progressively until an irreversible stage 
of inhibition is reached in which substances such as 2-PAM no longer show a 
reactivating action. This is called the "aging" of AChE [438]. The first measure
ments of the time needed for the transition of an enzyme from the regenerata
ble into the irreversible phosphorylated form were made by WITIER and 
GAINES [1142]. The half-life for the aging of phosphorylated chicken brain 
ChE after poisoning with DDVP or malathion, i.e. for dimethyl phosphoryl 
ChE, is about 2 hours. The rate of the formation of the non-reactivatable form 
in terms of half-life depends upon the alkyl groups of the phosphoryl radical 
and increases in the order diethyl phosphate < diisopropyl phosphate < di
methyl phosphate. 
BRADY and STERNBURG [134] were concerned with the problem of aging and 
recovery in insects (American cockroaches and house flies). They observed in 
vivo only a slow aging rate and also a slow in vivo recovery. This in vivo recov
ery of ChE could be attributed to the synthesis of AChE, for the rate of this 
process was independent of the alkyl substituents R on the inhibited cholin
esterase [134]: 

R, -?-o 
/p, 

R' O-enzyme 

That little or no reactivation of inhibited ChE occurred in vivo, even before sig
nificant aging occurred as was found by BRADY and STERNBURG [134], may be 
explained not only by the synthesis of new ChE, but also by the above-men
tioned reactivation of dealkylated ChE by means of five or six-membered 
rings, as well as by the reactivation of the dehydroalanine group in the aged en
zyme. 
The generally accepted chemical explanation for aging is that, in phosphoryl 
serine, one alkoxy group is hydrolyzed or dealkylated. The resulting diester 
must be hydrolytically inert. Thus, BENSCHOP and KEIJER [91] were able to 
show that the rates of aging of acetylcholinesterase [3.1.1.7] and butyryl cholin
esterase [3.1.1.8] inhibited by a number of cycloalkyl and substituted benzyl 
methylphosphonofluoridates, correlated, with the rates of unimolecular sol
volysis. Their results indicate that the rate-determining step in the aging reac
tion consists of the unimolecular fission of the C-O-bond in the alkoxy 
group. 
In fly brain ChE, O,S-dimethyl phosphoramidothioate (®'famaron) causes 
substantial aging of the inhibited enzyme. The high toxicity of ®Tamaron 
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against flies is attributed to substantial aging of the inhibited enzyme and only 
partial recovery in spite of low cholinesterase-inhibition [845]. ®Tamaron be
longs to the group of organophosphates, the leaving group "acyl" of which is 
mercaptan. Presumably not only the phosphorylating properties of the mole
cule are of importance, but there is an additional action of the mercaptan at the 
target. 
This finding correlates with the preparative behaviour of phosphonic acid 
esters and, to some extent, with that of the phosphoric acid tri- and di-esters. 
However, some questions remain unanswered: 

-CO-NH-CH-CO-

tHz 
I ........ OR o-p 

II ....... OR 
o 

-CO-NH-CH-CO-

tHz 
I ........ OR o-p 

II ....... OH 
o 

Scheme 34. Aging by dealkylation 

If aging is interpreted as hydrolysis (PO or CO cleavage), then the dimethyl 
esters should, according to their greater susceptibility to hydrolysis, be more 
toxic than the diethyl esters. The latter are, in fact, less toxic and if this is ex
plainable in terms of increased degradation on the way to the site of action, 
then a comparison in vitro should show that the irreversible form of the in
hibited AChE appears more rapidly with dimethyl esters than with diethyl 
esters, as indeed the series by WnTER and GAINES indicates, at least for 
chicken brain. 
Attention has already been drawn to the fact that during the depolymerization 
of the ribonucleic acids (see p. 32) the reactivity of phosphoric acid diesters 
increases when, in the course of the hydrolysis, participation of neighbouring 
groups makes possible the formation of five-membered rings. The spontaneous 
hydrolysis of phosphorylated acetylcholinesterase may be explained in a simi
lar manner by the formation of a six-membered ring system. The consequence 
would be that, instead of aging, a reactivation of the inhibited enzyme could be 
expected, for the resulting monoester is unstable: 

-CO-NH-CH-CO
I o CHz 

II I 
HO-P-O 

I 
HO 

Scheme 35. "Six-ring hydrolysis" instead of aging 

The paper of SHALITIN and BERNHARD [992], already mentioned, is of particu
lar interest in connection with the problem of "aging". In their peptide model 
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containing an imide structure they found, in addition to the normal hydrolysis 
of acetylated serine, up to 68 % p-elimination to give the dehydro-alanine de
rivative (I) (Eq. (1)): 

(1) 

In this way they were able to confirm the work of RILEY, TURNBULL and WIL
SON [864], according to which diphenyl phosphoric acid esters of serine deriva
tives undergo rapid p-elimination with the formation of the dehydro-alanine 
compound: 

-CO-NH-CH-CO
I 

-CO-NH-C-CO
II 
CH2 CH2 o·~ 

I /~ 
o-p -0-- + 

11'0 f ~ HO 0 o _ 'p~ 

0 6 '0-0 
Scheme 36. Aging as p-elimination 

These experiments with models of serine enzymes show that p-elimination is 
likely to be involved in the process of aging. This would suggest that there is 
little chance of regenerating aged AChE hydrolytically, for basic catalyzing 
reactivators might provoke p-elimination and hence aging, instead of effecting 
recovery. The subsequent addition of water ot the double bond of the dehydro
alanine derivative is theoretically conceivable, but would have to be 
demonstrated experimentally ("Regrowth" of irreversibly inhibited AChE). 
There now followed the development of a series of substances which were able 
to regenerate phosphorylated AChE at the first reversible stage. In as far as 
these reactivators deserve attention, they show the a-effect referred to on page 
34. The hypothesis that it might be possible to regenerate phosphorylated 
AChE in vivo by hydrolytic reactions, must have given impetus to the investiga
tion of simple oximes such as mono-isonitroso-acetone or diacetylmonoxime 
as reactivators [1134]. The first success in vivo was provided by the 2-pyridine 
aldoxime in quaternary form as the iodide (2-PAM) or methosulfate (P2S): 
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The simple oximes were effective only at concentrations which excluded their 
therapeutic use. The introduction of a positive charge on the molecule pro
duced, among other things, the required adhesion at the site of action. The re
versible inhibitor neostigmine served WILSON [1135] as model. 

Neostigmine 

«1+ 

-p( OH 
II I 

~N l.,~)lCH~ 
I 
CH3 

2-PAM 

A great disadvantge of 2-PAM is that it does not penetrate the blood-brain bar
rier and is unsuitable to reactivate the inhibited AChE of the central nervous 
system. 
Further study led to TMB-4 which was too toxic for therapeutic use [290]. LOT
TRINGHAUS and HAGEDORN [652] then developed the compound BH 6 (LiiH 6, 
Toxogonin) [Oxy-bis-( 4-hydroximino-methyl-l-methyl pyridinium) dichloride], 
in which the central methylene group of TMB-4 was replaced by an oxygen 
atom. ERDMANN, ENGELHARD and CLARMANN [289, 290] described this com
pound as less toxic than TMB-4, more active therapeutically than 2-PAM and 
more reactive than TMB-4. Toxogonin also has the advantage of being more 
active in the central nervous system [288]. 

TMB-4 LtiH 6, Toxogonin 

With compounds possessing two pyridine rings, it is evident that some impor
tance can be attached to the bridge between the two rings. 
In a paper by ENGELHARD, PRCHAL and NENNER [286] reviewing acetylcholin
esterases, the mode of action of the reactivators is related to the enzymatic hy
drolysis of acetylcholine in the enzyme-inhibitor complex. In the following ki
netic scheme the Michaelis constant Km is equated formally with the reactiva
tion constant Kr : 

kl k2 
EI+R ""\=~\ EIR ~ E+IR 

k_1 

K = [EI]·[R] = k_1 +k2 
r [EIR] LI 

(2) 

(3) 
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where E represents the enzyme AChE, I the inhibitor (phosphoryl radical) and 
R the activator (e.g. Toxogonin). 
The first step is the formation of an enzyme-inhibitor-reactivator complex 
(EIR) which decomposes to the free enzyme (E) and reaction products 
(IR). 
The larger the value of Kr for a reactivator with a given blocking group, the 
poorer is the formation of the complex (EIR). The smaller Kr is for a reactiva
tor, the more easily can it be regarded as a weak reversible inhibitor, which 
competes with cations for the anionic site in the enzyme. 
Reactivation as the basic displacement of the phosphoryl radical on the alco
holic group of serine appears at first plausible, but the idea is contradictory for 
the first step in detoxication must lead to an oxime phosphate which has a re
acylating action [599, 600]. In so far as it is stable enough to immediate hydro
lysis, the phosphorylated reactivator (IR) may under some circumstances be a 
more potent inhibitor than the inhibitor (I) itself. In such cases the toxicity is 
potentiated by the reactivator, as is found, for example, for the action of di
methoate on plasma ChE [292] and for mixtures of Sarin and 2-PAM or 
TMB-4 [600]. 

-CO-NH-CH-CO- ~ 
I 

CHz 0 
I -?' 

'lJrg~ 

~CH=N-09 
I 
CH3 

-CO-NH-CH-CO
I 

CHz 
I 

0 9 

W \~/OR 
N CH=N-<pP 
I 'OR 

CH3 

Scheme 37. Reactivation and re-acylation by PAM 

Furthermore, the question remains: why is the ester bond to serine preferen
tially hydrolyzed? First, the bonding polarities of all three ester groups are not 
so very different that the preferential hydrolysis of a particular ester bond can 
be postulated. Second, the alkoxy groups are more readily accessible sterically 
than the serine ester bond. Third, for each seryloxy group there are two alkoxy 
groups which, taking into consideration all three factors, must present a con
siderable competition for the seryloxy group. 
The success of this competition would involve the formation of a dealkyl ester 
at the site of action, which, according to accepted ideas, means the aging of the 
enzyme. Dimethyl esters ought to be more difficult to reactivate than diethyl 
esters. The only support in favour of the hydrolytic reactivation of phosphor
ylated cholinesterases by oximes with the formation of the dealkyl ester is the 
hypothesis of the six-ring mechanism discussed on page 273, which is in con
flict with the concept which is at present accepted of aging via dealkylation. 
There are, in addition, supporting mechanisms conceivable by which anions of 
such oximes bring about the basic hydrolysis of a phosphoric acid ester before 
it reaches the target. Indications for this are to be found in a paper by KOHN, 
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FISCHER and LOHS [591]. If 2-PAM is reacted with readily alkylating organo
phosphates without catalysts by heating in acetone or alcohol, then one does 
not obtain, as would be expected, the phosphorylated oxime, but a salt of N
methyl pyridinium cation and the de alkyl ester. As esters, trichlorfon. DDVP, 
and parathion-methyl were used. The oxime structure itself remains intact. With 
potassium iodide itself, methyl iodide also results [963]. 

G) 
N CH=NOH 
I 

CHsO, /JO 
+ P.r 

CHsc( 'CH-CCla 
I 

OH 
trichloifon 

CHaO, .lJO 
+ P~ 

CHaO/ 'O-CH=CClz 
DDVP 

parathion-methyl 

CHa Ie 

-
CH

3!. [w ] N CH=NOH 
I 
CHa 

- [~CH=NOH] 
CHa 

----+ [~CH=NOH] 
CHa 

Scheme 38. Dealkylation by 2·PAM 

] 

The toxicity was measured as the LDso in mg/kg for mice (intraperitoneally). 
For the dealkyl salts it is reduced, while for the pyridinium ion the toxicity is 
maintained. Trichlorfon is an exception which can be explained by the fact that 
the pyridinium ion is more toxic than trichlorfon itself. (In vivo the DDVP de
rivative is perhaps produced from dealkyl trichlorfon.) In the case of parathion
methyl the detoxifying effect is further enhanced by rearrangement to the 
methyl thiol compound. 
Whether such mechanisms are possible in vivo and are associated with the io
dide ion of 2-PAM, or whether other ions are also suitable, remains to be inves
tigated. If the iodide ion is a deciding factor, then other salts, e.g. ammonium 
iodide substituted with long chain alkyl groups, should have detoxifying prop
erties. Even though the dealkylation of toxic organophosphates is certainly not 
the main reaction of the oximes, it is, nevertheless, in principle possible. With-
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out further intensive in vitro tests and model experiments it is difficult to de
cide thus point (cf. [291]). 
Because there are certain difficulties in interpreting the reactivation of phos
phorylated AChE as an aldoxime-catalyzed hydrolysis, particular considera
tion should be given to a paper by HAGEDORN, GUNDEL and SCHOENE 
[402]. 
It is known that aldoximes can be converted to nitriles by reaction with diethyl 
phosphorochloridate in pyridine or also thermically in a suitable solvent [750]. 
HAGEDORN discussed the decomposition of the inhibitor-reactivator complex 
(IR) as the rate-determining step of the reaction. Here also the primary step 
would be the acceptance of the phosphoryl radical from the inhibited enzyme 
by the pyridine aldoximes which, under physiological conditions, are partially 
transformed into resonance-stabilized betaines: 

&CH=NOH 
N 
I 
CH3 
Ie 

-HI -

As secondary step, however, a p-cis-elimination to nitrile and diester acid is 
proposed. 
The total reactivation might then be described by the following Scheme 39. 
These mechanisms, in which reactivation is seen as a function of nitrile forma
tion, are supported by the following findings: 

1) Ketoximes, which after phosphorylation undergo only a pH- and 
time-dependent hydrolytic cleavage and do not form a nitrile, are 
virtually inactive as reactivators. 

2) If UV spectra are taken of Toxogonin or TMB-4 and excess triethyl 
phosphate in buffer solution (pH 7.4-7.8), after a few hours curves 
are obtained which are identical with those of the corresponding 
authentic bis-(4-cyanopyridinium) salts. 

3) As NENNER [758] found in an investigation into the kinetics of 
phosphorylation and reactivation of acetylcholinesterase, the pKr 
values of the more active reactivators are lower than the pK value 
of 4-PAM (pyridine-4-aldoxime-N-methyl iodide): 

Compound pKrvalues (37°C; 0.1 m KCI) 
4-PAM 8.30 (8.34) 
LiiH 40 (8.12) 
TMB-4 7.85 (7.78) 
2-PAM 7.79 (7.68) 
Toxogonin 7.50 (7.54) (Data in brackets 

according to STARK, see p. 279) 

4-PAM no longer exhibits a nitrile spectrum, it is without reactivating action. 
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Scheme 39. Reactivation as fJ-elimination 

Toxic Action 

LiiH 40 [pyridinium-( 4-aldoxime N-methoxymethyl) chloride], on the other 
hand, is transformed into the nitrile under the same conditions. 
In summary, it may be concluded that, although the effect of electron with
drawal on the pyridine system is to increase the acidity of the oxime group in 
the 4-( even more in the 2-) position, this increase in acidity is of little conse
quence. What might, however, be decisive for the reactivating action could be 
that the same electron withdrawal on the pyridinium system causes acidifica
tion, i.e. loosening, of the aldehyde hydrogen, thus favouring a synchronous, 
cyclic elimination mechanism. This concept, if followed up, would provide a 
mechanistic parallel to p-elimination as aging. The role of pyridine aldoxime 
would consist in transferring the aging of the inhibited AChE to an "aging" of 
the oxime phosphate. Just as a dehydroalanine derivative results from the 
phosphorylated AChE by an irreversible step, so would the inhibitor-reactiva
tor complex decompose irreversibly into cyanide and acid phosphate. 
The hypotheses were clearly confirmed experimentally by Stark*. Using a po
tentiometric method, STARK redetermined the acidities of numerous AChE-ox
ime reactivators or was able to correct them. It was found that the reactivating 
action of the oximes of various pyridinium-aldehydes falls within a very nar
row pH range. If, for example, the pK values of the 4,4'-oxime ofbis-pyridinium
aldehyde lie outside the range 7.78-8.10, then the reactivating activity rapidly 
diminishes. In the case of the 4-mono-oximes there is a range of only 0.05 units 
betweenpK 7.83 and 7.78. The reason for this at pK values below 7.6 is that the 
oxime anion is no longer able to attack the phosphoric acid triester nucleophil-

* I. Stark, Reactivity of phosphorylated acetylcholinesterase with quaternary pyridine aldoximes: 
Determination of a relationship between oxime acidity and capacity of reactivation. Thesis, Frei
burg 1971. 
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ically, i.e. the oxime is unable to accept a phosphoryl radical as was shown as 
the primary step in Scheme 39. At higher pK values the acidity of the methine 
protons (i.e. of the original aldehyde hydrogen atom) is too low to permit ni
trile formation (second step in Scheme 39). The very small pK range in which 
reactivating activity can be expected, may therefore be explained by the inter
action of two parameters each inversely proportional to the other: 

1) adequate nucleophilicity of the oxime anion for the primary step. 
2) adequate methine acidity for the secondary step according to the 

Scheme 39. 

As will be seen from Fig. 17 on page 184, both the myoneural junction of the 
motor system and the ganglia of the sympathetic system of the cholinergic sys
tem are stimulated by nicotine, whereas the end-plates of the parasympathetic 
system are stimulated by muscarine. 

o-Y 
N CH3 

Nicotine 

H3C Ibii\ ~CH2 Gl /CH3 
H-""o/-'H 'N-CH3 

'CH3 

L( + )-Muscarine 

Accordingly, in cases of poisoning by organophosphates (more correctly: by 
the endogenous acetylcholine toxification evoked by the organophosphates) 
various effects are to be observed [554]: 

1) Muscarine-like effects: 
Sweating, tears and salivary secretion, often miosis (constriction of 
the pupils), malaise, vomiting, diarrhoea, increased secretion in 
the respiratory tract, bronchospasm and an asthma-like condition, 
cyanosis and oxygen deficiency. 

2) Nicotine-like effects: 
Tremor, restlessness, muscle cramp and weakness, facial fibrillary 
twitching to epileptiform tonic-clonic convulsions. 

3) Effects on the central nervous system: 
Loss of sensitivity to light and spatial orientation, insensitivity to 
pain, absence of reflexes, loss of muscle tone and unconsciousness. 
The heart and circulation respond with bradycardia changing to 
tachycardia, with hypotension followed by a rise in blood pressure 
and collapse. 

At very high doses, death results from paralysis of the striated respiratory mus
cles, from paralysis of the respiratory center, cardiac arrest or pulmonary ede
ma. Clinical manifestations of poisoning are generally observable when the 
ChE activity in the blood has fallen to below 30% (70-75% inhibition). The 
first acute symptoms may appear after only a few minutes (after inhalation), 
after 30-60 min (oral) or not until after several hours (cutaneous absorption). 
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These periods are, however, very much dependent upon the structure of the or
ganophosphate, upon the amount and the type of formulation and upon sec
ondary factors such as stomach contents, etc. 
The syndrome indicates the type of therapy, since the antagonists at the appro
priate myoneural junctions and ganglia are known: 
The antagonist for nicotine in the motor system is curare (in the pure form d
tubocurarine), antagonists for nor-adrenaline at the sympathetic endplates are 
the sympathicolytic agents such as 2-halogen-ethylamine; finally, the antago
nist for muscarine is atropine, the active principle of deadly nightshade (Atropa 
belladonna). 

Acetylcholine 

Atropine attacks the receptor and has proved the most effective agent for the 
treatment of organophosphate poisoning. It also passes the blood-brain barrier 
into the central nervous system. The structural similarity to the natural agonist 
acetylcholine is very apparent. Strictly speaking, atropine is not a direct antag
onist of organophosphorus compounds but rather a competitive reversible in
hibitor of acetylcholine at the receptor sites. For practical application, atropine 
possesses a very welcome property, to which its therapeutic superiority over 
other antagonists is partly attributable, i.e. its action on the diameter of the pu
pils by which its dosage may readily be controlled. By intravenous or intramus
cular injections of atropine sulfate, it is possible to "titrate" toxic esters in the 
organism. Should constriction of the pupils and flow of saliva re-occur, then 
atropinization is continued (24-48 h) until the organophosphate liberated by 
desorption processes no longer results in renewed bouts of toxicity. 
COLEMAN, PATTON and BANNARD [222] reported very promising properties in 
the treatment of organophosphorus poisoning for Parpanit (Geigy 2747, Cara
miphen, Pentaphen), a cholinolytic drug, used to treat Parkinson's 
syndrome. Parpanit is the hydrochloride of the diethyl amino-ethyl ester of 
I-phenylcyclopentane carboxylic acid (II). 

n(;; UL /C2 Hs 
COOCH 2 CH2 N" . HCI 

c2 Hs 

Parpanit (II) 

281 



Biochemistry 

The practical directions for the first-aid treatment of organophosphate poison
ing are as follows [554]: 

1) Call a doctor immediately. 
2) Remove mask and protective clothing. 
3) Wash the body with soap and water and not with alcohol. 
4) Ensure fresh air and keep the patient warm. 
5) Administer an aqueous slurry of medicinal charcoal. 

On no account give milk or alcohol, for both are ideal vehicles for promoting 
absorption and toxication by organophosphates. Any further treatment must 
be given by the doctor. This begins with the intravenous administration of 2 mg 
atropine sulfate, in cases of severe poisoning 3-5 mg may be given as an initial 
dose. If there is respiratory distress, oxygen should be administered before 
treatment with atropine. A further 2 mg atropine is injected every 10-15 min 
until there is a definite improvement. 
Atropine treatment must be given in all cases; in addition a reactivator such as 
2-PAM (500-1000 mg) or toxogonin (250 mg) may be given by slow intrave
nous injection; the reactivator must be discontinued unless a definite response 
is seen after the first injection. 

4.7. Neurotoxic Action 

In 1930 during the prohibition era in America about 15,000 persons suffered 
severe paralysis of the legs but less of the arms, 10-14 days after drinking il
licitly manufactured "Jamaica Rum". The motor nerves of the brain stem were 
seldom involved. One of the ingredients of this rum was Jamaica ginger. 
SMITH, ELvovE and FRAZIER [1004] found the toxic factor to be tri-o-cresyl 
phosphate (TOCP), which was added to falsify the viscosity and colour. Hence 
such cases became known as "ginger-paralysis". Industrially TOCP was much 
used as a plasticizer and as a lubricant by the motor oil industry. A second case 
of mass poisoning arose from the latter one. In 1959 in Morocco about 10,000 
persons suffered severe paralysis, attributed at first to a virus infection. The 
real cause was, however, soon discovered to be salad oil to which some dealers 
had added American motor oil containing TOCP [1003]. 
These incidents stimulated an intensive investigation of the mechanism of the, 
neurotoxic action of TOCP and other organophosphates (e.g. [71]). Tests were 
carried out in the hen, which is particularly sensitive to neurotoxic compounds. 
The emphasis was first placed on the neurophysiological and neuro
pathological aspects [376, 377]. 
The biochemical mechanism has not yet been clarified. 
Recently JOHNSON [506] was able to show that neurotoxic organophosphates 
are covalently bound in vivo to a protein in the brain and spinal cord of hens. 
In vitro the reactivity of this target to DFP in brain tissue that was dosed with 
non-neurotoxic esters is of the same order as in normal brain tissue; the spe
cific binding activity on the other hand is very small when the brain tissue of 
hens has been pretreated with neurotoxic esters. This indicates that inhibition 
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of brain cholinesterases is not the only factor involved in the neurotoxic action 
of these compounds. 
ALDRIDGE and BARNES [13] discussed the existing findings and theories. It 
would appear to be fairly certain that the primary attack of a neurotoxic orga
nophosphate takes place at the distal end of an axon, in the spinal column at 
the upper end of the ascending long tracts and at the lower end of the descend
ing tracts. The damage to the myelin sheath and to the Swann cells is a second
ary occurrence ("dying back"). The primary damage to certain neurons does 
not immediately lead to destruction of the neuron but it is no longer able to 
maintain the distal end of the neuron completely functional. It is only then that 
its function is lost and structural damage ensues. The primary action of the 
neurotoxic substance is, therefore, to produce deficiencies in the neuron, the 
symptoms of which resemble many avitaminoses, although doses of thiamine 
or other vitamins are neither preventive nor do they effect a cure. A successful 
hypothesis must take into consideration the fact that the ataxia does not appear 
until 10-14 days after the poisoning, although the blocking of the cholinester
ases may already be alleviated. Neurotoxic substances are usually not stable in 
the organism for such a long time. Furthermore, according to WITIER and 
GAINES [1141], the paralytic syndromes caused by DFP, TOCP, etc., when 
compared with those of DDVP and trichlorfon as non-neurotoxic substances, 
are in no way correlated with the inhibitory action on the brain or plasma 
cholinesterases. 
Although very little is known about the mechanism of the neurotoxic action, it 
is possible to form a rough picture of the inhibition reaction. 

1) GLEES [375] found that a degree of antidotal action was provided by corti
sone acetate after small doses of TOCP, an indication that, for neurotoxic 
substances, this ester acts as a competitive inhibitor on some esterases. It is 
possible, that, with cortisone acetate, the optimum activity corresponding to 
the optimum structure has not yet been reached; perhaps immunochemical 
processes are involved. 

2) POULSEN and ALDRIDGE [833] selected SM-1 as model and argued that the 
natural substrates of neuron esterases must be both aliphatic compounds 
and structural analogues of SM-1. They synthesized the phenol esters of 0)

phenyl carboxylic acid and found two esterases which were able to degrade 
the acetic acid derivative (PPA) and the propionic acid derivative (PPP) at 
the same rate that acetylcholine is inactivated by acetylcholinesterase. Both 
esterases are strongly inhibited by DFP and SM-1. PPA and PPP may well 
indicate that the corresponding enzymes do not possess an anionic site: 

"SM 1" "PPA" 
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3) The special properties of the phosphorofluoridates are note-worthy: they are 
specific inhibitors of esteratic sites, possess special penetration and distribu
tion properties and are very favourable sterically (molar phosphorylating 
potential). The neurotoxic properties of the phosphorofluoridates also sug
gest that esterase inhibition is involved. It is understandable that the size of 
the alkyl radical up to Cs and cyclohexyl should be of limited influence (see 
Table 14), for the space for the alkoxy groups has an upper limit: it is deter
mined by the bulkiness of the phenyl groups in the molecules of SM-1 or 
PPA and PPP. Phosphorofluoridates up to a certain molecular size might, 
therefore, slip into the target unhampered sterically. 

Table 13. Structure and neurotoxic action according to ALDRIDGE and BARNES [13] 

neurotoxic non-neurotoxic Lit. 

[11] 

[11] 

[12] 

[12] 

[l2] 

[70] 

i C3HrO, ~ ~ /OC3H7i 
p-o-p 

i C3H76 'OC3H7i 
[250] 

These results all indicate that certain esterases are blocked directly in the neu
ron; they are those that play an important role in the metabolism of the neuron 
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and are protected by a lipophilic barrier which, like a sieve, separates the neu
rotoxic from the non-neurotoxic compounds. Subsequent biochemical damage 
is then of a secondary nature. It is a consequence of lethal interruptions of the 
metabolism of the nerve which leads to death of the axon from the distal end to 
the neuron. CAVANAGH [177J described this process as "dying back" which 
would also explain the demyelinization. Inhibition of the neuroesterases pro
ceeds rapidly, but the subsequent physiological reactions like dying back are 
time-dependent. Reactivators must, therefore, as in the case of AChE inhibi
tion, be administered very soon after poisoning; should suitable compounds be 
found they would be given prophylactically. 
Table 15 reveals that it is possible to distinguish between two larger groups of 
neurotoxic organophosphates. The phenol esters present an irregular picture 
and it is difficult to find a common denominator that will give a clue to the 
structural conditions required for neurotoxic action. Recognition of the fact 
that TOCP, for example, does not exert a direct neurotoxic action but acts 
rather by way of the metabolite SM-l, as was suspected by ALDRIDGE and 
structurally clarified by ETO, CASIDA and ETO [295J, shows that in a discussion 
on structure and neurotoxic action, considerable attention must be paid to le
thal syntheses. As has already been mentioned, only a few reaction types are 
possible here, but these can in each case give rise to a large number of metabo
lites. 

Very recently, Ero, ABE and TAKAHARA published important papers*' ** on the metabolism of tri-p
ethyl phenyl phosphate (TPEP, Formula I in Scheme 40) and the neurotoxicity of its metabolites. 
The lethal synthesis is, as with TOCP, an hydroxylation of the alkyl side-chain mainly to O,O-bis-( 4-
ethyl phenyl) 0-(4-a-hydroxyethyl phenyl) phosphate (II) and the analogous bis- and tri-hydroxy 
derivatives (II, IV). By the action of a soluble dehydrogenase these compounds are transformed to 
the corresponding a-oxo-phenylphosphates (V-VIII), all of them damaging the sciatic nerve and 
causing ataxia in hens. 
On the basis of these results it is possible to explain the opposing properties of the alkylphenyl 
phosphates in Table 15: 
o-Methylphenyl phosphates are transformed to cyclic Saligenin phosphates which are neurotoxic, 
the p-methylphenyl phosphates being oxidized to phosphates of p-hydroxybenzaldehyde, the reac
tivity of which may be high enough for detoxification by secondary reactions. 
The o-ethylphenyl phosphate is unable to form cyclic Saligenin phosphate types after hydroxyla
tion, the p-ethylphenyl phosphates being further dehydrogenated to the rather stable and neurotoxi
cally active phosphates of p-hydroxyacetophenone. 
m-Alkylphenyl phosphates do react to similar hydroxy- or oxo-metabolites but are not neurotoxic. 
In this case, the same reaction - hydroxylation followed by dehydrogenation - does not relate to 
neurotoxic activation, but to a normal degradation. 

Nevertheless, in general the metabolism of neurotoxic substances and their 
chemical reactions at the site of action are little understood, even though 
ALDRIDGE and BARNES [12J were able to forecast the neurotoxic action of cer
tain compounds of type (IX, X) on the basis of their structural relation to 
PPA and PPP. Furthermore, it is notable that a neurotoxic action was found 
among chloroethyl esters [12J. 

* Ero, M., ABE, M., TAKAHARA, H.: Agr. BioI. Chern. (Tokyo) 35, No.6, 929 (1971). 
** Ero, M., ABE, M.: Biochem. Pharmacal. 20,967 (1971). 
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(IX) (X) 

In the second group, which includes the phosphorofluoridates (see Table 14) 
and the phosphonofluoridates (see Table 15), neurotoxic compounds are rela
tively numerous. Dimethyl phosphorofluoridate is somewhat of an exception 
for relatively high doses are required. This is fairly simply explained by in
creased degradation on the way to the site of action [249]. 

Table 14. Neurotoxicity of 
R'O",- ~O 

P 
compounds of the type R20/ ""-F in the hen [13] 

R' R2 Minimum dose for ataxia 
(mg/kg) 

CH3 CH3 30 
C2HS C2HS 0.75 
C3 H7 C3H7 0.25 
i-C3H7 i-C3H7 0.3 
C4 H9 C4 H9 0.5 
i-C4 H9 i-C4 H9 1.5 
s-C4 H9 s-C4 H9 1.5 
CsHlI CsHlI 2.5 

C3H7"-CH 
CH;" 

C3H7"-CH 
CH3---

2.5 

Cyclohexyl Cyclohexyl 2.5 
C2HS C2H7 1.0 

R'O" ~O 
Table 15. Neurotoxicity of P 
compounds of the type R2(O)/ "'-F in the hen [13] 

R' R2 Minimum dose for ataxia 
(mg/kg) 

i-C3H7 CH3 1.0 
i-C3H7 C2HS 1.0 
CH3 i-C3 H7 5.0 
C2HS CH3 2.9 
i-C4 H9 C2HS 2.9 

At least one alkoxy group on the phosphorus atom would appear to be a prere
quisite for neurotoxic action, the general conditions for which are given by 
structure (XI): 
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(XI) 

R' Alkyl 
R 2 Alkyl, alkoxy and alkyl amino groups 
A An oxygen or nitrogen atom 
B An oxygen or sulfur atom 

The fact that a fluorine atom is a common feature of many neurotoxic phos
phoric acid esters, led to a correlation of this property with the fluoride ion lib
erated by hydrolysis and inhibition. Phosphorofluoridates are first and fore
most normal acid halides having the advantage of being hydrolytically more 
stable in certain pH ranges and in addition being more lipophilic than the chlo
rides or bromides. For these reasons they possess superior penetration and par
tition properties. A further advantage is the small size of the fluorine atom, 
whereby steric limitations in reactions at the target are of less importance than, 
for example, with the large phenolic or heterocyclic radicals which also obey 
the Schrader rule. All these properties enhance both accumulation at the site of 
action and penetration into the central nervous system. Phosphorofluoridates 
possess a group in the molecule which would be suitable for interaction with 
the anionic site of AChE. They should, -therefore, be regarded as ideal acylat
ing inhibitors, i.e. as selective inhibitors of esteratic sites in the enzyme. The 
possible number of enzymes which can be inhibited is therefore greater than 
with the structurally specialized triesters. Thus, all serine enzymes are inhibited 
and also the "neuron esterases", so far of unknown structure. Above all, the 
fluoridates are suitable for the inhibition of acylcholine acylhydrolase [3.1.1.8]. 
The increase in activity resulting from a transition from phosphoro to phos
phonofluoridates is in agreement with the rules for hydrolysis and phospho
rylation. When, as in the case of the O-alkyl esters of alkylphosphonic acid 
the alkoxy group is branched, the hydrolytic side reactions on the alkoxy group 
are suppressed and the true phosphorylating reaction "enforced" leading to an 
increase in activity. With regard to the toxicity of fluoride ions, there is an in
formative paper by HEILBRONN-WIKSTR6M [439] according to which fluoride 
ions exert a reactivating action on phosphorylated cholinesterases. The rate of 
reactivation is proportional to the fluoride ion concentration, it is also pH-de
pendent and greater in slightly acid medium than in a basic medium where 
oxime reactivation is optimal. We have, therefore, the following reactivation 
scheme: 

RO, ~o 
P ED 

RO""'" 'E-H 

o 
II -EH 

F·····P······E-H -----+ 
Rcr 'OR 

Scheme 41. Reactivation by fluoride ion [439) 

+H,O , 

In itself, this effect is not surprising, for the fluoride ion is the strongest basic 
ion in the periodic system; it has a higher charge density than the hydroxyl ion. 
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The fluoride ion is able, therefore, to displace the hydroxyl ion on the central 
phosphorus atom, even in aqueous solution where it is not so much the nucleo
philicity but rather the basicity of the entering group that is important. Further
more, one is reminded that hydrogen fluoride, like the water molecule, is able 
to form very stable associates. This might mean that fluoride ions, by forming 
dipoles in the organism, interfere with hydrogen bridges. These considerations 
are supported by the fact that fluoride ions are weak reversible inhibitors of 
cholinesterase and serve as fairly effective antidotes for compounds such as 
Sarin or Tabun. (It would be interesting to learn how in this respect long 
chained substituted ammonium fluorides behave and whether there is a corre
lation with the analogously constructed iodides.) Hence it would seem reasona
bly certain that the toxicity of the fluoride ions themselves must depend on an 
attack on other stages of the metabolism. 
A distinction must be made between this role of fluorine and that in com
pounds such as fluoroacetic acid. In this case the metabolism which normally 
begins with oxidation or hydroxylation is hindered, i.e. the toxicity depends 
upon the opposite behaviour of fluorine, its "non-cleavability". 
A third group of neurotoxic substances fits less well into this scheme. These are 
some phosphorotrithioites and -trithioates: 

The spectrum of activity of this class of substance is, in general, shifted from 
insecticidal towards herbicidal-fungicidal activity. As with other neurotoxic 
compounds, synergistic action is found with malathion [169, 1141]. On hydroly
sis, mercaptan is evolved. Although the di- and tri-thiol esters may be regarded 
as acylating agents, a special action of the mercaptan released solvolytically on 
enzyme inhibition is to be anticipated. Little is known in this field and further 
experiments, particularly with respect to the practical application of these sub
stances in crop protection, is required. Even if ALDRIDGE and BARNES [13] 
consider the neurotoxic action of a substance to be of only academic interest, it 
is, nevertheless, of great practical significance. A pesticide with neurotoxic 
properties is unacceptable. When such properties are observed in the toxico
logical investigations, the substance is no longer followed up, even if it has ex
ceptional insecticidal properties. 
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5.1. Trade Names and Common Names 

The nomenclature of the compounds used in practice or mentioned in the liter
ature is complex and difficult to survey. Different firms use different trade 
names for the same product; one firm may use separate trade names for the 
same active substance for different uses. These trade names are protected by 
law and cannot be freely used in the literature without an indication that they 
are trade names, for example, the raised ®. 
For this reason "common names" had been evolved which are freely usable, 
unprotected trivial names serving as abbreviations for the scientific name. 
These names are proposed by national institutes such as the American 
National Standards Institute, the Interdepartmental Committee of Pest Control 
(USA), the British Standards Institution (BSI), the Canadian Standards Asso
ciation, as well as by international institutes, such as the International Organi
zation for Standardization in Geneva (ISO). The common names appear in the 
publications of these institutes and of state authorities, for example, in the 
Crop Protection Indices of the Federal Biological Research Centre for Agricul
ture and Forestry in Brunswick, or in technical literature such as the World Re
view of Pest Control [50], Journal of Economic Entomology, Pesticidal Science, 
and the Bulletin of the Entomological Society of America. 
There are also code designations, often originating from the development 
period of a compound and indicating that it is a trial product. 

Example: L 13/59 (internal Company code) 
= Bayer 15922 (internal Company code) 
= Bayer 4824 (internal Company code) 
= ®Dipterex (for agriculture use) 
= ®Dylox (for agriculture use, USA) 
= ®Tugon (for hygiene use) 
= ®Neguvon (for use in vet. med. sector) 
= trichlorphon (D, B common name) 
= trichlorfon (I, C, USA common name) 
= Chlorofos (USSR) 
= Phoschlor (P) 

Among code designations of national or international registration authorities 
are the ENT numbers of the Entomological Society of America or the OMS 
numbers (Organisation mondial de Sante = World Health Organization, 
WHO). 
In East European countries many of the proposed common names have been 
accepted and, in addition, special designations are known [158]. 
In the following tables the more important active substances are arranged: 
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a) alphabetically according to the common name and b) according to their 
trade names. When possible the source is indicated: D = German, I = ISO, 
B = British, F = French, C = Canadian, USA = American, USSR = Rus
sian, P = Polish. The arrow indicates the most commonly used names. In 
many cases it is doubtful whether a trade name or a common name is involved: 
it is then included under the trade name without ®. 

The marking of the trade names mentioned in this publication by the sign ® as 
Registered Trade Marks does not claim to be complete. No responsibility is 
taken for checking that trade names which are not marked by the sign ® are not 
registered as trade Marks. 

Table 16. Trade names and common names 

Page Trade names Other names Scientific names 

lOS ®Abate temephos 0,0,0' ,0' -Tetramethyl 0,0' -thiodi-
p-phenylene bis(phosphorothioate) 

93 ®Accothion ...,.®Folithion 
...,.®Sumithion 

®Acetoxon Azetophos 0,0-Diethyl S-( carbethoxymethyl) 
phosphorothioate 

114 ®Actellic ...,. pirimiphos-methyl 

147 ®Aflix ...,. formothion 

162 ®Afugan ...,. HOE 2873 O,O-Diethyl 0-(6-ethoxycarbonyl-
pyrazophos 5-methylpyrazolo[1,5-a]pyrimidin-

®Curamil 2-yl) phosphorothioate 

96 ®Agritox trichloronat (J) 0-Ethyl 0-2,4,5-trichlorophenyl 
®phytosol ethylphosphonothioate 

151 ®Akton SD 9098 0,0-Diethyl 0-2-chloro-l-(2,5-di-
chi oro phenyl) vinyl phosphorothioate 

141 ®Alfacron azamethiphos 

162 ®Aliette ...,. phosethyl AI Aluminium tris(O-ethyl phosphonate) 

91 ®Alkron ...,. parathion 

147 ®Amidithion ...,.®Thiocron 

®Amiphos DAEP 0,0-Dimethyl S-2-acetamidoethyl 
phosphorodithioate 

147 ®Anthio ...,. formothion 

179 ®Aphoxide ...,. tepa 

90 ®Armin O-Ethyl 0-4-nitrophenyl ethyl-
phosphonate 

88 ®Aspon ...,. NPD 

110 ®Asuntol ®Co-Ral 0,0-Diethyl 0-(3-chloro-4-methyl-
®Muscatox coumarin-7 -yl) phosphorothioate 
®Resitox 

...,. coumaphos (I, B, C, USA) 

139 ®Azidithion ...,. menazon 

ISS ®Azodrin ®Nuvacron 0,0-DimethyI0-(E)-I-methyl-2-
monocrotophos methylcarbamoylvinyl phosphate 
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Table 16 (continued) 

Page Trade names Other names Scientific names 

128 ®Azothion O,O-Diethyl S-(N,N-dimethyl dithio-
carbamoyl) methyl phosphorodi-
thioate 

111 ®Bacdip oxinothiophos O-Ethyl 0-quinolin-8-yl phenylphos-
quintiofos (WHO) phonothioate 

113 ®Basudin diazinon 

®Basudin-R Exudin-R 
(diazinon + phenkapton) 

116 ®Bayrusil ®Ekalux 0,0-DiethyI0-quinoxalin-2-yl 
diethchinalphion (D) phosphorothioate 

--+ quinalphos 

98 ®Baytex --+ fenthion 
--+ sulfidophos 

122 ®Baythion --+ phoxim 
®Volaton 

171 ®Betasan ®Pre-San 0,0-Diisopropyl S-2-phenyl-
®prefar sulfonylaminoethyl phosphoro-

--+ bensulide (USA) dithioate 

107 ®Bideron --+ prothiofos 
®Tokuthion 

155 ®Bidrin ®Carbicron 0,0-Dimethyl 0-(E)-2-dimethyl-
dicrotophos (B) carbamoyl-I-methylvinyl phosphate 

149 ®Bilarcil --+ metrifonate 
®Dipterex 

151 ®Birlane chlorfenvinphos 

88 ®Bladafum sulfotepp 

86 ®Bladan parathion 

107 ®Boistar merpafos 
sulprofos 

155 ®Bomyl bomyl O,O-Dimethyl 0-1,3-di(methoxy-
®Swat carbonyl) prop-I-en-2-yl phosphate 

155 ®Carbicron --+®Bidrin 

160 ®Cerezin O-Methyl O-cydohexyl S-4-chloro-
phenyl phosphorothioate 

94 ®Chlorthion chlorthion (D, F, USA) 0,0-Dimethyl 0-(3-chloro-4-nitro-
phenyl) phosphorothioate 

143 ®Cidial ®EIsan O,O-Dimethyl S-a-ethoxy-
®Erusan carbonylbenzyl phosphorodithioate 
®Papthion 

dimethenthoate 
phenthoate 

115 ®Cinophos thionazin 

154 ®Ciodrin ®Cypona 0,0-Dimethyl 0-(E)-I-methyl-2-
crotoxyphos (I-phenylethoxycarbonyl) vinyl 

phosphate 

128 ®Citram amiton 

93 ®Colep Monsanto CP 40 294 O-Phenyl 0-4-nitrophenyl methyl-
phosphonothioate 
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Table 16 (continued) 

Page Trade names Other names Scientific names 

159 ®Conen O-n-Butyl S-ethyl S-benzyl phosphoro-
dithioate 

110 ®Co-Ral ...... ®Asuntol 
...... coumaphos 

®Co-thion ®Gusathion ME + 
parathion 

139 ®Cotnion-Ethyl ...... azinphos-ethyl (D, I, B, C) 

170 ®Cremart butamifos 

108 ®Curacron ...... profenofos 0-Ethyl 0-( 4-bromo-2-chlorophenyl) 
S-n-propyl phosphorothioate 

97 ®Cyanox ...... cyanophos (B) 

143 ®Cygon ...... dimethoate 

115 ®Cynem ®Nemafos O,O-Diethyl 0-pyrazin-2-yl 
®Nemaphos phosphorothioate 

thionazin (D, B) 
®Zinophos 
®Cinophos 

121 ®Cyolane phosfolan O,O-Diethyl N-l,3-dithiolan-2-
ylidenephosphoramidate 

154 ®Cypona crotoxyphos 

147 ®Cythion malathion 

121 ®Cytrolane mephosfolan O,O-Diethyl N-(4-methyl-l,3-
dithiolan-2-ylidene) phosphoramidate 

98 ®Dalf ...... fenthion 

153 ®Damfin ...... methacrifos O,O-Dimethyl 0-2-methoxycarbonyl-
prop-l-enyl phosphorothioate 

93 ®Danathion ...... fenitrothion 

101 ®Dasanit ...... fensulfothion 

150 ®Dedevap ...... DOVP 

168 ®DEF ®Oe-Green S,S,S-Tri-n-butyl phosphorotrithioate 
®DEF-Defoliant 
TBTP5 

168 ®De-Green ...... ®DEF 

149 ®Delcar ...... delnav 

149 ®Delnav ®Delcar 0,0,0' ,0' -Tetraethyl S,S' -(1,4-
®Navadel dioxane-2,3-diyl) di(phosphoro-

delnav (D) dithioate) 
dioxathion (I, B, C, USA) 

151 ®Dermaton ®Birlane 
chlorfenvinphos 

152 ®Dibrom naled (D, C, USA) O,O-DimethyI0-l,2-dibromo-
2,2-dichloroethyl phosphate 

®Dicontal trichlorfon + fenitrothion 

155 ®Dimecron phosphamidon 

114 ®Diothyl ...... pyrimithate 0,0-Diethyl 0-(2-dimethylamino-
6-methylpyrimidin-4-yl) phosphoro-
thioate 
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Table 16 (continued) 

Page Trade names Other names Scientific names 

149 ®Dipterex ®Dylox O,O-Dimethyl 2,2,2-trichloro-
®Neguvon l-hydroxyethylphosphonate 
®Tugon 
trich/orphon (D, B) 
trichlorfon (I, C, USA) 
Chlorofos (USSR) 
metrifonate 
Phoschlor (P) 

136 ®Disyston ®Solvirex O,O-Diethyl S-2-ethylthioethyl 
®Teration II phosphorodithioate 

disulfoton (D, I, B, C) 
M74 (USSR) 
thiodemeton (D) 

137 ®Disyston S ®Disyston sulfoxide O,O-Diethyl S-2-ethylsulfinylethyl 
oxydisulfoton phosphorodithioate 

113 ®Dithiometasystox -®Ekatin 
thiometon 

®Dithionate sophamide (I, B, F) 

88 ®Dithione sulfotepp 

®Dition -coumithoate (I, B) 

155 ®Dixon - phosphamidon 

128 ®Dotan _ chlormephos O,O-Diethyl S-chloromethyl 
phosphorodithioate 

103 ®Dowco 109 ®Narlene O-Methyl O-(4-tert. butyl-2-chloro-
phenyl) N-methyl phosphoramido-
thioate 

168 ®Dowco 118 -®Zytron 

103 ®Dowco 132 -®Ruelene 

112 ®Dowco 179 -®Dursban 

123 ®Dowco 199 - ditalimJos O,O-Diethyl phthalimidophos-
®Plondrel phorothioate 

112 ®Dursban ®Dowco 179 O,O-Diethyl O-(3,5,6-trichloro-
®Lorsban 2-pyridyl) phosphorothioate 

chlorpyrifos 

104 ®Dyfonate - Jonophos (B) 
149 ®Dylox _®Dipterex 
90 ®E 600 - paraoxon 
90 ®E 605 _ parathion 

®E 605-Combi ®Metasystox R + ®E 605 

116 ®Ekalux _®Bayrusil 

115 ®Ekamet - etrimJos O,O-Dimethyl O-(6-ethoxy-2-ethyl-
pyrimidin-4-yl) phosphorothioate 

133 ®Ekatin ®Dithiometasystox O,O-Dimethyl S-2-ethylthioethyl 
®Intration phosphorodithioate 

thiometon (I, B, C) 
M 81 (USSR) 

146 ®Ekatin F, M -morphothion 

90 ®Ekatox _ parathion (B, I, C, USA) 
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Table 16 (continued) 

Page Trade names Other names Scientific names 

143 ®Elsan phenthoate 

138 ®Endocide endothion 
®Exothion 

98 ®Entex -. fenthion 

92 ®EPN-300 -. EPN O-Ethyl 0-4-nitrophenyl phenyl-
phosphonothioate 

143 ®Erusan -.®Cidial 

131 ®Estox -.®Metasystox-S 

171 ®Ethrel ethephon 2-Chloroethylphosphonic acid 

139 ®Ethylgusathion -.®Gusathion A 

139 ®Ethyl Guthion -.®Gusathion A 

96 ®Etrolene ronnel 

113 ®Exodin -. diazinon (D, I, B, F, C, USA) 

138 ®Exothion -. endothion 

147 ®Fac 20 ®Fosthion O,O-Diethyl S-isopropylcarbamoyl-
prothoate (I, B) methyl phosphorodithioate 

167 ®Falone 3Y9 Tris[2-(2,4-dichlorophenoxy) ethyl] 
2,4-DEP (USA) phosphite and Bis[2-(2,4-dichloro-

phenoxy) ethyl] phosphonate 

102 ®Famophos famphur O,O-Dimethyl 0-4-dimethyl-
®Warbex sulfamoylphenyl phosphorothioate 

®Famoxon O,O-Dimethyl 0-4-dimethyl-
sulfamoylphenyl phosphate 

®Filariol bromophos-ethyl 

®Fitios ethoate-methyl (I, B) 

214 ®Fluorthion O,O-Dimethyl 0-(3-trifluoromethyl-
4-nitrophenyl) phosphorothioate 

168 ®Folex merphos S,S,S-Tri-n-butyl phosphorotrithioite 

91 ®Folidol parathion, also 
parathion-methyl 

92 ®Folidol M parathion-methyl 

®Folidol Oil parathion + mineral oil 

146 ®Folimat (P O)-dimethoate O,O-Dimethyl S-methylcarbamoyl-
omethoate methyl phosphorothioate 

93 ®Folithion ®Accothion O,O-Dimethyl 0-(3-methyl-4-nitro-
®Danathion phenyl) phosphorothioate 
®Sumithion 
fenitrothion (D, I, B) 
Metilnitrofos (USSR) 
Metathion (CSR) 

®Formocarbam sophamide (I, B, F) 

147 ®Fostion prothoate O,O-Diethyl S-isopropylcarbamoyl-
methyl phosphorodithioate 

144 ®Fostion MM dimethoate 

136 ®Frumin AL thiodemeton 

104 ®Fujithion DMCP 0,0-Dimethyl S-4-chlorophenyl 
phosphorothioate 
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Table 16 (continued) 

Page Trade names Other names Scientific names 

151 ®Gardona tetrachlorvinphos O,O-DimethyIO-(Z)-2-chloro-1-
(2,4,5-trichlorophenyl)vinyl phosphate 

126 ®Garrathion carbophenothion 

®Gearphos parathion-methyl + ethyl 

121 ®Geofos --+ losthietan 
®Nem-A-Tak 

104 ®Gophacide O,O-Bis-(4-chlorophenyl) N-acet-
imidoyl phosphoramidothioate 

139 ®Gusathion ®Guthion O,O-Dimethyl S-(3,4-dihydro-4-
®Methylgusathion oxobenzo[dJ-[1,2,3J-triazin-3-ylmethyl) 

azinphos-methyl (D, I, B, C) phosphorodithioate 

139 ®Gusathion A ®Ethylgusathion O,O-Diethyl S-(3,4-dihydro-4-
®Ethyl Guthion oxobenzo[dJ-[1,2,3J-triazin-3-ylmethyl) 

azinphos-ethyl (D, I, B, C) phosphorodithioate 

®Gusathion ME ®Gusathion + 
®Gusathion A 

139 ®Guthion --+ ®Gusathion 

111 ®Haloxon O,O-Di-(2-chloroethyl) O-(3-chloro-
4-methylcoumarin-7-yl) phosphate 

80 ®Hanane dimelox 

161 ®Hinosan edi/enphos (B) O-Ethyl S,S-diphenyl phosphoro-
EDDP dithioate 

137 ®Hosdon isothioate 
152 ®Hostaquick heptenophos O,O-Dimethyl O-(7-chlorobicyclo-

Hoe 2982 [3.2.0J-hepta-2,6-dien-6-yl) phosphate 

118 ®Hostathion triazophos 
Hoe 2960 

140 ®Imidan ®prolate O,O-Dimethyl S-phthalimidomethyl 
phosmet (B) phosphorodithioate 

160 ®Inegin F254 O-Methyl S-benzyl phenylphos-
phonothioate 

160 ®Inezin ESBP O-Ethyl S-benzyl phenylphosphono-
thioate 

146 ®Intration --+®Ekatin M 

130 ®Isometasystox --+®Metasystox (i) 

130 ®Isomethylsystox --+®Metasystox (i) 

131 ®Isomethylsystox- --+®Metasystox R 
sulfoxid 

81 ®Isopestox --+ mipalox 

134 ®Isosystox --+®Systox 

®Ketothion O,O-Diethyl S-acetonyl phosphoro-
dithioate 

137 ®Kilval vamidothion (I, B) O,O-Dimethyl S-2-(I-methylcarba-
moylethylthio) ethyl phosphorothioate 

158 ®Kitazin EBP O,O-Diethyl S-benzyl phosphoro-
thioate 
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Table 16 (continued) 

Page Trade names 

159 ®Kitazin P 

96 ®Korlan 

176 ®Krenite 

98 ®Lebaycid 

112 ®Lorsban 

100 ®Lucijet 

100 ®Lujet 

150 ®Mafu 

®Maitometo 

123 ®Maretin 

134 ®Mercaptophos 
(USSR) 

155 ®Merkon 

168 ®Merphos 

92 ®Metacide 

130 ®Metaisosystox 

131 ®Metaisosystox-
sulfoxid 

179 ®Metapside 

132 ®Metasystox 

130 ®Metasystox (i) 

131 ®Metasystox R 

131 ®Metasystox S 

300 

®Methyl-iithyl
disyston 

Other names 

IBP 

ronnel 

- fosamine 
ammonium 

- fenthion 

- chlorpyrifos 

®Lujet 
DMP 
S 1751 

-®Lucijet 
_ DDVP 

®Rametin 

demeton 

phosphamidon 
(0, I, B, C, USA) 

-®Folex 

_ parathion-methyl 

-®Metasystox (i) 

-®Metasystox R 
oxydemeton-methyl 

methiotepa 

Scientific names 

O,O-Diisopropyl S-benzyl phos
phorothioate 

Ammonium O-ethyl carbamoylphos
phonate 

O,O-Diethyl O-(3-methyl-4-methyl
thiophenyl) phosphorothioate 

O-Methyl O-(2-chloro-4-methylthio
phenyl) N-ethyl phosphoramido
thioate 

O,O-Diethyl O-naphthaloximido
phosphate 

PO: demeton-S-methyl O,O-Dimethyl S-2-ethyIthioethyl 
(0, I, B) phosphorothiolate 

PS: demeton-O-methyl (I, B) and 
PO+ PS: demeton-methyl O,O-DimethyIO-2-ethylthioethyl 

(I, B, D) phosphorothionate 
methyl demeton (USA) 

®Metasystemox 
Methylmercaptophos 

(USSR) 

demeton-S-methyl (0, I, B) O,O-Dimethyl S-2-ethyIthioethyl 
®Isometasystox phosphorothiolate 
®Isomethylsystox 
®Metaisosystox 

I) demeton-S-methyl- O,O-Dimethyl S-2-ethylsulfinylethyl 
sulfoxid (D) phosphorothiolate 

2) oxydemeton-methyl (I, B) 
®Isomethylsystoxsulfoxid 
®Metaisosystox-Sulfoxid 

®Estox O,O-Dimethyl S-(2-ethylsulfinyl
I-methylethyl) phosphorothiolate 



Trade Names and Common Names 

Table 16 (continued) 

Page Trade names Other names Scientific names 

126 ®Methyltrithion 0,0-Dimethyl S-( 4-chlorophenyIthio-
methyl) phosphorodithioate 

90 ®Mintacol paraoxon 

117 ®Miral isazophos 
protriazophos 

109 ®Mocap ethoprophos O-Ethyl S,S-di-n-propyl phosphoro-
®Prophos dithioate 

124 ®Monitor _®'famaron O,S-Dimethyl phosphoramidothioate 
methamidophos 

146 ®Morphotox morphothion (iso) 

102 ®Muritan ethamphenphion O,O-Diethyl 0-(2-diethylaminomethyl-
4-methylsulfinylphenyl) phosphoro-
thioate 

110 ®Muscatox -®Asuntol 
coumaphos 

147 ®Murfotox - mecarbam 

96 ®Nankor - ronnel 

103 ®Narlene -®Dowco 109 0-Methyl 0-( 4-tert.-butyl-2-chloro-
phenyl) N-methyl phosphoramido-
thioate 

149 ®Navadel - delnav 
dioxathion 

150 ®Neguvon -®Dipterex 

104 ®Nellite - diamidaJos O-Phenyl N,N'-dimethyl phosphoro-
diamidate 

95 ®Nemacide -®YC-13 Nemacide 
_ dichloJenthion 

100 ®Nemacur Jenamiphos O-Ethyl 0-(3-methyl-4-methylthio-
phenyl) N-isopropyl phosphoramidate 

115 ®Nemafos -®Cynem 
thionazin 

121 ®Nem-A-Tak - AC 64,475 O,O-Diethyl N-l,3-dithietan-
- Josthietan 2-ylidenephosphoramidate 

®Neosar 0,0-Dimethyl S-phenylsulfonyl 
phosphorodithioate 

150 ®Nerkol DDYP 

®Nexagan bromophos-ethyl 

96 ®Nexion bromophos 

119 Ni 15 thiatriphos 0,0-DiethyI0-(6-bromo-5-ethyl-
thiazolo[3,2-b] [I ,2,4]-triazol-2-yl) 
phosphorothioate 

127 ®Nialate ®Rhodocide 0,0,0' ,0' -Tetraethyl S,S' -methylene 
ethion (D, I, B, C, USA) di(phosphorodithioate) 
diethion (F) 

®Nichlorphos isochlorthion O,O-Dimethyl 0-(4-chloro-3-nitro-
phosnichlor phenyl) phosphorothioate 

92 ®Nitrox parathion-methyl 

150 ®Nogos DDYP 
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88 ®NPD ..... ®Aspon 0,0,0' ,0' -Tetrapropyl pyrophos-
phorodithioate 

155 ®Nuvacron ..... ®Azodrin 
monocrotophos 

150 ®Nuvan DDVP 

97 ®Nuvanol N iodofenphos 0,0-Dimethyl 0-(2,5-dichloro-
4-iodophenyl) phosphorothioate 

107 ®Oftanol isofenphos O-Ethyl 0-2-isopropoxycarbonyl-
phenyl N-isopropyl phosphoramido-
thioate 

113 ®Ofunack pyridaphenthion O,O-Diethyl 0-(3-oxo-2-phenyl-2H-
pyridazin-6-yl) phosphorothioate 

150 ®Oko DDVP 

106 ®Optunal iscocarbophos O-Methyl 0-2-isopropoxycarbonyl-
phenyl phosphoramidothioate 

125 ®ORTHO 12,420 acephate 

125 ®ORTHENE acephate O,S-Dimethyl N-acetyl phosphorami-
dothioate 

143 ®Papthion ..... ®Cidial 
phenthoate 

90 ®parafos parathion (I, B, F, C, USA) 

147 ®pencothion malathion (D, I, B, F, C, USA) 

143 ®perfekthion dimethoate 

89 ®pestox III schradan 

80 ®pestox XIV dimefox 

81 ®pestox XV mipafox 

137 ®Phosdon ..... ®Hosdon 
isothioate 

153 ®Phosdrin mevinphos O,O-Dimethyl 0-2-methoxycarbonyl-
(D, I, B, C, USA) I-methylvinyl phosphate 

143 ®Phosphamid dimethoate 

177 ®Phosphon chlorphonium Tri-n-butyl-(2,4-dichlorobenzyl) 
chloride phosphonium chloride 

163 ®Phosphonomycin 1,2-Epoxypropylphosphonic acid 

156 ®Phostex Bis( dialkoxyphosphinothioyl) 
disulfides [75 % ethyl, 25% isopropyl) 

97 ®Phosvel VCS-506 0-MethyI0-(4-bromo-2,5-dichloro-
leptophos phenyl) phenylphosphonothioate 

96 ®phytosol trichloronat (D) 

®Pirazinon O,O-Diethyl 0-(6-methyl-2-propyl-
pyrimidin-4-yl) phosphorothioate 

123 ®Plondrel ..... ditalimfos 0,0-Diethyl phthalimidophosphono-
DOWCO 199 thioate 

®Laptran 
DOW 49 

173 ®Polardo N-(Phosphonomethyl)glycine mono-
Na-salt 
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174 ®Polaris glyphosine N,N -Bis(phosphonomethyl)glycine 

110 ®Potasan E 838 0,0-Diethyl 0-4-methylcoumarin-7 -yl 
phosphorothioate 

171 ®prefar bensulide 

171 ®Pre-San bensulide 

114 ®primicid pirimiphos-ethyl 

®Proban cythioate O,O-Dimethyl 0-(4-sulfamoyl phenyl) 
phosphorothioate 

140 ®Prolate _®Imidan 
phosmet 

117 ®Pyrazothion O,O-Diethyl 0-5-methylpyrazol-3-yl 
phosphorothioate 

117 ®Pyrazoxon 0,0-Diethyl 0-5-methylpyrazol-3-yl 
phosphate 

151 ®Rabon tetrachlorvinphos 

123 ®Rametin _®Maretin 

®Ra Yap ®Rabon + DDYP 

126 ®Remadion - carbophenothion 
®Trithion 

110 ®Resitox coumaphos 

90 ®Rhodiatox _ parathion 

127 ®Rhodocide _ ethion 

143 ®Rogor ®Cygon O,O-Dimethyl S-methylcarbamoyl-
®Daphene methyl phosphorodithioate 
®Fostion MM 
®Phosphamid 
®Roxion 

dimethoate (I, B, C, USA) 
dimethoat (D) 

®Dimethoate Bayer 

173 ®Roundup _ glyphosathe N-(Phosphonomethyl)glycine 
isopropyl amine salt 

143 ®Roxion _®Rogor 

103 ®Ruelene cru/omate 0-Methyl 0-( 4-tert.-butyl-2-chloro-
DOWCO 132 phenyl) N-methyl phosphoramidate 

154 ®Safrotin propetamphos 

105 ®Salioxon 2-Methoxy-4H-I,3,2-benzodioxa-
phosphorin-2-one 

105 ®Salithion 2-Methoxy-4H-l ,3,2-benzodioxa-
phosphorin-2-sulfide 

151 ®Sapecron chlorfenvinphos (B) 

139 ®Saphizon menazon 

139 ®Saphos menazon 

113 ®Sarolex diazinon 

122 ®Sebacil phoxim 

118, ®Septin _®Wepsyn 
161 _ triamiphos 
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®Sisvar O,O-Dimethyl S-5-(N-methyl-2,2-di-
methyl-3-thiavaleroylamido) phos-
phorodithioate 

149 ®Soldep ---+®Dipterex 

136 ®Solvirex thiodemeton 
disulfoton 

95 ®S-Seven EPBP 0-Ethyl 0-2,4-dichlorophenyl 
phenylphosphonothioate 

®Sumioxon 0,0-DimethyI0-(3-methyl-4-nitro-
phenyl) phosphate 

93 ®Sumithion ---+ fenitrothion 

lSI ®Supona ---+ chlorfenvinphos 

142 ®Supracide ®Ultracide O,O-Dimethyl S-(2,3-dihydro-5-meth-
methidathion oxy-2-oxo-I,3,4-thiadiazol-3-ylmethyl) 

phosphorodithioate 

98 ®Surecide cyanofenphos O-Ethyl 0-4-cyanophenyl phenyl-
phosphonothioate 

ISS ®Swat homyl 
®Bomyl 

134 ®Systox (P==O): demeton-S (I, B) O,O-Diethyl S-2-ethylthioethyl 
phosphorothiolate and 

(P S): demeton-O (I, B) O,O-Diethyl 0-2-ethylthioethyl 
phosphorothionate 

®Isosystox 
(1'=0 + P S)-mixture: 
demeton (I, B, USA) 
mercaptofos 

89 ®Sytam schradan 

124 ®Tamaron ®Monitor O,S-Dimethyl phosphoramidothioate 
methamidophos 

147 ®Tartan cyanthoate 0,0-Diethyl S-[N-(I-cyano-I-methyl-
ethyl) carbamoyl methyl) phosphoro-
dithioate 

®Teration ®Teration III 0-Methyl O-ethyl S-2-ethylthioethyl 
®Methyl-ethyl-disyston phosphorodithioate 

136 ®Teration II -+®Disyston 

®Teration III -+®Teration 

101 ®Terracur P fensulfothion (D) O,O-Diethyl 0-4-methylsulfinyl-
®Dasanit phenyl phosphorothioate 

128 ®Tetram -+ amiton 

85 ®Tetron -+ TEPP Tetraethyl pyrophosphate 

126 ®Thimet phorate (I, B, C, USA) 0,0-Diethyl S-ethylthiomethyl 
phosphorodithioate 

147 ®Thiocron amidithion O,O-Dimethyl S-(N-2-methoxyethyl-
medithionate carbamoyl methyl) phosphorodithioate 

90 ®Thiophos -+ parathion 

99 ®Tiguvon ---+ fenthion 
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®Tinox methyldemeton-methyl 
demephion 

169 ®Tokunol M amiprofos-methyl 

107 ®Tokuthion - prothiofos 

®Torak - dialifor 
dialifos 

107 ®Toyodan - prothiofos 

107 ®Toyothion - prothiofos 

150 ®Tribuphon _ butonate (I, B, C, USA) 

126 ®Trithion ®Garrathion 
®Remadion 

carbophenothion 
(I, B, C, USA) 

96 ®Trolene ronnel 

149 ®Tugon _®Dipterex 

142 ®Ultracide _®Supracide 

122 ®Volaton - phoxim 

151 ®Vapona DDVP 

137 ®Vation _ vamidothion 

95 ®VC-I3-Nemacide dichlofenthion 
®Mobilawn 

102 ®Warbex -®Famophos 

118, ®Wepsyn triamphos (D) 
161 triamiphos (B) 

®Septin 

92 ®Wofatox parathion-methyl 
(D, I, B, C, USA) 

115 ®Zinophos thionazin (D, B) 
®Cynem 
®Nemafos 
®Cinophos 

141 ®Zolone phosalone (B) 

95, ®Zytron DMPA (USA) 
168 DOWCO 118 

Table 17. Common names and trade names 

Page Common names 
Code numbers 

122 AC 475 

121 AC 64,475 

Other names 

- fosthietan 
_®Nem-A-Tak 

Trade Names and Common Names 

Scientific names 

O,O-Dimethyl S-2-methylthioethyl 
phosphorothioate 

O-Methyl 0-( 4-methyl-2-nitro-phenyl) 
N-isopropyl phosphoramidothioate 

O,O-Diethyl S-(4-chlorophenylthio) 
methyl phosphorodithioate 

0,0-Diethyl 0-2,4-dichlorophenyl 
phosphorothioate 

N,N,N',N'-Tetramethyl P-(5-amino-
3-phenyl-l,2,4-triazol-l-yl) 
phosphonic diamide 

O,O-Diethyl 0-pyrazin-2-yl phos-
phorothioate 

0,0-Diethyl S-( 6-chloro-2,3-dihydro-
2-oxobenzoxazol-3-ylmethyl) 
phosphorodithioate 

O-Methyl 0-2,4-dichlorophenyl 
N-isopropyl phosphoramidothioate 

Scientific names 

O-(O,O-Diethyl phosphoryl) 2H-l,3-
dithiolane-2-oxime 
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125 acephate -->®ORTHO 12,420 
®ORTHENE 

143 acethion azethion O,O-Diethyl S-ethoxycarbonylmethyl 
phosphorodithioate 

acetoxon Azetofos 0,0-Diethyl S-ethoxycarbonylmethyl 
phosphorothioate 

147 amidithion --> ®Thiocron 
medithionate 

169 amiproJos-methyl ®Tokunol M 

128 amiton ®Citram 0,0-Diethyl S-2-( diethylamino )ethyl 
®Tetram (oxalate) phosphorothioate 

Inferno 

179 aphamide aphomide N,N' -Ethylene bis[P,P-bis(l-aziridi-
nyl)-N-methyl) phosphinic amide 

178 apholate 2,2,4,4,6,6-Hexa-( I-aziridinyl)-2,4,6-
triphospha-I,3,5-triazine 

141 azamethiphos ®Alfacron 0,0-Dimethyl S-[6-chloro-oxazolo-
[4,5-b)pyridin-2(3H)-onyl-(3»)-
methyl phosphorothioate 

143 azethion --> acethion 

139 azinphos-ethyl ®Gusathion A 0,0-Diethyl S-(3,4-dihydro-4-oxo-
(D, I, B, C) ®Ethylgusathion benzol d)-[I ,2,3)-triazin-3-ylmethyl) 

®Ethyl guthion phosphorodithioate 

139 azinphos-methyl ®Gusathion O,O-Dimethyl S-(3,4-dihydro-4-oxo-
(D, I, B, C) ®Guthion benzol d)-[I ,2,3)-triazin-3-ylmethyl) 

®Methylgusathion phosphorodithioate 

162 BPA O,O-Di-n-butyl N,N-methyl-phenyl 
phosphoramidate 

123 Bayer 25820 ®Maretin 0,0-Diethyl O-naphthaloximido-
®Rametin phosphate 

S 125 

171 bensulide ®Betasan O,O-Diisopropyl S-2-phenyl-
®pre-San sulfonylaminoethyl phosphoro-
®prefar dithioate 

155 bomyl .... ®Bomyl 
®Swat 

96 bromophos ®Nexion O,O-Dimethyl 0-(4-bromo-2,5-di-
(D, J) chlorophenyl) phosphorothioate 

bromophos-ethyl ethylbromophos O,O-Diethyl 0-(4-bromo-2,5-di-
®Filariol chlorophenyl) phosphorothioate 
®Nexagan 

170 butamifos --> ®Cremart 0-Ethyl 0-(3-methyl-6-nitrophenyl) 
N-sec. butyl phosphoramidothioate 

150 butonate -->®Tribuphon O,O-Dimethyl l-butyryloxy-2,2,2-
(I, B, C, USA) trichloroethylphosphonate 

126 carbophenotion ®Garrathion 0,0-Diethyl S-( 4-chlorophenyl-
(I, B, C, USA) ®Remadion thio )methyl phosphorodithioate 

®Trithion 
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151 chlorfenvinphos ®Birlane O,O-Diethyl 0-2-chloro-l-(2,4-di-
®Dermaton chlorophenyl)vinyl phosphate 
®Supona 

128 chlormephos --->®Dotan 

149 chlor%s (USSR) --->®Dipterex 

177 chlorphonium --->®Phosfon 
chloride 

120 chlorprazophos ---> HOX 2709 

112 chlorpyrifos --->®Dursban 
®Lorsban 

149 Chlorofos (USSR) --->®Dipterex 

94 chlorthion ®Chlorthion 0,0-Dimethyl 0-(3-chloro-4-nitro-
(0, F, USA) phenyl) phosphorothioate 

110 coumaphos ®AgridiP } 0,0-Diethyl 0-(3-chloro-4-methyl-
(I, B, C, USA) ®Asuntol Yet. med. coumarin-7 -yl) phosphorothioate 

®Co-Ral 
®Muscatox} h . 
®Resitox ygtene 

coumithoate ®Dition 0,0-Diethyl 0-(3,4-tetramethylene-
(I, B) umbelliferone) phosphorothioate 

154 crotoxyphos (B) --->®Ciodrin 

103 cru/omate --->®Ruelene 

98 cyano/enphos --->®Surecide 

97 cyanophos (B) ®Cyanox 0,0-Dimethyl 0-4-cyanophenyl 
phosphorothioate 

147 cyanthoate (B) ®Tartan O,O-Diethyl S-[N-(l-cyano-l-methyl-
ethyl) carbamoylmethyl) phosphoro-
thioate 

cythioate ®proban 0,0-Dimethyl 0-4-sulfamoylphenyl 
phosphorothioate 

DAEP --->®Amiphos 

150 DDYP (USA) dichlorphos (D) O,O-Dimethyl 0-2,2-dichlorovinyl 
dichlorvos (I, B, C) phosphate 

®Dedevap 
®Mafu 
®Nerkol 
®Nuvan 
®Oko 
®Yapona 

149 delnav (D) ---> dioxathion 

demephion --->®Tinox 

134 demeton Mercaptofos (USSR) Mixture of demeton-O and demeton-S 
(I, B, USA) ®Systox 

134 demeton-O P=S isomer 0,0-Diethyl 0-2-ethylthioethyl 
(I, B) phosphorothionate 

134 demeton-S P=O isomer 0,0-Diethyl S-2-ethylthioethyl 
(I, B) ®Isosystox phosphorothiolate 

307 



Appendix 

Table 17 (continued) 

Page 

132 

132 

130 

131 

167 

81 

104 

113 

113 

94 

95 

Common names 
Code numbers 

demeton-methyl 
(I, B, D) 

demeton-O-methyl 
(I, B, D) 

demeton-S-methyl 
(I, B, D) 

demeton-S-methyl-
sulfoxid (D) 

2,4-DEP 

DFP 

dialifor 

dialifos 

diamidafos 

Other names 

methyl demeton (USA) 
Methyl-mercaptophos 

(USSR) 
®Metasystox 
®Metasystemox 

P=S isomer 
(®Metasystox) 

P-O isomer 
®Isometasystox 
®Isomethylsystox 
®Metaisosystox 
®Metasystox (i) 
®P ° Metasystox 

oxydemeton-methyl (I, B) 
®Isomethylsystox-sulfoxid 
®Metaisosystox-sulfoxid 
®Metasystox R 

-®Falone 

Diisopropyl fluoro
phosphate 

-®Torak 

-®Torak 

-®Nellite 

diazinon ®Basudin 
(D, I, B, F, C, USA) ®Exudin 

®Sarolex 

Diazoxon 

dicapthon 
(C, USA) 

dichlofenthion ..... ®VC-I3-Nemacide 
®Mobilawn 

150 dichlorphos (D) ..... DDVP 

150 dichloroos (I, B, C) ..... DDVP 

ISS dicrotophos (B) _®Bidrin 
®Carbicron 

127 diethion - ethion 

80 dimefox ®Hanane 
(D, I, B, F, C, USA) ®pestox XIV 

®Terrasytam 

143 dimephenthoate phenthoate 
®Cidial 
®Elsan 
®Papthion 

144 dimethoate ®Bopardoil 
(I, B, C, D, USA) ®Cygon 
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Scientific names 

Mixture of demeton-O-methyl and 
demeton-S-methyl 

0,0-DimethyI0-2-ethylthioethyl 
phosphorothionate 

0,0-Dimethyl S-2-ethylthioethyl 
phosphorothiolate 

O,O-Dimethyl S-2-ethylsulfinylethyl 
phosphorothiolate 

O,O-Diisopropyl phosphorofluoridate 

0,0-Diethyl S-2-chloro-l-phthal
imidoethyl phosphorodithioate 

O-Phenyl N,N'-dimethyl phosphoro
diamidate 

0,0-Diethyl 0-(2-isopropyl-6-methyl
pyrimidin-4-yl) phosphorothioate 

O,O-Diethyl 0-(2-isopropyl-6-methyl
pyrimidin-4-yl) phosphate 

O,O-Dimethyl 0-(2-chloro-4-nitro
phenyl) phosphorothioate 

N,N,N',N'-Tetramethyl phosphoro-
diamidofluoridate 

0,0-Dimethyl S-a-ethoxycarbonyl-
benzyl phosphorodithioate 

O,O-Dimethyl S-methylcarbamoyl-
methyl phosphorodithioate 



Trade Names and Common Names 

Table 17 (continued) 

Page Common names Other names Scientific names 
Code numbers 

®Daphene 
®Fostion MM 
®perfekthion 
®Phosphamid 
®Rogor 
®Roxion 
®Dimethoate Bayer 

146 (P O)-dimethoate omethoate 
®Folimat 

149 dioxathion de/nav (D) 0,0,0' ,0' -Tetraethyl 
(I, B, C, USA) ®Delnav S,S' -( 1 ,4-dioxane-2,3-diyl) 

®Delcar di(phosphorodithioate) 
®Navadel 

136 disulfoton thiodemeton (D) O,O-Diethyl S-2-ethylthioethyl 
(D, I, B, C) M 74 (USSR) phosphorodithioate 

®Disyston 
®Frumin AL 
®Solvirex 
®Teration II 

123 ditalimfos ®Plondrel 
®Laptran 

DOW 49 
DOWCOl99 

88 Ditio (USSR) sulfotepp 

88 Ditiofos (USSR) sulfotepp 

100 DMP _®Lucijet 

95, DMPA (USA) ®Zytron O-Methyl 0-2,4-dichlorophenyl 
168 N-isopropyl phosphoramidothioate 

101 DMSP (USA) - fensulfothion 

98 DMTP - fenthion 

123 DOW 49 - ditalimfos 0,0-Diethyl phthalimidophosphono-
®Plondrel thioate 

DOW 50 O,O-Diethyl 0-[7 -oxabicyclo-(2,2, 1)-
hept.-5-ene 2,3-dicarboximido)-
phosphorothioate 

158 EBP _®Kitazin 

161 EDDP -®Hinosan 

160 ESBP _®Inezin 

161 edifenphos (B) ®Hinosan O-Ethyl S,S-diphenyl phosphoro-
dithioate 

138 endothion ®Endocide 0,0-Dimethyl S-5-methoxy-4-oxo-
(D, I, B, C, USA) pyran-2-ylmethyl phosphoro-

thioate 

endoxan 2-[Bis-(2-chloroethyl)-amino)-tetra-
hydro-2H -1,3,2-oxazaphosphorine-
2-oxide 

162 Epal _®Aliette 

95 EPBP -®S-Seven 
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92 EPN ®EPN-300 O-Ethyl 0-4-nitrophenyl phenyl-
phosphonothioate 

102 ethamphenphion -+®Muritan 

171 ethephon -+®Ethrel 

127 ethion ® diethion (F) 0,0,0' ,0' -Tetraethyl S,S' -methylene 
(D, I, B, C, USA) Nialate di(phosphorodithioate) 

®Rhodocide 

ethoate-methyl ®Fitios 0,0-Dimethyl S-ethylcarbamoyl-
(I, B) methyl phosphorodithioate 

109 ethoprophos -+®Mocap 

115 etrimfos -+®Ekamet 

160 F 254 -+®Inegin 

102 famphur ®Famophos 0,0-Dimethyl 0-4-dimethyl-
®Warbex sulfamoylphenyl phosphorothioate 

100 fenamiphos -+®Nemacur 

96 fenchlorphos (B) -+ ronnel 

93 fenitrothion Metilnitrofos (USSR) O,O-Dimethyl 0-(3-methyl-4-nitro-
(D, I, B) ®Accothion phenyl) phosphorothioate 

®Danathion 
®Folithion 
®Sumithion 

101 fensulfothion (D) ®Dasanit O,O-Diethyl 0-4-methylsulfinyl-
®Terracur P phenyl phosphorothioate 

98 fenthion ®Baytex (Hygiene) O,O-Dimethyl 0-(3-methyl-4-methyl-
(D, I, B, C, USA) ®Entex (Hygiene) thiophenyl) phosphorothioate 

®Lebaycid (Agricult.) 
®Tiguvon (Vet. med.) 
®Dalf 
®Queletox 

104 fonofos (B) ®Dyfonate (± )-0-Ethyl S-phenyl ethyl ph os-
phonodithioate 

147 formothion ®Aflix O,O-Dimethyl S-(N-formyl-N-methyl-
(D, I) ®Anthio carbamoyl methyl) phosphorodithioate 

176 fosamine -+®Krenite 
ammonium 

fosfinon -+ Forstenon 

121 fosthietan -+®Nem-A-Tak 
®Geofos 

173 glyphosate -+®Roundup 

174 glyphosine -+®Polaris 

179 hempa Hexamethylphosphoric triamide 

152 heptenophos -+®Hostaquick 

109 Heterophos O-Ethyl O-phenyl S-n-propyl phos-
phorothioate 

120 HOX 2709 -+ chlorprazophos O,O-Diethyl 0-(3-chloro-7-methyl-
pyrazolo-[1,5a]-pyrimidin-2-yl) 
phosphorothioate 
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162 HPA O,O-Dihexyl N,N-methyl-phenyl 
phosphoramidate 

159 IBP _®Kitazin P 

114 ICI29,661 -®Diothyl 

97 iodofenphos ®Nuvanol N O,O-Dimethyl 0-(2,5-dichloro-
4-iodophenyl) phosphorothioate 

117 isazophos _®Miral 

106 isocarbophos -®Optunal 

isochlorthion ®Nichlorphos 0,0-DimethyI0-(4-chloro-
phosnichlor 3-nitrophenyl) phosphorothioate 

107 isofenphos -®Oftanol 

170 isophos-3 0-(2-Chloro-4-methylphenyl) N-sec. 
butyl chloromethylphosphonamido-
thioate 

137 isothioate -®Hosdon O,O-Dimethyl S-2-isopropylthio-
Phosdon ethyl phosphorodithioate 

147 Karbofos (USSR) _ malathion 

97 leptophos -®Phosvel 0-MethyI0-(4-bromo-2,5-dichloro-
phenyl) phenylphosphonothioate 

136 M 74 (USSR) thiodemeton 

133 M 81 (USSR) thiometon 

148 Malaoxon 0-0-Dimethyl S-I ,2-bis( ethoxy-
carbonyl) ethyl phosphorothioate 

147 malathion Karbofos (USSR) O,O-Dimethyl S-I,2-bis(ethoxy-
(D, I, B, P, C, USA) carbonyl) ethyl phosphorodithioate 

147 mecarbam ®Murfotox O,O-Diethyl S-(N-ethoxycarbonyl-
(I, B, C, USA) N -methylcarbamoylmethyl) 

phosphorodithioate 

147 medithionate _®'fhiocron 

139 menazon ®Azidithion O,O-Dimethyl S-(4,6-diamino-
(I, B, USA) ®Saphizon 1,3,5-triazin-2-ylmethyl) phosphoro-

®Sayphos dithioate 

121 mephosfolan -®Cytrolane 

134 Mercaptofos (USSR) -®Systox 
- demeton 

107 merpafos _®Bolstar O-Ethyl 0-4-methylthiophenyl 
sulprofos S-n-propyl phosphorodithioate 

168 merphos ®Polex 

Metafos (USSR) Mixture of parathion-me-
thyl and -ethyl 

93 Metathion (CSR) _®Polithion 

179 metepa Tris(2-methyl-l-aziridinyl) 
phosphine oxide 

153 methacrifos _®Damfin 

124 methamidophos _®'famaron 
®Monitor 
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142 methidathion ®Supracide 0,0-Dimethyl S-(2,3-dihydro-
(B, D) ®Ultracide 5-methoxy-2-oxo-l,3,4-thiadiazol-

3-ylmethyl) phosphorodithioate 

179 methiotepa ---®Metapside Tris(2-methyl-l-aziridinyl) phos-
phine sulfide 

methocrotophos (B) O,O-Dimethyl 0-[2-(N-methoxy 
N-methylcarbamoyl) I-methyl] 
vinyl phosphate (Cis isomer) 

methyl-ethyl-thiometon ___ ®Teration III 

132 methyl demeton (USA) ___ ®Metasystox 

methyldemeton-methyl ___ ®Tinox 

132 methyl-O-demeton ___ ®Metasystox 

92 methyl parathion ___ parathion-methyl 

132 Metilmercaptofos ___ ®Metasystox 
(USSR) 

93 Metilnitrofos (USSR) ___ fenitrothion (0, I, B) 

149 metrifonate ___ ®Dipterex 
trichlorfon 
Bilacil 

153 mevinphos ®Phosdrin O,O-Dimethyl 0-2-methoxycarbonyl-
(0, I, B, C, USA) I-methylvinyl phosphate 

81 mipafox ®Isopestox N,N'-Diisopropyl phosphorodiamido-
(I, B, C) ®pestox XV fluoridate 

155 monocrotophos (B) ___ ®Azodrin 

146 morphothion ®Ekatin F O,O-Dimethyl S-morpholinocarba-
(I, B, C, USA) ®Ekatin M moylmethyl phosphorodithioate 

®Morphotox 

179 Morzid OPSPA Bis( l-aziridinyl) morpholinophos-
MSPA phine sulfide 

179 MSPA Morzid 

152 naled ®Dibrom 0,0-Dimethyl 0-1,2-dibromo-
(0, C, USA) 2,2-dichloroethyl phosphate 

NEXAGAN ___ bromophos-ethyl 

162 NINA Sodium O-ethyl phosphite or 
Sodium O-ethyl phosphonate 

89 Oktametil (USSR) schradan 

Oleo-Diazinon diazinon + mineral oil 

Oleo-Malathion malathion + mineral oil 

Oleo-Parathion parathion + mineral oil 

146 omethoate (B) ___ ®Folimat 

89 OMPA ___ schradan 

179 OPSPA ___ Morzid 

111 oxinothiophos ___ ®Bacdip O-Ethyl 0-quinolin-8-yl phenyl-
phosphonothioate 

131 oxydemeton-methyl ___ ®Metasystox R 
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Table 17 (continued) 

Page Common names Other names Scientific names 
Code numbers 

137 oxydisulfoton --+®Disyston S 0,0-Diethyl S-2-ethylsulfinylethyl 
phosphorodithioate 

90 paraoxon ®E600 0,0-Diethyl 0-4-nitrophenyl 
®Mintacol phosphate 

90 parathion ethylparathion 0,0-Diethyl 0-4-nitrophenyl 
(I, B, F, C, USA) Parathion-athyl (D) phosphorothioate 

Tiofos (USSR) 
®Alkron 
®E605 
®Folidol 
®Niran 
®Rhodiatox 
®B1adan 

92 parathion-methyl methylparathion 0,0-Dimethyl 0-4-nitrophenyl 
(D, I, B, C, USA) ®Folidol M phosphorothioate 

®Metacide 

96 phenchlorphos --+ ronnel 

127 phenkapton 0,0-Diethyl S-(2,5-dichlorophenyl-
(D, I, B, C) thiomethyl) phosphorodithioate 

143 phenthoate dimethenthoate O,O-Dimethyl S-a-ethoxycarbonyl-
®Cidial benzyl phosphorodithioate 
®Erusan 
®Papthion 

126 phorate ®Thimet 0,0-Diethyl S-ethylthiomethyl 
(I, B, C, USA) phosphorodithioate 

141 phosalone (B) ®Zolone O,O-Diethyl S-(6-chloro-2,3-di-
hydro-2-oxobenzoxazol-3-ylmethyl) 
phosphorodithioate 

149 phoschlor (P) --+®Dipterex 

162 phosethyl Al --+®Aliette Aluminium tris(O-ethyl phospho nate) 

121 phosfolan --+®Cyolane 

140 phosmet (B) --+®Imidan 

phosnichlor --+®Nichlorphos 
isochlorthion 

155 phosphamidon ®Dimecron O,O-Dimethyl 0-2-chloro-2-di-
(D, I, B, C, USA) ®Dixon ethylcarbamoyl-l-methylvinyl 

phosphate 

175 Phosphinotricine ®Basta y-(Hydroxymethylphosphinyl)-
glufosinate I-a-aminobutyric acid 

122 phoxim ®Baythion O-(O,O-Diethyl phosphorothioyl) 
®Volaton a-phenyl-a-hydroximinoacetonitrile 
®Sebacil 

114 pirimiphos-ethyl (B) --+®primicid O,O-Diethyl O-(2-diethylamino-
®Fernex 6-methylpyrimidin-4-yl) 

phosphorothioate 

114 pirimiphos-methyl --+®Actellic O,O-Dimethyl 0-(2-diethylamino-
6-methylpyrimidin-4-yl) 
phosphorothioate 
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Page Common names Other names Scientific names 
Code numbers 

108 profenophos --+ ®Curacron 

154 propetamphos --+®Safrotin O-Methyl (E)-O-2-isopropoxy-
carbonyl-l-methylvinyl N-ethyl 
phosphoramidothioate 

prothidathion O,O-Oiethyl S-2,3-dihydro-5-iso-
(I, F, USSR) propoxy-2-oxo-I,3,4-thiadiazol-

3-ylmethyl phosphorodithioate 

107 prothiofos --+®Tokuthion O-Ethyl 0-2,4-dichlorophenyl 
®Bideron S-n-propyl phosphorodithioate 
®Toyothion 
®Toyodan 

147 prothoate ®Fac 20 O,O-Oiethyl S-isopropylcarbamoyl-
(I, B) ®Fostion methyl phosphorodithioate 

117 protriazophos --+®Miral O,O-Oiethyl O-(5-chloro-l-iso-
isazophos propyl-l,2,4-triazol-3-yl) phos-

phorothioate 

162 pyrazophos --+®Afugan O,O-Oiethyl O-(6-ethoxycarbonyl-5-
®Curamil methylpyrazolo[1 ,5-a ]pyrimidin -2-yl) 

HOE 2873 phosphorothioate 

113 pyridaphenthion --+®Ofunack 

114 pyrimithate --+®Oiothyl 

116 quinalphos --+®Bayrusil 

111 quintiofos --+®Bacdip 

96 ronnel fenchlorphos (B) O,O-Oimethyl 0-2,4,5-trichloro-
(C, USA) phenchlorphos phenyl phosphorothioate 

®Etrolene 
®Korlan 
®Nankor 
®Ronnel 
®Trolene 
®Yiozene 

123 S 125 --+®Maretin 

101 S 767 --+®Terracur P 

100 S 1751 --+®Lucijet 

98 S 1752 --+ fenthion (0, I, B, C, USA) 

96 S 1942 --+ bromophos (0, I) 

96 S 4400 --+®Agritox 

93 S 5660 --+®Folithion 

146 S 6876 --+®Folimat 

89 schradan OMPA Octamethyl pyrophosphoramidate 
(I, B, C, USA) ®pestox III 

®Sytam 

155 SO 3562 --+®Bidrin 

154 SO 4294 --+®Ciodrin 

155 SO 9129 --+®Azodrin 

175 SF-1293 y-(Hydroxymethylphosphinyl)-I-a-
aminobutyryl-I-alanyl-I-alanine 
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153 Shell OS 2046 _®Phosdrin 

sophamide ®Dithionate O,O-Dimethyl S-(N-methoxymethyl) 
(I, B, F) ®Formocarbam carbamoylmethyl phosphorodithioate 

98 suljidophos ®Baytex 

88 sulfotepp sulfotep (I, B, C) O,O,O',O'-Tetraethyl pyrophosphoro-
(D, USA) Ditio (USSR) dithioate 

®Bladafum( e) 
®Dithione 

107 sulpr%s _®Boistar 
®Helothion 

merpa/os 

105 temephos ®Abate 

179 tepa _®Aphoxide Tris(l-aziridinyl) phosphine oxide 

85 TEPP (I, B, C, USA) ®Tetron 

151 tetrachlorvinphos (B) ®Gardona O,O-Dimethyl 0-(Z)-2-chloro-I-(2,4,5-
®Rabon trichlorophenyl) vinyl phosphate 

TH 184-F N,N,N',N'-TetramethyIO-penta-
chlorophenyl phosphorodiamidate 

119 thiatriphos -Ni 15 

136 thiodemeton (D) disulfoton (D, I, B, C) O,O-Diethyl S-2-ethylthioethyl 
M 74 (USSR) phosphorodithioate 

®Disyston 
®Frumin AL 
®Solvirex 
®'feration II 

90 Tiofos (USSR) - parathion (I, B, F, C) 

133 thiometon M 81 (USSR) 
(I, B, C) _®Ekatin 

115 thionazin ®Zinophos O,O-Diethyl 0-pyrazin-2-yl 
(D, B) ®Cynem phosphorothioate 

®Nemafos 
®Nemaphos 

179 Thiotepa Tris(l-aziridinyl) phosphine sulfide 

TORAK - dialifor 

118, 161 triamid triamphos (D) 
-®Wepsyn (D) 

118, 161 triamphos (D) --.®Wepsyn 

118, 161 triamiphos (B) -®Wepsyn 

118 triazophos --. ®Hostathion O,O-Diethyl 0-I-phenyl-I,2,4-tri-
azol-3-yl phosphorothioate 

149 trichlorfon Chlorofos (USSR) O,O-Dimethyl 2,2,2-trichloro-l-
(I, C, USA) Phoschlor (P) hydroxyethyl phosphonate 

trichlorphon (D, B) 
metriphonate 

®Dipterex 
®Dylox 
®Neguvon 
®'fugon 
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96 trichloronat (D, I) 

149 trichlorphon (D, B) 

137 vamidothion 
(I, B) 
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Other names 

®Agritox 
®Phytosol 

---+ trichlorfon 

®Kilval 
®Yation 

Scientific names 

0-Ethyl 0-2,4,5-trichlorophenyl 
ethylphosphonothioate 

0,0-Dimethyl S-2-( 1-methylcarba
moy1ethyithio) ethyl phosphorothioate 
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Defoliant 168 
Dehydrochlorination of trichlorfon 150, 259 
Demethylation of phosphoramidate 247 
- of dimethylphosphates by glutathione 263 
"demeton rearrangement" 37, 130 
Demyelinization 286 
Detoxification by combined reactions 243 
- of phenolphosphates by m-substituents 94, 
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- S-aryl transferase 264 
- S-transferases 262 
Graf reaction 57 
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Malathionase 261 

354 

Malathion synergists 220 
Mentek, virus disease of rice 138 
Metabolism of azinphos-methyl 247,264 
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pyrimidin-4-yl) phosphorothioate 114 

0,0-Diethyl 0-(2-dimethylamino-6-methyl
pyrimidin-4-yl) phosphorothioate 114 

0,0-Diethyl 0-2-ethylthioethyl phosphoro
thionate 132 

0,0-Diethyl 0-2-isopropyl-6-methylpyrimidin-
4-yl phosphorothioate 113 

0,0-Diethyl 0-4-methylcoumarin-7 -yl phos
phorothioate 110 

0,0-Diethyl 0-(3-methyl-4-methylthiophenyl) 
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O,O-Diethyl 0-5-methylpyrazol-3-yl phos
phorothioate 117 
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Springer-Verlag 
Berlin 
Heidelberg 
New York 

L.G.Nickell 

Plant Growth 
Regulators 
Agricultural Uses 

1982. 29 figures. XII, 173 pages 
ISBN 3-540-10973-0 

Plant growth regulators can be defined as either natural or 
synthetic compounds that are applied directly to a target plant 
to alter its life processes or its structure to improve quality, 
increase yields, or facilitate harvesting. 

The author ofthis book - Vice President of Research and 
Development at the Velsicol Chemical Corporation, Chicago, 
Chairman ofthe Plant Growth Regulator Working Group, 
and the Treasurer ofthe American Society of Plant Physio
logists - discusses the effects of these regulators on plant 
functions such as rootinduction, control offlowering, control 
of sex, and control of maturation and aging. Emphasis is 
placed on the practical aspects of growth regulators rather 
than their mode of action. An extensive bibliography is pro
vided which includes reviews by specialists in all areas of plant 
growth and development, both basic and applied. 
Special consideration is given to the current commercial uses 
of plant growth regulators for a variety of purposes on a 
number of economically important crops as well as to the 
direct and indirect financial returns to the grower. 
Tables are provided which show the chemical name, common 
name, trademark identification, code designation, producer 
companies, as well as plant growth regulatory activity and, 
where applicable, other biological activities of the regulators 
discussed in the text. 

The book will be of interest to teachers, students and specia
lists in agronomy horticulture, plant physiology, crop science, 
.nursery science, landscape architecture, pOITlology, seed tech
nology, providing them with the only modem treatment of 
the uses of chemicals for the control of plant growth. 
(1201 ref.) 
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Fungicides. Biochemical and Biological 
Methods. Natural Products 
1981. 105 figures, 92 schemes. XVI, 512 pages (191 pages in German) 
(Chemie der Pflanzenschutz- und Schiidlingsbekiimpfungsmittel, 
Band 6). ISBN 3-540-10307-4 

Contents: 
J. A. Renwick, J. P. Vile: Biology of Pheromones. - H. J. Bestman, 
O. Vostrowsky: Chemistry ofInsect Pheromones. - M Bon4J: Die 
praktische Verwendung von Insektenpheromonen. - J. P. Edwards, 
J. J. Menn: The Use of luvenoids in Insect Pest Management. -
K Bauer, D. Berg, E Bischoff, H. v. Hugo, P. Kraus: Pflanzenschutz
praparate mikrobieller Herkunft. - C. Fest: Insektizide Phosphor
sii!lreester. - T. Egli, E Sturm: Bacterial Plant Diseases and Their 
Control. - T. H. Staub, A. Hubele: Recent Advances in the Chemical 
Control ofOomycetes. - W. Moos, R. v. Hes, A. C Grosscurt, 
D. H.Deul: BenzoylphenylureaInsecticides. - H. H. Cramer, B. Zeller: 
Zur Problematik des biologischen Pflanzenschutzes iIi der Land
wirtschaft. 

C.Pedtke 

Biochemistry and Physiology of 
Herbicide Action 
1982.43 figures, 58 tables. XI, 202 pages. ISBN 3-540-11231-6 

Herbicides are part of modern agricultural production systems and 
contribute therefore significantly to the economy of agricultural pro
ducts. This book describes the effects of herbicides on the meta
bolism of higher plants from the viewpoint of the plant physiologist 
It addresses both the agriculturist interested in herbicide modes of 
action as well as the research plant physiologist using herbicides 
as inhibitors of plant metabolic reactions. These two groups that 
traditionally have their own background training, publications, 
congresses etc., regard herbicides from a very different viewpoint: 
as agricultural and as research tools. - This work provides both 
groups with the necessary background knowledge in plant physio
logy and promotes the future use of herbicides as metabolic inhibi
tors in plant physiological research to the advantage of pesticide 
and plant sciences. A well-known example is the photosynthesis
inhibiting herbicide Diuron, known to plantphysiologistsas DCMU, 
which has become one ofthe essentials in modern photosynthesis 
research. Similarly, knowledge in other areas of plant metabolism 
may be advanced by the use of herbicides as specific inhibitors. 
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