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THE MODE OF ACTION OF ORGANIC INSECTICmES 

Robert L. Metcalf 
University of CalUornta 

Citrus Experiment Station 
Riverside 

This review of the mode of action of organic insecticides, exclusive of fumigants, 
was prepared at the request of the Entomology Subcommittee of the Chemical-Biological 
Coordination Center of the National Research Council. It seemed appropriate to confine 
the subject matter to organic insecticides inasmuch as these materials are currently of 
much greater interest in the laboratory and in the field than are the older inorganic in­
secticides. Furthermore, the literature pertatning to the inorganic materials has been 
very adequately reviewed by Hoskins <1940). Emphasis in this review has been placed 
on papers which best represent major contributions and modern viewpoints, and some 
of the older works, which are of historical interest only, have been omitted. Approxi­
mately 500 papers were consulted before selecting the more than 300 references which 
appear in the bibliography. The material has been organized into nine chapters, each 
dealing with a recognized insecticide or class of insecticides. A brief review of the 
chemistry of each material has been presented in order to make the following discus­
sion of toxicological, physiological, and biochemical information more intelltgible. 
Several very interesting insecticides, notably the "veratrine" alkaloids of sabadilla 
and hellebore, chlordan, chlorinated camphene, xanthone, and tartar emetic have been 
omitted because of the lack of any comprehensive data on their properties and modes 
of action. 

The scientific names of the insects mentioned have been corrected wherever pos­
sible to conform with those in the listing of "Common Names of Insects Approved by 
the American Association of Economic Entomologists" <Muesebeck, c., J. Econ. En­
tomol. 39, 427, 1946>. The journal references in the bibliography are in conformity 
with the "Llat of Periodicals Abstracted" of the American Chemical Society, <Cbem. 
Abets. 40, no. 24, pt. 2, 1946>. F1nally the wrtter 1s 1Ddebted to the excellent bibli­
ographies of Holman <1940>, Gnadlnger <1936, 1945>, Shepard U9401,Frear <1942>, Hos­
kins and Craig <1946) and Roark <1936 to 1948>, U.S.D.A., E-Series Publications, for 
suggestions as to original source material. 
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NICOTINE 

Introduction--Nicotine, as a crude tobacco extract, was used as an insecticide as 
early as 1763, but the pure alkaloid was not recognized until 1828, and was only syn­
thesized in 1904 by Pictet and Rotschy. Nicotine in the free form, as nicotine sulfate, 
and in a variety of fixed salts and coordinate compounds has been used as a contact in­
secticide, a stomach polson, and a fumigant, being especially effective against aphids 
and other soft-bodied insects. The equivalent ol1,107,000 pounds ol free nicotine was 
utilized for agricultural purposes in the United States in 1H4. 

Chemistry--Nicotine is levo-1-methyl-2-(3'-pyridyl)-pyrrolidine. The freshly 
distilled material is a colorless, nearly odorless liquid, b.p. 247°, sp. gr. 1.00925/20°, 
and vaporpressure0.0425mm./25°, 2.8 mm./80°C (Norton et al., 1940; Young and Nel­
son, 1929). Upon exposure to air, nicotine darkens, becomes more viscous, and de­
velops a disagreeable odor. Because of its basic nature (Kb1 :a 1 x 10-6, Kb2 a 

1 x 10-11, Norton, 1940) nicotine readily forms salts with any acid and ditaslc salts 
with many metals and acids. Nicotine sulfate, (C10H14N2)2 • H2S04, is widely used as 
an insecticide as it is more stable and less volaWe than the free alkaloid. Nicotine is 
obtained commercially from the tobaccos Micotiana tabe.cum and N. rustica where it 
occurs in the leaves of the former from 2 to 5 per cent, and in the latter from 5 to 14 
per cent. The following additional alkaloids have been recorded from tobacco: nico­
timine, anabasine, N-methylanabasine, iso-nicoteine, anatabine, 1-N-methylanatabine, 
nicotyrine, nicotelline, 2,3'-dipyridyl, nornicotine, and nicoteine; but nicotine generally 
comprises at least 07 per cent ol the alkaloid content of commercial tobaccos (Henry, 
1939). Aside from nicotine, only anabasine and nornicotine are of any importance from 
an insecticidal viewpoint. Anabasine, levo-2-(3' -pyridll)-plperidine, is a water-white, 
viscous liquid, b.p. 280.9°/760 mm., sp. gr. 1.0481/20 (Nelson, 1034) which is soluble 
in water in all proportions and turns brown upon standing in air. The vapor pressure 
is 2.5 mm./79°. Anabasine is a basic material and readily forms salts with a variety 
of acids and metals. Anabasine occurs in Anabasis aphylla, a small woody perennial ol 
central Asia, Turkey, and North Africa in concentrations of 1 to 2.6 per cent in the 
small green twigs, and in concentrations of up to 8 per cent (commonly 1 per cent) in 
the tree tobacco, Nlcotiana glauca, which is common in the southwestern United States. 
The chemistry and uses have been reviewed by Roark (1941). 

Nornlcotine occurs in nature in all three forms levo-, dextro-, and dl-. It is 
chemically 2-(3'-pyrldyl)-pyrrolidine, b.p. 270-271;f, sp. gr. 1.07/20°, and in the pure 
state is a colorless, viscous liquid. It appears somewhat more stable than nicotine and 
does not darken readily when exposed to light and air, nor does it have as pungent an 
odor (Markwood, 1942). Levo-nornicotine comprises 95 per cent ol the alkaloid con­
tent (1 per cent) of Nicotiana sylvestrls, and dextro- and dl-n~rnicotine are found in the 
Australian plant Duboisia hopwoodil, although the occurrence is variable. Bottomley et 
al. (1945) report that of 58 specimens ol this plant examined, one bad a high content ol 
nornlcotine and no nicotine, while the others all contained both alkaloids with nicotine 
predominating and reaching 3 to 5 per cent in some dried material. Markwood (1942) 
discovered that a strain of ordinary tobacco contained an alkaloid content ol 0. 73 per 
cent, of which 95 per cent was nornicotine and the remainder was nicotine. Bowen and 
Barthel (1943) found samples of commercial nicotine sulfate which contained as high as 
12 per cent nornicotine. Nornicotine, like nicotine, is basic and readily forms salts. 

Nicotine Nornicotine Anabasine 
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Toxicology ol nicotine and related materials--A comparison of the relative effec-. 
tiveness ol a number of analogues ol nicotine is given in table 2. It is evident that 
slight changes in the nicotine and anabasine molecules may result in marked decreases 
in insecticidal activity. Optical activity appears to be of importance as levo-beta­
nicotine is about five times as toxic as the dextro-form, yet with nornlcotlne the levo­
form is only sllghUy more eUectlve than the dextro-form. Maximum toxicity is appar­
enUy associated with the relative points ol attachment ol the two nitrogen-containing 
rings; linkage in the 3,2- or beta, alpha-positions as in the naturally occurring alka­
loids, being by far the most effective. A basic structure ol two six-membered nitrogen­
contalning rings, as in anabasine, seems to be more active than the combination ol a 
six-membered with a five-membered ring as in nicotine. The presence ol the methyl 
group on the pyrrolldlne nitrogen does not seem important to toxicity, as nornlcotine 
and anabasine are sllghUy more eUective than nicotine. 

Much eUort bas been expended by entomologists in developing fixed nicotine prepar­
ations wblch would be effective stomach poisons for the codling moth and other chewing 
insects. Hansberry (1942) tested 31 salts ol nicotine with acidic and metalllc com­
pounds as stomach poisons to the codling moth. He found that the water-soluble salts, 
such as the laurate, oleate, stearate, and naphthenate, were not effective, but that the 
water-insoluble salts, such as the Reineckate, slllcotungstate, cuprocyanlde, and cop­
per ferrocyanide, were highly effective. Wben these materials were tested as contact 
insecticides, however, the laurate, oleate, llnoleate, and naphthenate were highly effec­
tive, while the sillcotungstate and Reineckate and other fixed nicotlnes were ineffective 
to APhis rumicis (Hansberry and Norton, 1941). The authors consider tbat the toxicity 
ol such compounds as contact insecticides is influenced by (1) toxicity ol nicotine it­
self, (2) toxicity ol acid part ol molecule, (3) increase in toxicity due to good wetting 
properties, and (4) an UDlmown activating or synergistic action. 

Hansberry et al. (1940) compared the toxicities ol nicotine and various fixed nico­
tine& injected internally and as stc.:nach poisons to several species ol insects. They 
concluded that there was no significant difference between soluble and insoluble forms 
ol nicotine or between ingested and injected nicotine. 

Since a very large proportion ol the nicotine utillzed for insecticidal purposes is 
in the form of nicotine sulfate, studies ol the relative toxicity ol nicotine as the free 
alkaloid and the sulfate are of interest. DeOng (1823) found tbat the toxicity ol nicotine 
and nicotine sulfate to aphids, both as sprays and as fumigants, increased with the pH 
ol the solutions. He ascribed this to the increased volatility ol free nicotine over nico­
tine sulfate and considered both materials to act as fumigants. 

Anabasine and nornicotlne bave been recorded as being more effective insecticides 
than nicotine. Garman (1933) found anablsine sulfate five times as toxic as nicotine 
sulfate to Apbls rumicis CA. fable), wbile Richardson et al. (1936) found anabasine near­
ly ten times as effective as nicotine to the same insect. On the other band, however, 
Campbell et al. (1933), in tests in aqueous solution with larvae of the mosquito,~ 
pipiens,determined tbat nicotine was 2.y times as toxic as anabasine and 4.8 times as 
toxic as methyl-anabasine at the LD&O• Racemic nornicotine was about twice as toxic 
as raceinic nicotine to A. rumicis (Richardson et al., 1936). Siegler and Bowen (1946) 
found tbat nicotine was much more effective than anabasine or nornicotine when tested 
against the codling moth, Carnocapp pom_onella. Bottger and Bowen (1946) compared 
the toxicity of anabasine, nornicotine, and nicotine to several species of mites and in­
sects. Anablsine was the most toxic to the cabbage aphid, pea aphid, nasturtium aphi~, 
and citrus red mite, with nornicotine and nicotine being about equal, whUe nicotine was 
the most toxic to the large milkweed bug. The three materials gave approximately 
equal results against the celery leaf tier and red spider. 

lMedian Lethal Dosage 
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Table 1--Relation between dissociation constants of various alpiB­
substituted-N-methyl pyrrolldines and their toxicity to Aphis 
A:Ymicis and Tribolium confusum (Craig, 1933) 

Compound Relative MLCI Dissociation 
24 hours constant 

A. rumicis 

1-nicotine 

dl-nicotine 

2-(p-chlorophenyl)-N-
methylpyrrolidine 

2-(p-methoxyphenyl)-N-
methylpyrrolidine 

2-phenyl-N-methylpyrrolidine 

2 -n-butyl-N -methyl9yrrolidine 

2-n-propyl-N-methylpyrrolidine 

1 

2.9 

11 

21 

34 

45 

95 

l:. confusum 

2 -phenylpyrrolldine 

N -phenylpyrrolldine 

pyrrolidine 

N-n-butylpyrrolidine 

N -methylpyrrolidine 

pyridine 
1Median Lethal Concentration 

8 
(nicotine = 1) 

13 

36 

56 

3UJ 

1130 

9 X 10•7 

9 X 10•7 

8 x 1o·6 

6.3 x 1o·6 

6 X 10•5 

6 X 10·5 

4 X 10·5 

2 x 1o·10 

1.3 X 10·3 

2.3 X 10•4 

1.5 X 10•4 

1o·10 

Richardson and Shepard (1930a) bave shown free nicotine to be more toxic than 
ionized nicotine in solution. They investigated the effects of hydrogen-ion concentra­
tion on the toxicity of nicotine in aqueous medium to larval Culex pipiens and found 
that the speed of toxic action was direcUy related to the concentration of undlssociated 
nicOtine molecules, although the nicotinium ion was somewhat toxic since toxicity was 
observed at pH = 2, where ionization is nearly complete. At a pH = 5, the free nicotine 
base was 5 to 7 times as toxic as nicotine sulfate. The toxicity of free nicotine also in­
creased with increasing pH, reaching a maximum at the highest (most alkaline), i.e., 
where nicotine was almost completely undissociated. This change in toxicity with change 
in pH was ascribed as largely due to the dissociation of the pyrrolidlne nitrogen. Craig 
(1933) and Craig and Richardson (1933) found a direct correlation between the dissocia­
tion constants and the toxicities to A. rumicis of a series of alpha-substituted-N­
methylpyrrolidines, as is shown in table 1. Nicotine, the least dissociated, was the 
most toxic. This was not corroborated, however, in two other series of compounds re­
lated to nicotine tested against Tribolium and Thermobia domestica (Craig, 1931; 
Kirchner, 1939), where no good correlation between dissociation and toxicity wasfound, 
This work was tbe outgrowth of the theory of Hixon and Johns (1927) who developed the 
idea that the polar properties of a radical formed a measure of its electron-sharing 
ability or chemical reactivity. 
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Table 2--Relative toxicities ol some derivatives of nicotine 

Compound 

le•o-beta-Dicotlne [levo-1-methyl-
2 -(3 'p)'l'idyl)-pyrrolidtJie 1 

demo-beta-nicotine 

levo-nornicottne (levo-2-
(3 '-p)'l'idyl)-pyrrolidine 1 

dextro-nornicotlne 

dl-beta-nornlcotlne 

dl-~-nornicotlne 

dl-beta -Dicotine 

dl-alpba-Dicotine 

anabasine (levo-2-(3'-pyridyl)­
piperid1De1 

nicot,vrtne [1-mme~l-2-
<3' -pyridyU-pyrrole) 

meta-Dicottne 

dibydro-meta-nicotine 

methyl-meta-nicotine 

3-pyridylethyl-N-ethyl amine 

3-pyridyl-n-butyl-N-methyl amine 

pbenyl-n-butyl-N-methyl amine 

2,2, -dip)'l'idyl 

2,3'-dipyrldyl 

3,3' -dipyridyl 

3,4' -dipyridyl 

4, 4 '-dipyridyl 

2,2' -pyridyl-plperldine 

2, 3' -pyridyl-piperldine 

3,2'-pyridyl-piperidlne 

3,3' -pyrldyl-plperidine 

4,4' -pyridyl-piperidine 

methyl-3,2 '-pyridyl-piperldine 

2,2' -dipiperidyl 

24 hi'. MLC to 
Allbll rwpicis Reference 
Dicotlne .. 1 

1 Hansberry and Norton (1940) 

5 

0.5 

0.7 

1 

31 

2 

31 

0.1 

13 

10 

100 

ca. 33 

100 

ca. 1600 

ca. 1600 

100 

100 

>1000 

300 

750 

100 

50 

<5 

50 

1000 

20 

100 

Richardson et al. (1936) 

Richardson and Sbeplrd (1930) 

Smith et al. (1930) 
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Table 2--Relatlve toxicitles of some derivatives of nicotine (Continued) 

Compound 

2, 3 '-:dipiperidyl 

3,3' -dipiperidyl 

3,4' -dipiperidyl 

4,4'-dipiperidyl 

levo-2-p-tolylpyrrolidine 

dextro-2-p-tolylpyrrollcline 

pyrrole 

pyrrolidine 

pyridine 

piperidine 

benzyl pfridine 

pyridyl-N-benzylcbloride 

24 hr. MLC to 
Alm!§. rumicis 
nicotine= 1 

100 

100 

<10 

2100 

50 

40 

>250 

20 

125 

ca. 25 

2.5 

ca. 12 

Reference 

Starr and Richardson (1938) 

Tattersfield and Gimingbam 
(1927) 

Levine and Richardson (1934) found that potassium salts had a synergiatic effect on 
the paralyUc action of nicotine on Periplaneta americana, while sodium salts bad little 
effect. For eDJD.ple, with nicotine alone, the least concentration producing paralytic 
effects on injection was 0.001 per cent, while with nicotine in 0.1 M potassium chloride 
solution, effects were observed at 0.0001 per cent nicotine. Treating ens of M!!§g 
domestic:a,, Apple (1941) obtained the following median lethal concentrations: nicotine 
alone, 0.517 per cent; nicotine in N sodium chloride solution, 0.405 per cent; and ni~o­
tine inN calcium chloride solution, 1.273 per cent. 

QuantitaUve toxicology of nicotine--The available data on the quantitative tozicol­
ogy of nicotine to a number of species of insects is assembled in table 3. The silk­
worm, Bombvx mort, is apparently extremely susceptible to nicotine but most of the 
other species are not. From these data it is apparent that nicotine is only moderately 
toxic to most insects, as compared with the newer organic insecticides. The toxicity 
does not seem to vary greatly with the mode of administration, in common with other 
good contact insecticides. 

Entrance 0( nicotine into the insect body--Mclndoo (1916) attempted to trace nico­
tine in tbe insect body (honeybee) by treating histological preparations of poisoned in­
sects with phosphomolybdic acid and observing the precipitates formed. He concluded 
that nicotine applied as spray solutions enters the insect body by way of the tracheae, 
probably as a vapor, and does not pass through the integument. Thus tbe poison has 
ready access to tbe central nervous system which is very richly supplied with tra­
cheoles. As a stomach poison, however, nicotine appeared to be readily distributed to 
all tbe insect tissues. Later work by Richardson et al. (1934) and by Glover and Rich­
ardson (1936) has definitely proven that nicotine can penetrate directly through the in­
sect integument. These workers, using Periplaneta americana, larval corn earworm, 
Heliothis ob&oleta (H. armtgera), and Melanoolus femur-rubru.m, exposed to nicotine 
vapor in such a manner that no spiracles could be involved, were able to quantitatively 
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Table 3--Determinations of LD5o values for nicotine to various insects 

MethOd and LD50 in micro-
Species grams per gram site of ad- Reference 

body weight ministration • 
ca. 500 Aqueous, ex- Calculated from 

ternal on tho- Yeager et al. (1942) 
racic terga 

Perlplapeta americana 1200 Vapor as Glover and Richardson 
fumigant (1936) 

Blatella om..aptca 2150 Contact Stmanton accordi~ to 
Hansberry et al. ( 940) 

Lypeus kalmil 3200 Contact Slmanton accor~ to 
Hansberry et al. ( 940) 

AJmll rymicis 48 Contact Slmanton acco~ to 
Hansberry et al. ( 940) 

LD1oo 

I.ucllia Hr1cata male 370 Subcutaneous calculated .from 
injection Mclncloo (1937) 

Luc;Wa aricata female 650-890 Subcutaneous Calculated from 
injection Mclndoo (1937) 

C&l.!~ora erytbroceQhala 1080 Subcutaneous calculated from 
injection Mclncloo (1937) 

~ll!obf:! l[vtbrgggbag 1090 Subcutaneous calculated from 
fema injection Mclndoo (1937) 

Cargocapsa gomonella 850 Subcutaneous Calculated from 
larva injection Mclndoo (1937) 

Prodenia eridanla larva 1980 Subcutaneous Calculated from 
injection Mclndoo (1937) 

Phormia f!!J:& full- 331 Subcutaneous Calculated from 
grown rva injection Mclndoo (1937) 

Bombyx !!!Q[!larva 1440 Subcutaneous Calculated from 
injection Mclndoo (1937) 

LD5o 

BombJX mort larva 10 Oral Hansberry et al. (1940) 

Bombyx mort larva 2.0 Injection into 
blood 

Hansberry et al. (1940) 

Pr/atOQa.rcf! qy)nguemaculata >4650 Oral Hansberry et al. (1940) 
rva 

ca. 2000 Injected into 
blood 

Hansberry et al. (1940) 
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Table 3--Determlnations of LD50 values for nicotine to various insects (ConUnuecl) 

Lbso in micro- MethOd and 
Species grams per gram site of ad- Reference 

bodl weight mlnlstration 

~= 
>3640 Oral Hansberry et al. (1940) 

ca. 1500 Injected into Hansberry et al. (1MO) 
blood 

llypbantrla ~ larva >1020 Oral Hansberry et al. (1MO) 

>2500 Intra- Hansberry et al. (1MO) 
abdominal 

·· JM:tlrtar• 4ecemllneata >570 Oral Hansberry et al. (1MO) 

l.t=tara decemllneata >1010 Oral Hansberry et at (1MO) 

..cover nicotlue from willgs, legs, fat body, digestive tract, ventral nene cord, and 

.. molympb. Tbls penetration readily took place through u.e willg, leg, or body wall. 
• P. americana it was found tbat the I..Dso of gaseous nicotine was 1.2 mg. per gram 
~ weight, and tbat the largest amount was recovered from the cuticle with about 
equal quantities in the muscles, fat body, digesUve tract, and nene cord. Tbaa the 
c:uUcle appears to play an important role in concentratillg and transporting nicotlue in­
ID the body of the insect. Ricbardson (1945) compared the rate of penetration of nico­
ane from aqueous solutions of varying pH (and of consequent dissociation) through the 
.. tegument of P. ameripp. Nicotine (0.05 M) at pH 9.3 (4 per cent dissociated) pro-
6tced uearly 100 per cent kW in sixteen minutes immersion, wbile at pH 2.8 (99.9 per 
eent diasociated) 83 per cent of the insects were normal after immersion. Ricbardsoa 
IIIP8culates tbat the degree of susceptibility of lnsects to nicotine may be largely a re­
.Wt of differences in rate of penetration into the body, slow penetration permitting de­
tulfication. The roach seemed to absorb nicotine through the integument much more 
:npidly from air tban from aqueous solution. Thus with a concentration of 0.27 me. 
lllcotine per liter of air, the insect absorbed 3.3 micrograms per gram body weight per 
lllimlte, wbile with a concentration of 324 mg. nicotine per liter of water (or 1200Umes 
tile air concentration) the insect absorbed only 1.8 micrograms per gram body weight 
J18r minute. 

O'Kane et al. (1933) applied minute drops of 100 per cent nicotine to a variety:of 
IlDdy regions of larvae of Tenebrio molitor and to feriplaneta americana, The toxic 
..-mptoms developed much more quickly when the applications were made to non­
•lerotized areas tban when made on sclerotized structures, indicating a more rapid 
J18netration through the thlnner cuticle. Portier (1930) placed nicoUne solutions on the 
•tennae of Yanessa ata1anta and Satyrus actea. Tbe alkaloid apparenUy penetrated the 
.ntennal nerves and trachea and acted upon the ganglia of the central nervous system 
to produce violent convulsions. 

Wigglesworth (1944, 1945) bas shown tbat disruption or disorientation of the outer 
cement and wax layers of the epicuticle of Bhodnlus either by abrasion or by the acUon 
el surface acUve substances is accompanied by a marked increase in susceptibility to 
aicoUne, penetrating the integument. Normal nymphs showed only slight effects in 6 
laours and severe effects but not collapse ln 24 hours from the application of 2 per cent 
aicotine to the dorsum in a capsule, but when the area was lighUy rubbed wltb alumina 
Wore the insecticide was applied, collapse of the insect occurred in 20 minutes. 
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Table 4--Properties of lipids of epicuticle 

Thickness 
Wax thickness Critical 
as per cent ApprOJdmate tempera-

Species of wax in of exuvial m.p. of wax ture of 
microns thickness wax• 

Rhodnig grglixus 0.25 3.8 80.5 81.0. 
fifth instar 

l:lltKl2 m2lll2r 0.20 2.6 57-59 57.1 
large larva 

~lllnhom ~rvthr~ggblll 0.18 5.8 50-55 54 
pupa 

puparium 0.27 0.55 indef. 41.5 

I!IIIDIWillMIU 0.095 1.65 36-42 39.3 
last lnstar larva 

P!fa"J:abraasicae CP. raw) 0.33 4.5 57 46.2 

pupa 0.4 2.4 white 67 66.4 
yellow >100 

llatta orlta U1 0.6 liquid 40.0 

•te~erature wbire permeability Ol wax fUm 1.0 microns thiCk reaChes 
5 1111·/cm. /hr. 

Similarly, with 2 per cent Dlcotlne in paraffin oll, no effects occurred ln two days, but 
wben 2 per cent Dlcotine was applled ln cetyl ether of polyethylene glycol, tbe insects 
were dead in 24 hours. From these data, lt appears that the penetration of Dlcotlne 
and rotenone (p. 33) and probably most other contact insecticides through the cuticle ls 
partially dependent at least on the properties of the 8UJ'face llpids of the eplcutlcle. 
Wigglesworth (1945) and Beament (1945) bave extensively invesUgated tbeee llplds in 
different insects. Table 4 from Beament provides an lndication of the variabillty in 
properties as found in several lnsects. Tbe author points out that l!fematus. which bas 
a low resistance to most insecticides and to desiccation bas a relatively thin layer o( 
wax. 

Physiological lftudies of the mode of acUon o( Dlcotine--Mclndoo (1918) made a 
very extensive study of the action of nicotine on several lnsects. Be describes the on­
set of symptoms in honeybees poisoned with nicoUne as (1) stupefaction, (2) hind legs 
paralyzed usually before other pairs, followed by wings, then other legs, (3) staggering 
gait, (4) falls on tack, (5) tongue, antennae, and mandibles paralyzed, and (6) only occa­
sional twitching of tarsus, antennae, or abdomen. Tbus it appears that nicotine causes 
ascending motor paralysis of the uerve cord. In a later paper Mclncloo (1937) bas de­
scribed the characteristic action of nicotine on several insects. Injected nicoUne 
caused almost immediate reaction in the fly Phormia. The abdomen, legs, and wings 
quivered violenUy. Tbe legs were usually folded together and the wings bent toward 
the body, while the proboscis was always extended and then retracted. Silkworm lar­
vae showed violent convulsions followed by paralysis when injected by nicotine. In the 
case of Phormia, the nicotine was the more effective as the point o( injection ap­
proacbed the ventral gangllon. Bockenyos and Lilly (1932) found that the speed of 
paralysis in larvae of Celerio lineatp. was dlrecUy proportional to the distance of the 
injection from the head. 

Copyright © National Academy of Sciences. All rights reserved.

The Mode of Action of Organic Insecticides
http://www.nap.edu/catalog.php?record_id=21541

http://www.nap.edu/catalog.php?record_id=21541


13 

Yeager and Gahan (1937) have studied the action of aqueous solutions of nicotine 
on the heart action of Periplaneta americana and Prodenia eridanla. The roach heart 
was much more responsive to nicotine, showing a marked stimulation at concentrations 
as low as 0.0005 per cent without subsequent depression. At higher concentrations, 
this stimulation was followed by partial depression or complete depression and paraly­
sis, the heart stopping in systole. Fibrillation of the heart was also observed in the 
roach. The larval heart behaved similarly over a higher dosage range, but stopped in 
diastole. According to the authors, this difference may be explainable by the assump­
tion that the heart in the roach possesses intrinsic ganglionic cells with a low threshold 
of response to nicotine, while in the larva, the heart is without ganglionic cells and the 
nicotine must overcome a higher threshold of intrinsic nerve fibers, motor endings, 
and cardiac musculature. Subsequently, Yeager (1938), using a most ingenious mecban­
ographic recording method, was able to demonstrate the effect of nicotine perfusion on 
the amplitude and contraction rate of isolated heart preparations of P. americana. 
Nicotine treatment produced an irregularity of amplitude, the diastolic fall of the heart 
becoming less and less as relaxation was inhibited, and the heart was eventually brought 
to systolic arrest. Tbere was, however, little corresponding effect on contraction rate, 
and if nicotlnization was not too intense or prolonged, continued washing of the prepara­
tion with fresh saline fully restored the normal heart action. 

Similarly, Hamilton (1939) working with isolated heart preparations of Me1anoplus 
differentialts, studied the effect of the application of purified nicotine alkaloid. A con­
centration of 0.01 per cent nicotine resulted in no loss in contractlllty, but a concen­
tration of 0.1 per cent paralyzed the entire body with the exception of the heart andre­
duced the alary muscle response. Several applications of fresh 1.0 per cent nicotine 
stopped the heart and paralyzed the alary muscles. Recovery from this paralysis, 
however, could be effected by repeated washings in saline, even after 5 hours. The 
response of the intact heart to nicotine was typically a decrease in rate of beat, accom­
panied by pronounced irregularities due to alary muscle reaction. In preparations in 
which the alary muscles were cUpped, it was shown tbat typical nicotinic action was 
increased amplitude, but little change in rate resulted except at high dosages which 
caused a slight decrease. 

Yeager and Munson (1942) have investigated the effects of nicotine on the blood 
elements of Proclenia eridan1a. Exposure to nicotine vapor and the injection of nicotine 
peat and nicotine bentonite did not produce any obvious alterations in the normal blood 
cell picture, although prolonged exposure to nicotine vapor produced an abnormal 
vacuolization of the blood cells. Babers (1941) found that a 24-hour exposure to satur­
ated nicotine vapor was without effect on the normal blood pH, 6.85, of P. eridania al­
though chemical analysis indicated a concentration of about 7.15 mg. of nicotine per 
100 ml. of blood. Yeager et al. (1942) attempted to investigate possible detOldfication 
sites in Periplaneta americana by blocking hemocytes with injected carbon granules 
and staining pericardial nephrocyte& with the vital dye Trypan blue, and then compar­
ing the resistance of treated and untreated insects to application of aqueous solutions 
of nicotine at 0.55 mg. per kg. of body weight. The blocking of the hemocyte& resulted 
in a slightly increased susceptibility to nicotine, but the staining of the nephrocytes 
was without effect. The investigators consider that these two groups of cells in the in­
sect may have a functional analogy to the reticulo-endothelial system of the vertebrate. 

Coon (1944), using sodium fluoresceinate injected into the cercus of P. americana 
as a fluorescent tracer, found nicotinization to cause an irregular decline in the rate 
of heart beat which continued long after paralysis of the appendages, and apparently 
impeded normal circulation. 

Site of action of nicotine--Roeder and Roeder (1939) havl! studied the effects of 
nicotine and other drugs on the spontaneous electrical activity of the isolated nerve 
cord of P. americana. Perfusion of such a preparation with nicotine at 1 x 1o-5 M 
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produced an appreciable "increase in activity, causing spikes of recorded waves to~­
crease two to three times in amplitude. With the application of nicotine at 1 x to- M 
an enormous burst of activity occurred, and spikes of seven to ten times normal re­
sulted; but within two minutes complete inactivity ensued. Nicotine at 1 x l0-3 M 
caused complete inactivity, but the normal activity usually returned upon washing the 
preparation in fresh saline. Nicotine exerted a more pronounced blocking effect on the 
nerve impulse transmission than did eserine. 

Yeager and Munson (1945), in connection with a study of DDT, performed several 
experiments by injecting nicotine solutions into various sites of the body of Periplaneta 
americana. Injection into isolated legs or the attached leg of a roach with a cauterized 
heart produced no effects, but injection of nicotine into the ganglionic region of a nor­
mal roach, a cauterized roach, or a leg ganglion preparation produced violent tremors 
in the legs, which ceased when legs were severed from the body. It was concluded that 
nicotine could produce violent tremors by action on a single ganglion but seemed not to 
excite motor fibers. Injection of nicotine in a pinhole in the insect eye of a cauterized 
roach caused violent tremors in the whole body, which were abolished posterior to the 
neck by decapitation. Pretreatment with DDT did not prevent the appearance of symp­
toms of nicotine poisoning. 

Richards and Cutkomp (1945) found that nicotine bad no in vitro inhibitory effect on 
cholinesterase activity in bee bralns. 

Welsh and Gordon (1947) found that nicotine applied to the nerve axons of crustacea 
and lnsects (P. americana) caused a characteristic multiplication of nerve impulses, a 
single electrical stimulus resulting in a train of many impulses. Similar action was 
reported for DDT, the pyrethrtns, and a variety of other compounds. Tbe authors sug­
gest that thls effect ls a nonspecific action resulting from surface effects on the nerve 
axon and ls characteristic of substances having a higb lipid/water solubility ratio. It 
ls difficult to see that nicotine meets this latter qualification as the oil/water distribu­
tion ratios of 5 per cent nicotine solutions were determined by Norton (1941) and found 
to be 1.27 for flab oil, 1.09 for corn on, 1.1 for olive oil, and 1.01 for peamat oil at 25°. 
For the purposes of comparlson, the oil/water distribution coefficient of a 5 per cent 
DDT solution, using olive oil, must be in the viclnlty of 999,000 using the values of 
10.5 g./100 ml. for olive oil solubility at 37° (Van Oettlgen and Sharpless, 1946), and 
0.1 p.p.m. for water solubility at 18° (Gavaudan and Poussel, 1947). 

Tbe evidence given above suggests that nicotine acts primarily on the ganglia of 
tbe inseCt central nervous system, possibly at the synapses, causing excitation at low 
concentrations and depression or paralysis at hlgb concentrations. It apparenUy has 
little or no action on the nerve fibers or myoneural junctions. 

Gause and Smaragdova (1939) developed a theory that nicotine acted by interfering 
with the acetylcholine receptors in the synapses. They studied the effects of demo­
and levo-nicotlnes on a number of vertebrates and invertebrates. In vertebrates, levo­
nicotlne was, on the average, 2.8 times as effective as dextro-nicotine. In inverte­
brates known to possess the acetylcholine-cholinesterase mechanism, the ratio was 
2.6 to 1. 'nle authors stated that there was a complete coincidence between the presence 
of acetylcholine mediation and the higher toxicity of levo-nicotine. It 1B of interest here 
that no difference in toxicity of the two isomers was shown by tbe single insect studied, 
the larva of Drosophila, and the authors concluded that this was evidence for the non­
existence of acetylcholine mediation in insects. This appears to be an erroneous idea 
in view of the large amount of data on the presence of acetylcholine in insect nervous 
systems <see page 61), and the fact that Hansberry and Norton <1940) found levo-nlcotlne 
seven times as effective as dextra-nicotine to Aphls rumicls. 

Physiological action of aaabaslne--Rotman (1936) studied the action of 0.5 per cent 
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anabaSine solution on larvae of Pteronus ribesU. The insects were paralyzed in 2 to 
15 minutes after dipping in this solution, and it was concluded that the action was large­
ly on the neuro-muscular system. When a 1 per cent anabasine sulfate solution was 
used, the respiratory rate was also strongly increased, but soon returned to normal. 
Tarasova (1936), studying the same insect, found that application of 1 per cent anabasine 
sulfate resulted in strong movements, the emission rl. fiuid from mouth and anus, and 
paralysis in about 7 to 10 minutes. The rate of pulsation rl. the dorsal vessel increased 
to four times normal. This increase was much less noticeable when the ventral nerve 
cord was severed. The application of solutions of anabasine direcUy to the nerve cord 
of larval Pieris brassicae produced immediate stoppage at concentrations as low as 
0.00001 per cent. Ivanova U936) suggested that anabasine produced narcosis of the hy­
podermal cells since it facllita.ted the penetration rl. fiuida through the integuments rl. 
Pieris brassicae and Pteronus rlbesii. 

The penetration of anabasine and anabasine sulfate from aqueous solutions through 
empty larval skins of Cbironomus plumosus using enclosed Paramecium as an indicator 
has been investigated by lljinsllaya (1948). The abllity rl. the materials to penetrate 
was expressed as a ratio, K • C1/C2, where C1 is the minimum lethal concentrat1011 
using skins treated with alkali, which were completely permeable, and C2 is the mini­
mum lethal concentration using untreated skins. With anabasine alllaloid K • 0.83 and 
C1 • 0.125, and with anabasine sulfate K • 0 and C1 • 7.5. These degrees rl. effective­
ness were correlated with testa on Aphis pomi where anabasine at 0.1 per cent gave 94 
per cent mortality, and anabasine sulfate at 0.5 per cent gave 87 per cent mortality. It 
was concluded that undissociated molecules rl. anabasine reac:m, penetrate insect cuti­
cle while the free cations rl. the anabasine sulfate solution do DOt penetrate appreclablJ. 
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PYRETHRUM 

Introduction--The use of pyrethrum powder as an insecticide apparently originated 
in Persia several hundred years ago. The material was introduced into Europe at an 
unknown date and its manufacture begun about 1828. The researches~ Staudinger and 
Ruzicka resulted in the partial identification of the active chemical constituents in 1924, 
but new discoveries as to the exact compounds concerned are yet being made due prin­
cipally to the work of La Forge and Barthel. The constituents of pyrethrum flowers 
are unique among insecticides in the rapidity with which they paralyze insects affected, 
and they are very widely employed in fly sprays, household insecticides, and forcer­
tain agricultural pests. About 12,000,000 pounds of pyrethrum flowers were imported 
into the United States in 1941, principally from Japan and Kenya. 

Cbemistn--Following the researches of Staudinger and Ruzicka (1924), it was 
generally considered that the active constituents of the pyrethrum flowers were two 
esters, pyrethrins I and n, formed from an alcohol pyrethrolone, b.p. 110-112° f0.1 
mm., and two acids, chrysanthemum monocarboxyllc acid, b.p. 135" /12 mm., and 
chrysanthemum dicarboxyllc acid-monometbyl ester, b.p. 140° f0.5 mm. Recently, 
however, the researches~ La Forge and Barthel (1945a,b,c) have disclosed the pres­
ence of another alcohol, cinerolone, b.p. 120-124°/1-2 mm. Both pyrethrolone and 
cinerolone exist in optically active and racemic forms. La Forge and Barthel state 
tbat the classically defined terms pyretbrin I and pyretbrin n should be regarded as de­
fining only groups of esters characterized by the acid component, the former contain­
ing a mixture ~ pyretbrin I and cinerin I, and the latter pyretbrin n and cinerin n. La 
Forge and Barthel (1947) have prepared these four constituents from both optically 
active and racemic pyretbrolone and cinerolone. They remark that the cinerins are 
more stable tban the corresponding pyrethrins. The four dihydro-esters, in which the 
double bonds in the acid constituent have been saturated, and a tetrahydropyrethrin I, 
in which both double bonds in the pyrethrolone side chain have been saturated, were 
also prepared. Soloway and La Forge <1947) and Dauben and Wenkert <1947) have syn­
thesized 2-bufJl-4-hydroxy-3-methyl-2-cyclopenten-1-one and 2-amyl-4-hydroxy-3-
methyl-2-cyclopenten-1-one respectively, which were found to be identical with dihydro­
cinerolone and tetrahydro-pyrethrolone prepared from natural sources. Thus the struc­
tural formulae for the four active constituents are apparently as follows: 

H ~3 
a...c""" ~9CH2CH-CHCH-CH.2 

I I 
H2c-c-o 

pyrethrins I and U 

For pyretbrin I and einerin I, R • 

For pyretbrin U and cinerin U, R • 

CH 
H C 3 

R-c""" ~CCf1:2CH-CHCH3 
I I 

H2C-C.O 

cinerins I and n 
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Acree and La Forge (1937) found that esters of pyrethrolone <and presumably cinero­
lone) with palmitic and llnoleic acids also occur in oleoresin ol pyrethrum. These 
acids also occur in the free state. Campbell and Harper <1945) succeeded in synthe­
sizing chrysanthemum monocarboxylic acid in three crystalline isomers, dl-trans, 
m.p. 54°, dl-cis, m.p. 116°, and 1-trans, m.p. 17-21°. 

The commercial source ol the pyrethrins and cinerins is in the Rowers of .9!!:!.­
santhemum cinerariaefolium, where they occur in amounts ranging from 0. 7 to 3 per 
cent, ol which more than 90 per cent is in the achenes <Gaadinger, 1936). 

The pyrethrins are highly unstable in the presence of light,' moisture, and air. 
Whole Rowers decompose more slowly than ground Rowers or dusts, and the potency 
ol the material can best be preserved in sealed, Ught-proof containers at low tempera­
ture. Various antioxidants, such as hydroquinone, pyrogallol, and pyroca~echol, have 
been shown to greatly retard the destruction of the pyretbr:ns in storage, but bave not 
proven of value in preserving insecticidal residues (Gnadinger, 1945). West <1943) 
studied the changes in the pyrethrins occ.1rring in storage and suggests that a polymer­
ization probably occurs involving the pentadienyl sidecha1n. 

Relation ol chemical structure to toxicit.y--staudinger and Ruzicka (1924) showed 
that, while the pyrethrin esters were highly toxic to certain insects, the alcohol pyre­
throlone and the two carboxylic acids in the uncombined form were nontoxic. They also 
prepared many esters ol pyrethrolone with var:ous acids, and ol chrysanthemum mono­
carboxylic acid with various alcohols and phenols, but found none of the products to 
compare with the pyrethrlps in activity to lnsPcts. The specific compounds, however, 
were not Isolated and icfentlfied. Barvtll <1939) prepared a series ol aliphatic esters ol 
chrysanthemum monocarboxylic acid and tested these compounds as sprays against 
Aphis rumtcis. The cetyl, lauryl, myristyl, and dietbanoJ amine esters were nearly as 
toxic as the pyrethrins to the aphid, but when applied to the bodies ol Periplaneta amer­
icana the compcnmds failed to produce the characteristic BJmptoms ol pyrethrum poi­
soning. Hydrogenation was found to largely destroy the lmockdown of pyrethrins I and 
U to the housefly and decidedly lowered the k111 obtained <Baller and Sullivan, 1938). 

Considerable effort has been expended ln determinations of the relative toxicities 
· ol pyrethrtns I and n, although the unsuspected presence ol the cinerins makes the 

value ol the data somewhat uncertain. Gnadinger and Corl <1929) found the 24-hour 
median lethal concentration for suspensions in water sprayed on Blatella germani~a to 
tq be 10 mg. per liter for pyrethrin::; I, and 12.5 mg. per liter for pyrethrins n. The 
same authors <1930) tested these materials as kerosene sprays against the housefly. 
They concluded that pyrethrin n w~s about 80 per cen: as toxic as pyrethrin I, the 
respective ~o's being I- 65 mg./100 ml., and n- 85 mg./100 ml. Tattersfield et 
al. <1929), using pyrethrins sprayed in aqueous saponin solutions on Aphis rumtcis, 
found the 24-hour median lethal concentration of pyrethrin I to be 0.001 g. per 100 ml., 
and pyrethrin n to be 0.01 g. per 100 ml. pyrethrolone, chrysanthemum monocarbox­
ylic acid, and chrysanthemum dicarboxylic acid, monomethyl ester, were nontoxic at 
0.2 g. per 100 ml. Hartzell and Wilcoxon (1936), using acetone solutions diluted with 
water as direct sprays against A. rumicis, found concentrates of pyrethrin I consider­
ably more toxic than concentrates of pyrethrin n, while when miscible oil was used as 
a solvent, the extracts were of nearly equal toxicity. The same extracts in kerosene 
sprayed on houseflies, or applied directly to the files from a pipette, were about equally 
toxic. Comparisons of the toxicity of pyrethrins concentrates in heavy mineral oil 
sprays ustng adult Tribollum castaneum <Martin, 1943) showed that the two pyrethrins 
were about equally effective, but when alcoholic solutions were diluted with water and 
sprayed, the pyrethrin I concentrate was many times as effective as the pyrethrtn n 
concentrate. SUllivan et al. <1938) found ln spray tests on houseflies that kerosene 
solutions of pyrethrin I concentrate produced two times the mortality in 24 hours as 
did concentrates high in pyrethrin n, but the tO-minute knockdown with pyrethrin n was 
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about 3.5 times that of pyretbrin I. They concluded that the more rapid knockdown ol 
pyrethrin II might be the cause of its lower kill, as the rues did not have as long a time 
of flight in which to accumulate a greater dosage ol the material. McGovran et al. 
<194U, using a micropipette to app}J measured drq>s of pyretbrlns in kerosene to Peri­
planeta americana, determined that pyrethrin n concentrates caused a more rapid 
knockdown than did pyretbrin I concentrates, while the latter produced a sllghUy higher 
mortallty. For example, the concentrations for 50 per cent knockdown in 30 minutes 
were 1.0 mg.jliter for n, and 1.5 mg./liter for I, while for 50 per cent kill in 24 hours, 
the concentrations were 1.5 mg./liter for nand 1.0 mg.juter for I. 

The most significant work in the determination ol the relative toxicity ol the vari­
ous components of pyrethrum is that of Gersdorff Cl947) who has obtained tozicity data 
on the true pyretbrins I and n, and the ctnerins I and n, as well as their hydrogenated 
products. The compounds were tested against houseflles using kerosene extracts. No 
differences could be demonstrated between optically active and racemic compounds pre­
pared from optically active and racemic pyretbrolone and cinerolone. A summary ol 
the results obtained is presented In the following table: 

Table 5--Toxtclty of components ol pyrethrum 

Reliltive mediiii lithil 
Compound concentratioo to housefly 

2lretbr1n I • 1 

pyretbrin I 1.0 

pyretbrin n 4.3 

cinerin I 1.4 

cinerin n 5.8 

isodihydropyretbrin I 2.0 

tsodihydropyretbrtn n nootoxic at level ol std. 

lsodihydroclnerin I 3.8 

isodihydrocinertn n nontoxic at level ol std. 

tetrahydropyretbrln I >18 

Theories of toxic action--Lauger et al. <1944) consider that a highlJ effective con­
tact insecticide must possess a tone compoDent (tozaphore) and must have groups at­
tached which absolutely tnsure pronounced lipid solubility <see under DDT). With ref­
erence to the pyrethrtns, these authors consider that the cyclopropane ring, the methyl, 
dimethylethylene, and allene groupe are responsible ffll' the llpid solubWty of the mole­
cule. The question of the tozaphore cannot be so slmp}J defined, but Lauger considers 
it to be -£•£-C0-0-L, where L 1s the lipid solubilizing group. Here again it should be 

emphasized that this Is a highly theoretical viewpoint and is not adequate to explain the 
.loss 1n effectiveness associated with minor alterations In the molecule. 

Burst <1945) discusses the similarity In action of the pyrethrlns and of DDT as in­
dicated by a dispersant action on the lipids d. insect cuticle and internal tissue. Be has 
developed an elaborate theory ol contact insecticidal action although experimental data 
are not provided. Burst believes that susceptibility to insecticides depends partially on 
cuticular permeability but more fundamentally on the effects on internal tissue "re­
ceptors" which control oxidative metabolism, I.e., oxidative enzyme systems. The 
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access of the pyrethrlns to insects, for example, is facllltated by adsorption and storage 
in the lipophilic layers of the epicuticle. The eplcuticle is to be regarded as a lipo­
protein mosaic (Hurst, 1943> consisting of alternating patches of lipid and protein re­
ceptors which are sites of oxidase activity. Such a condition exists in both the hydro­
phlllc type of cuticle found in larvae of Calllphora and Phormia and in the waxy cuticle 
of Tenebrio larvae. Dennen (1946) has also fOUDd a similar lipo-protein complex in 
the epicuticle of Sarcopbaga. Wigglesworth (1946> has discussed the presence of poly­
hydric phenols, such as dihydroxyphenyl acetic acid, in the second layN' of the eptcuticle 
of Rhodntus, for example. According to Pryor (1940a,b>, phenols (probably 3,4-dihydrox­
yphenyl acetic acid) are oxidized to quinones by the action ol oxldases present ln the 
cuticle, and these qulnones react with proteins linking together protein molecules and 
converting the whole of this eplcuticular layer (the innermost layer (1) of the eplcuticle 
in Rhodnlus) into a polymerized lipo-protein tanned with quinones. 

Old.daae > 

+ protein > 

The result has been described as being analogous to the tanning of gelatin fllms with 
para-benzoquinone. The effect of such a process is to convert a soft colorless sub­
stance into a horny, brown, insoluble, and hydrophobic product characteristic of most 
insect epicuticle. Fat solvents which have been shown to increase the permeablltty of 
the pyrethrins (p. 21 > also increpse the rate of tanning by quinones, so that the site of 
oxidase action appears more reactive to an oll solution. Such lipid solvents penetrate 
the cuticle primarily through the lipid patches and have the net result ol exposing the 
enzyme receptor patches to the action of the insecticide. Thus, Hurst would explain 
pyrethrinlzation as a prellminary narcosis or "knockdown" phase in which oxidase 
action is blocked by adsorption of the insecticide on lipo-protein tissue components, 
followed by death when further dispersant action of the insecticide results in an ir­
reversible increase in phenoloxidase activity as a result ol displacement of protective 
llplds. This increase in phenoloxidase activity is accompanied by the accumulation of 
toxic quinoid metabolites in the blood and tissues; as, for example, reactive ortho­
qulnones which would block substrate access to normal enzyme systems. The varying 
degrees of susceptibWty shown by different insect species to an insecticide may be ez­
plalnable not only in terms of differences in cuticle makeup but also as internal factors 
associated with the stability of oxidase systems. Thus, in Musca larvae concentrations 
of ethyl alcohol in the hemolymph which decreased tissue phenolase activity and induced 
narcosis, increased phenoloxidase activity in Tenebrlo larvae and were lethal. 

Entrance of methrlns ipto the insect body--The pyrethrins are generally con­
sidered to be strictly contact insecticides and to have little stomach polson action. 
Voskresenskaya (1938) fed pyrethrum on leaves to Agrotis segetum, Plerls brasslcae 
(P. rapae>, Porthetria dispar, and Locusta migratorta. This resulted in regurgitation, 
spasmodic contractions, and in quiescence but the insects recovered. Hockenyos U936) 
found that the ingestion of pyrethrum powder by Blatta orlentalis produced symptoms of 
discomfort but no effects after 12 hours. Woke (1939> found, upon feeding the pyrethrtns 
in leaf sandwiches to sixth lnstar Prodenla erldanla, that the larvae were unaffected, al­
though they were susceptible to pyrethrtns poisoning by contact. By using mosquito 
larvae for a bio-assay, it was shown that little or no pyrethrlns remained in the tissues, 
digestive tract, or feces, in 6 to 24 hours after ingestion. On the other hand, Bottcher 
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Table 6--Determinations of ~0 values for pyrethrins to insects 

LD5o in Method and 
Species micrograms site of ad- Reference 

cgram ministration 
l weight 

Cimex lectulariug 5 Direct srcray- Busvine (1946) 
contact cal-
culated) 

Ped~ humanus 42 Direct srcray-
II 

contact cal-
culated) 

M!IG! dQ!D!IY~ male 31 Direct spray David (1946) 
(calculated) 

female 38 Direct spray II 

(calculated) 

~!!ln.U male 0.5 Direct spray " 
(calculated) 

female 1.0 Direct spray II 

(calculated) 

Periplaneta americana 
male 1.25 4-day morta11!f Calculated from McGovran 

from measure et al. (1941) 
drop of kero-
sene solution 
on dorsum 

female 2.5 

AD!§meWftB 20°C 0.5 Stomach poison Calculated from Bottcher 
34.5°C 5 from alcohol 3 (1938) using 0.1 g. for wt. 

days of bee 

<1938> showed that the pyrethrins were highly tone as stomach poisons to the honeybee. 

The pronounced contact action of the pyrethrins has been demonstrated by O'Kane 
et al. <1933> who applied droplets of 15 per cent pyrethrins in kerosene to various areas 
of the integument of Tenebrio molitor larvae and Periplaneta americana adults. Typical 
toxic symptoms developed from the appl1cation of the insecticide to such diversified 
areas as antennae, cerci, legs, head, spiracles, abdomen, and thorax. Appl1cations 
made to the cervical region and to other intersegmental areas resulted in the develop­
ment of toxic symptoms in about one-half the time required when appl1cations were 
made on highly sclerotized regions. Hartzell and Wilcoxon <1932> noted that a drop of 
pyrethrins applied to the tarsus of the rose chafer, Macrodactylus subsplnosus, was 
rapidly fatal, and Potts and Vanderplank <1945> found that residues of pyrethrins para­
lyzed Glossina adults in a few seconds when applied to the puivllli for periods as short 
as two seconds. 

The application of 25 per cent dry pyrethrum powder to Blatta orlentalls produced 
the following symptoms <Hockenyos, 1936>: no reaction for 1 1/2 minutes, then sudden 
and Intense excitement for 2 minutes, followed by paralysis beginiling with the meta­
thoracic legs and spreading to others; and the insect was completely helpless In 8 
minutes. Appl1cations of the powder to the tracheae were not effective. The action of 
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the pyrethrum powder seemed to be localized, as application to the junction of the head 
and thorax paralyzed only the antennae, while applications on the thoracic sternum 
caused only partial paralysis followed by recovery. It was found that, unless one-half 
or more of the roach body were covered, total paralysis within 12 hours could not be 
ensured. Roy et al. (1943> found that dry pyrethrum powder introduced into the spir­
acles of Periplaneta americana produced characteristic symptoms of the legs in the 
same order as those following the injection of kerosene-pyrethrins solutions. They 
postulate that the pyrethrins are solubilized by moisture in the lumen of the trachea, 
and then pass by diffusion through the tracheal walls into the hemolymph. This was 
confirmed by the diffusion of dye solution injected into the spiracles through the tracheae 
and into the nearest ganglion. 

The most careful study of the mode of entry of the pyrethrlns into the insect body 
is that of Wigglesworth <1942> using Rhodnlus prollxus. It was found that the onset of 
toxic symptoms produced by pyrethrlns in oils could be correlated with the bolllng 
point of the oil, lighter fractions such as hexane and heptane acting more rapidly than 
higher boiling mineral oils. Vegetable oil solutions produced a very slow reaction. 
Oleic and other fatty acids accelerated the penetration of pyrethrins dissolved in min­
eral oils. This is shown in the following table: 

Table 7--Effect ol pyrethrin solvents 

Solvent with 2 per cent 
pyrethrins 

hexane 

heptane 

white spirit b.p. 150-190°C 

white oil 

" " 
oleic acid 

olive oil 

b.p. 285-385°C 

b.p. 310-390° c 

Approximate Ume 
for paralysis to 
occur in fifth instar 
Rhodnius prol1xus 

1.25 hours 

1.5 hours 

2.0 hours 

5.0 hours 

10.0 hours 

4.5 hours 

more than 24 hours 

Pretreatment of the cuticle with petroleum ether greatly accelerated the reaction time, 
presumably by dissolving away interfering surface lipids. It was found that the individ­
ual response varied considerably and this could be correlated with the thickness of the 
insect cuticle. For example, the following cuticular thicknesses and paralysis times 
were noted: 8 to 9 microns, 11/2 hours; 10 microns, 2 hours; 18 microns, 8 hours. 
Further exploration showed that cuticle thickness was correlated with the number of 
times the insect had fed; the paralysis times averaging 4 hours in unfed nymphs and 14 
hours for nymphs fed repeatedly. The only histological difference appeared to be in the 
endocuticle, and Wigglesworth believes that the pore canals are important in passage of 
the pyrethrins through the cuticle. In the nymphs, pyrethrins in oil were first taken up 
by the epidermal cells in the zones around the bristles, and later by the general epi­
dermis, and in older insects by the dermal glands. Kruger <1931), in observations of 
Corethra plumicornls immersed in a suspension of pyrethrins in water, found that after 
one day's exposure the hypodermal cells of the body wall began to degenerate, vacuolize, 
and separate. 

In connection with the age of the insect as related to the penetration or suscepti-

Copyright © National Academy of Sciences. All rights reserved.

The Mode of Action of Organic Insecticides
http://www.nap.edu/catalog.php?record_id=21541

http://www.nap.edu/catalog.php?record_id=21541


22 

billty to the pyrethrlns, it has been shown that the older larvae of the tick, Ornithodorus 
moubata, respond more slowly to immersion in pyrethrins-eontaintng solutions than do 
the young larvae (Robinson, 1942>. This is explained as a result of greater cuticle 
thickness 1n the older animal. In contrast, however, Simanton and Miller (1937> and 
Anderson and Hook <1941> found young housefly adults to be more quickly paralyzed but 
less readily killed by pyrethrlns sprays than older rues. Pepper and Hastings U943> 
found that pyrethrum dusts and sprays were highly effective against first, second, and 
third lnstar larvae of the sugar beet webworm, Loxostege stietiealls, but that the ma­
terial was practically ineffective against fUth instar larvae. They showed that fat eon­
tent of the larval exo-skeleton decreased from 11.7 per cent 1n the third instar to ·0.2 
per cent in the fUth lnstar. They feel that a membrane with a very small percentage of 
fatty materials would present a much greater barrier to oil-soluble substances, such as 
pyrethrlns, than one eontalnlng a considerable amount of fat as in the younger larval in­
stars. 

Burst <1943> discusses factors involved in the penetration of the pyrethrlns 
through the "Upo-protein mosaic" which composes the insect cuticle, although his 
conclusions are largely unsupported by experimental evidence. It is stated that the 
concentration of pyrethrlns necessary to produce primary narcosis of the insect de­
creases as the proportion of water in the Insecticide mixture increases. This phe­
nomenon ts attributed to the establishment of scattered functional lipoid/Water inter­
faces on the surface of the cuticle at which adsorption occurs. The increase in con­
centration presented at this two-dimensional interface is thus greater than the eorres­
poodtng decrease in concentration in the insecticide solution. Hurst states that the 
penetration of pyrethrins (and other drugs> into lipo-protein systems is faeWtated by 
nonpolar fat solvents, such as eyelohexane and carbon bisulfide. Saturated aromatic 
compounds bave a lower degree of action, and UDSaturated aromatics are least effec­
tive. This decrease in effectiveness is associated with a progressive increase in eapU­
larJ activity. It is concluded tbat the active concentration of eaptllarJ active drup in 
an aqueous carrier does not necessartlyiadtcate the active concentration at the inter­
face between tbe carrier and the insect cuticle, owing to the possibWty of selective ad­
sorption at functional liptd,ltrater interfaces. In this connection, Bredenkamp (1942> ob­
sened that larvae of Ltmantrta monacha dusted with pyrethrum at 21 o, showed symp­
toms of poisoning in an average time of 618 seconds at 30 per cent, and 364 seconds at 
100 per cent relattve humidity. When the larvae were sprayed with water before dust­
ing, symptoms occurred at 30 per cent relative humidity in 378 seconds for the wetted 
larvae, and 419 seconds for unwetted controls; and at 100 per cent relattve humidity in 
371 seconds for wetted larvae, and 392 seconds for unwetted controls. In experiments 
using cuticle removed from living larvae and tested for permeability, Bredenkamp 
found that solvents having great surface activity, such as alcohols, aldehydes, ethers, 
and esters, penetrated readily, but those with little surface activity, such as amino 
aclds and disaecbarides, passed on slightly or not at all. Fatty acids and paraffins also 
failed to penetrate. The author concluded that permeab111ty is a purely chemical pro­
cess. 

Burst <1940> reports experiments on Call1phora erythrocepbala larvae immersed 
1n mixtures of polar and apolar solvents, such as ethyl alcohol and paraffin oil, in 
which penetration of the alcohol was so rapid that the larva dies in a few seconds, and 
swells and bursts within 4 to 6 minutes, although neither alcohol nor paraffin oil alone 
was effective within one hour. Thus Hurst believes that the thin outer 11po1d layer of 
the cuticle is relatively impermeable to polar compounds, and the inner chitinous layer 
is permeable to both polar and apolar compounds, and that the permeabWty of the outer 
Upid layer to polar compounds is greatly increased by the presence of apolar sub­
stances. Wigglesworth U941a> cites further effects of polar and apolar miXtures. 
Xylene and mineral oils wer~ obsened to draw water droplets out of the cuticle of im­
mersed Insects. The presence of ethyl alcohol and kerosene caused a very rapid 
separation of water from the insect. The author considers the partition coefficient of a 
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tone material between oi),lwater to determine the rate at which tt wW leave its oily 
carrier and enter the insect. 

General toxic effects of wrethrins--Bartzell and Wllca~ton (1932> have described 
the reaction resulting from placing a drop of pyrethrlns solution on the dorsum of the 
tomato worm, Protoparce. The larva acts normally for about 30 minutes, when the 
last patr .of prolegs is affected, the larva lifting the segment without the use of the legs. 
This segment then becomes paralyzed. The insect regurgitates, rolls over and over 
for a period of about 15 minutes, then movements become very uncoordinated and vio­
lent for 30 minutes when the larva can no longer crawl, and it dtes in about 24 hours. 
An axial gradient in reactivity was found to exist as a drop placed on the head caused a 
response in about 8 minutes. Injection of pyrethrins into the last abdominal segment 
produced intoxication in 2 minutes. In Rhodntus proltxus (Wigglesworth, 1942), pyre­
thrintzation produced the following sequence of symptoms: (1) incoordlnation of hind 
legs, (2) all legs tncoordlnated but still can walk, (3) insect unable to walk, proboscis 
progressively extended, (4) final paralysis which may last 10 to 20 days during which 
time the heart continues to beat and gut and leg motions are observable. Hutzel (1942> 
measured the activation rate of the pyrethrins on Blattella germantca by an entomo­
graphic methOd. After a short latent period averaging 2 seconds with oil solutions, 
and 5.5 seconds with dusts, there followed a period of intense excitement during which 
the running rate of the insect increased from 3 to 11 em. per second. The second 
phase of poisoning was submaximal activity in which the leg muscles showed signs of 
incomplete relaxation. 

Latent or secondary effects of pyrethrintzation have been described by Klinger 
(1936> and by SWeetman and a,rtsko (1944). These latter workers found in Thermobta 
domestica, the ftrebrat, recovering from sublethal doses of the pyrethrlns, the develop­
ment of dlscolored areas and the sloughing off of appeadages, such as legs, antennae, 
cerci, palpi, and ovipositor. Such injury occurred as long as 19 weeks after elq)osure. 

Action on phYsiologicalmtems--In Corethra larvae, pyrethriDtzation in aqueous 
medlum slowed the heart rate from a normal of 21 to 24 beats per minute to 15 the 
first day, and 4 to 6 after several days (Kruger, 1931). Belleuvre <1938, as quoted by 
Bosldns, 1940> found the heart beat in larval Galleria mellonella to be slowed by pro­
longation of diastol~, while Yeager et al. (1935) found that the pyrethrlns extracts 
stopped the heart of Blatta orientalis in SJStole. Inasmuch as the heart action of pyre­
thrintzed insects may continue for 10 to 20 days after paralysis (Wigglesworth, 1941), 
it seems very unlikely that this effect is of importance as a cause of death. Wiggles­
worth (1941> investigated the effect of the pyrethrlns on the spiracular mechanism of 
Cimex lectularius and Rhodntus prollxus. Be found that the spiracles in poisoned 
Cimex remained closed and opened normally in the presence of carbon dloxide. Pyre­
tlirins paralyzed Rhodntus dld not lose weight at a sigDtficantly greater rate than dld 
normal insects deprived of food and water, with the exception of the first day where the 
loss was slightly greater due probably to the spasmodlc hyperactivity. Poisoned in­
sects weighing 100 to 200 mg. lost an average of 2 to 4 mg. per day, while insects with 
their spiracles opened by exposure to 10 per cent carbon dloxtde lost 9 to 12 mg. per 
day. It ,vas concluded that death was not caused either by desiccation from open spir­
acles or starvation (compare with DDT, p. 63>. 

McGovran et al. (1944) were unable to demonstrate that blocldng of the hemocytes 
with carbon granules or the nephrocytes with Trypan blue could alter the effects of the 
pyrethrlns on Periplaneta americana. Woke (1939) using mosquito larvae as a bio­
assay found that the incubation of certain body Ussues of larval Prodenta ertdania for 
18 hours at 29° with pyrethrum extracts would greatly reduce the toncity. The fat body 
was most effective, with the sldn and muscle leas so, and the blood, dlgestive tract, and 
gut contents were essentiallytneffecUve. 
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Locus of acUon of methrlns--The characterisUc paralyUc effects of the pyre­
thrins and their very rapid acUon clearly indicates a primary acUon on the insect cen­
tral nervous system. Batzel U942a) applied 811l'gical technics to a study c4 pyrethrin­
lzed P. americana. When pyrethrlns were applied to the abdomen, and the nerve cord 
subsequently severed at the thlrd abdominal segment, no effects were observed in the 
legs, bat the abdomen twitched 1n a characterisUc manner. ApplicaUons to the thorax, 
however, caased twitches 1n the isolated legs. Complete isolaUon of the abdomen be­
hind the third segment with the excepUon of the nerve cord did not prevent the onset of 
pyrethrlns acUon, and even with the nerve cord severed, applic:aUons to the abdomen 
resulted 1n death. Pyrethrins applied to the cat end of an isolated leg resulted in fibrll­
laUon of the leg muscles and slow contracUon when the solaUon crept up the main 
tracheal trunk. Roy et al. <1943) found that pyrethrlns injected into abdomen or into a 
spiracle produced a progressive weakening or pseudoparalysis 1n the legs, starting 
with the leg innervated by the ganglion nearest the point of injec:Uon, passing to ita op­
posite leg, and so on, either c:ephalically or caudally, depending on the point of injec:­
Uoo. If a leg was severed daring the stage of paralysis, it conUnaed to contract or re­
a for one-half boar or more. However, 1f pyrethrlns were applied directly to an ez­
posed thoracic ganglion, the legs innervated by it were immediately paralyzed. If the 
nerve cord was severed in the upper part of the ganglion, pyrethrins applied to the ab­
domen, posterior to the cat, sun resulted in leg paralysis. These data indicate that 
the pyrethrlns, whether injected into the body cavity or into a spiracle, find their way 
into the hemolymph and then are carried to the gauglia. The parUc:alarly localized ac­
Uon is shown by the effect on one-half c4 a ganglion before the other. Lowenstein (1942) 
bas developed an lnteresUng applic:aUon c4 the measurement of nerve acUoo potenUals 
1n the abdominal nerve cord of Blatta orientalls, as a pbysiologtcal assay for pyrethrum 
eztracta. He found that there was an approzimate c:orrelaUon between the poten~al pro­
duced by the applicaUon of 1.8 per cent pyrethrins ezternally and by 0.3 per ceDl pyre­
thrins applied clirec:tly to the nerve cord. 

Welsh and Gordon <1947) have described the action c4 the pyrethrins on nerve­
muscle preparaUons 1n crustaceans and Periplaneta americana. They note a similarity 
of acUoo to that of DDT. The pyretbrlns at 0.01 to 0.1 p.p.m. were fOUDd to act on the 
nerve uon where they produced a regular, rhythmic, spontaneous nerve discharge, bat 
the effect was less persistent than that c4 DDT, which may be due to the chemical in­
stability of the pyrethrins molecales. The pyrethrins acted very quickly on the nerve 
tranb, spontaneous discharges resulUng in one mlnate after the applicaUon at 1 p.p.m. 
as compared to 15 to 80 minutes after the appUcaUon of 10 p.p.m. of DDT. Coocentra­
Ucns greater than 1 p.p.m. of the pyrethrlns asaally resulted in a blocking of nerve 
c:ondacUon which could be quietly reversed by perfusion with saline. The authors be­
lieve that tb1s spontaneoaa acUvity is the result of a nonspecific surface effect on the 
nerve uon (see DDT, p. 59). 

The primary ef1'ecta of pyrethr1n1zaUon on the ganglia have been confirmed by a 
number c4 workers. Kruger (193U was able to observe 1n living transparent Corethra 
larvae, the appearance of vacuoles in the gauglia and connectives c4 the nerve cord 
within 10 to 20 minutes after the onset of convulsions. The vacuoles made their ap­
pearance in the nerve fibers rather than in the cells. It is significant that no vacaollza­
Uon was observed even after one day follcnring aonvalsions from sublethal doses, so 
that this phenomenon probably represents only the eztreme manifestaUon of tozlcity. 
EtherizaUon of poisoned larvae prevented the convulsions and yet had no effect on the 
appearance of vacuoles. Blstologtcal studies c:oafirmed the greatly altered appearance 
of the normal nerve Ussae. Hartzell (1934) made a detailed histologtcal study c4·the 
nervous systems of Melanoplas femar-rabram and Tenebrio molitor larvae poisoned by 
external applic:aUons of pyrethrins. After 18 hours, lesions were observed in the brain, 
sabesopbageal ganglion, thoracic gauglia and connectives. These showed marked vac:a­
olizaUon and disintegraUon of Ussae and tigrolysis, which was greatest In the brain 
and less 1n the connec:Uves than 1n the ventral ganglia. The lesions were remarkably 
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·similar to those produced by tri-ortho-cresylphosphate in mammals (LiWe and Smith, 
. 1932>, and by the venom of the wasp, Sphecius spec:iosus, on the cicada, Ttbtcen 

pruinosa <Hartzell, 1935). Hartzell concluded that death from PJrethrtnizatlon was 
caused by destruction of cells in the central nervous system. Wigglesworth U941> ex­
amined the central nervous system of Rhodnius and Ctmex paralyzed by pyrethrins for 
10 days but still with movements of the heart, gut, and legs, and found the thoracic and 
abdominal ganglia greatly shrunken with few cells recognizable and the greater part in 
an amorphous granular state with scattered vacuoles. Hartzell U945) continued hts 
htstologtcal studies of the effects of PJrethrins and various activators on the central 
nervous system and muscles of the housefiy <see under activation and synergism). 
Richards and Cutkomp U945a) injected the pyrethrtns into the first thoracic spiracle of 
Periplaneta americana and studied the effects on the central nervous system using 
polarized light. Electrical stimulation of the nerve cord of roaches paralyzed up to 52 
hours yielded no response, although muscular movements were still evident. Thts is 
cited as good evidence for the selective nerve action of pyrethrins. The authors inter­
preted their data using polarized light analysis to indicate the following progressive ac­
tion of the insecticide: One-half to 2 1/2 hours, degeneration of the proteins of the ax­
is cylinder of the nerve, but the lipo-protein nerve sheath still normal; 3 1/2 to 7 hours, 
sheaths still normal, but proteins of axis cylinder have degenerated to about half normal 
value; 12 to 14 hours, the sheaths beginning to degenerate; 24 hours, advanced degenera­
tion of the axoplasmic colloid; 52 to 55 hours, typical pyrethrins degeneration including 
vacuolization, and chromatolysis. The degeneration proceeded away from the regton of 
application and had no fixed relation to death. These authors point out that all the h1s­
tologtcal changes observed appeared subsequently to irreversible paralysis and should 
be classed as post-mortem changes, and they comment on their similarity to changes 
seen in autolytic degeneration of nerves in saline solutions, and in insects ldlled by 
suffocation from petroleum oils. Richards and Cutkomp conclude that it is question­
able as to whether the pyrethrtns poisoning has any causal relationship to thts degener­
ation other than ldlltng the nerves. 

Kltnger U936), using a galvanometer, found that the now of nerve impulaes in a 
PJrethrum injured gypsy moth, Porthetria dispar, nerve was about one-fifth that of a 
normal insect. 

Activation or gnerldsm of the methrtns--The utilization of supplementary sub­
stances which may be nontoxic in themselves, as activators or synergists for insecti­
cides, has been most fruitful in the case of the pyrethrins. There appear to be many 
bundreds of diversified materials which possess this property in some degree. Amoag 
those which have attained commercial tmportance are: N-isobatylundecyleneamide, 
CH2•CH<CH:a>8CONHCH2CH<CH3)2 <Weed, 1938); sesamtn, a naturally occurring crys­
talline product from sesame on of Sesamum indicum, which contains about 0.25 per 
cent sesamtn <Haller et al., 1942b). 

The ethyleneglycol ether of pinene, b.p. 257-273.5°, sp. gr. 0.9846j15.SO, (Pierpont, 1939>; 
piperine alkaloid from black pepper, Piper msrum, a crystalline solid, m.p. 128-129.5°, 

(Harvill et al., 1943>; 
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&Dd (6-propylpiperonyU-bat:ylcarbtt:yl ether, b.p. 18d'/4 mm., sp. gr. 1.06, <Wachs, 1947): 

The use ~ these materials with the pyretbrlns has the effect of greatly increasing the 
potency ~ a given amount of pyretbrlns and consequently is sparing of the ezpensive 
constituents. Certain of the activators also have the effect ~ stabilizing the pyretbrlns 
and producing long-lasting residual applications (Dove, 1947). Examples of these syn­
ergistic 9r activating properties are lllustrated in table 8. N-isobutylundecyleneamlde, 
used at 0 5 to 0. 7 per cent with pyretbrins at 0.03 per cent, has been reported to produce 
a fly sprly as effective as pyretbrins alone at 0.1 per cent <Weed, 1938). Haller U947) 
has pointed out the high degree of effectiveness of this material in synergtzing the pyre­
tbrlns as a constituent of the Army MYL louse powder. Used at 2 per cent alone the 
compound was nontoxic to the human body louse, but combined with 0.01 per cent pyre­
tbrlns, the mlxture was as effective as 1 per cent pyretbrlns, and thus increased the ef­
ficiency of the pyretbrins about 100 times. 

Baller et al. U942b), Gertler et al. U943a,b), Gersdorff and Gertler U944), Syner­
holm et al. U945), Synerholm and Hartzell U945), and Prlll et al. (1947) have studied 
the synergistic action of many compounds related to sesamine and piperine. The pres­
ence of the methylene-dloxy- group seems to be an important adjunct to activity in these 

Table 8--Some examples~ pyrethrins activation to the housefly 

Cone. activator Cone. ~retbrlns Per cent Per cent 
per cent w/v per cen w/v knockdown kill Reference 

10 min. 24 hrs. 

Eth~ene glycol 
e r pinene 

Pierpont (1939) 

5 80.8 12.6 
10 87 22 

0.1 98.6 47.4 
0.05 96.5 25.2 

5 0.05 98.9 56.9 
10 0.05 99 71 

Piperine 
0.5 0 81 

Barv111 et al. (1943) 

0.1 98 46 
0.1 0.05 100 99 
0.05 0.03 99 88 

Sesamin (eryst.) Baller et al. (1942b) 
0.25 0 5 

0.1 100 20 
0.25 0.1 100 85 

(6-propylpiperonJ!>- Wacbs (1947) 
butylcarbttol e r 

0.3 8 
0.1 95 46 
O.<M 84 34 

0.2 0.02 96 77 
0.4 O.<M 97 90 
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eompounds, but its presence does not necessarily ensure an active compound. Esters 
and amides contalDlng this group were tbe most effective compounds studied, which in­
eluded fagaramide <N-isobutyl-3,4-methylenedioxycJnnamamtde), tetrahydrofurfuryl­
•tperate, and N,N-dlethylpiperoll)'lamlde. Prill et al. <1946) and Synerholm et al. <1947) 
extended the work on these methylene-dloxy- compoUDCis to include the tbto-ethers c:l 
aafrole and tsoaafrole and their oztdation products, the sulfoztdes and sulfones. These 
latter two tJpes of compounds were more effecUve than the parent thto-ethers. 

Llndqulst, Madden, and Wllson <1947> made tbe interesUng obs\rvation that pre­
treatment c:l houseflies with the synergists, "piperOD)'l cyclonene", sesame oil, and 
R- ieobatylundecyleneamlde, followed by pyrethrtns resulted in a high knockdown even 
wben the pyretbrtna appUcaUon was delayed as long as 4 hours, or in the case of se­
aaine oU, for as long as 24 hours. When the pyrethrtns were applled as the intUal 
treatment, followed by the SJDerglSts at 30 seconds, the lmoclldowns with "ptperonyl 
eyclonene" and sesame oil were inferior to the reverse appUcation, bat that with N­
lsobatylundecyleneamlde was about the same. When the lnterval was one hour or long­
er, this order of appllcatlon resulted in zero lmockdown in all cases. The authors sug. 
pst that the SJDerglsts may cause sltgbt lnjury or disarrangement to nerve or other 
ttssue wblch facWtates pJretbrtna acUon or that they assist in tbe absorpUon of the 
PJI'ethrlu tbroalb the lntegament. An equlnlent series of tests using DDT as the toz­
lcant produced no tndtcaUon of SJDerglsUc effects. 

Pgsioloclcal studies of 8Yil!l1d!Uc acUon--Altboalb few careful studies of the 
physiolollcal bacqround for SJDerglsm have been made, tt ts evident that tt is a nry 
csomplez pbenoinenon wblch depends oo the lnsect species, tnsecUcide, synergist, and 
method of teatlng <Boaldna and Craig, 1146). For u:ample, David and Bracey <1944>, 
working with Aedes aemU adults, found that sesame oil, N-isobatylundecyleneamide, 
oletc actd, and lubricattng oU all increased the till of pyrethrins-contalniDg sprays. 
"l'bls was npt•tMCl on the buts of the low volaUllty of these sublltances wblch de­
ereased the enporaUon rate of the lnaecUcide droplets, thus increasing the drop size 
and resulttng in a larger depoeit on the insect. It was also found that acUvators de­
ereased the lr:nockdown, thus pvtng the insecta a longer period to accumulate a lethal 
dose. In contrast, however, Parttn and Green U944), using Musca domesUca as a test 
Insect, found that nonYOlaUle materlals, such as oleic acid, mineral on, and lubricating 
oU, bad no activating effect on pyretbrlns sprays, but that sesame oil did activate the 
PJI'etbrtu 8prays, and that the acUvaUon was dependent oo the sesamln content of the 
on. Tbe acUvaU.ng acUon of N-lsobatylundecyleneamlde on pyrethrtns louse powders 
where fltgbt and droplet size are not factors also shows that other mechanisms of syn­
ergism eztst besides stabtllzaUon of 8pray droplets. 

Hartzell and Scudder Ul42) ban lDYesUpted by blstologlcal tecbntcs the effects 
of pyretbrlD.B and N-lsobatylunclecyleneamlde on the central nervous system of the 
laousefi' 4 hours after knodl:dcnrn. PyretbrlD.B alone p.-oduced the characterlsUc clump­
Ing effect on the cbromaUn of the cell nuclei, wblle the acUvator alone produced a 
chromatolysis or dlaaoluUon of the chromaUn. When the two materials were combined, 
ltoth effects could be noUced and the authors concluded that the interaction of these two 
tnt-• c:l nuclear destrucUon may be the true buts of acUvaUon. 

Hartzell <1145), lD a conUnuaUon c:l this wort, evaluated the blstologlcal effects of 
a number of tngredtents of fiy sprays, using moribund ntes. The effects of toxicants 
and activators were studied tndependenUy and then comblned. The prlncipal histopath­
ological changes observed were: (1) dlaaoluUon of nerve fiber tracts, (2) dlssoluUon of 
other cell components resulUng lD promlnence d. nerve fibers, (3) vacuoltzaUon of 

1LargeiJ 3,4-methylene-dtoxyphell)'l-5' -alkJ'l-4' -cyclohexen-3' -one, <Wachs, 
1147) and the related 2' -carbethoxy derivaUve. 
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larger nerve cells. Pyrethrins produced effects of the first type, and in addition, vacu­
ollzation. Piperine and ethylene glycol ether of pinene produced effects of type two, 
while sesame oil produced type three changes. Piperine and pyrethrins combined re­
sulted in a partial dissolution of nerve fibers plus a dissolution of certain cellular com­
ponents, while sesame oil and pyrethrins produced destruction of the nerve fibers and 
vacuolization of large nerve cells. Three types of effects were also recognizable on 
muscle tissue: (1) clumping of chromatin of nuclei, (2) accentuation of nodes and 
Krause's membrane, and <3) destruction of the nuclear membrane. Pyrethrins poison­
ing produced type one, while sesame oil, piperine, and ethylene glycol ether of pinene 
caused type two injury. It is pointed out in the discussion that these histological effects 
may either be of primary importance as a cause of death, or may be of secondary im­
portance and represent the results of abnormal metabollsm of the central nervous sys­
tem as brought about by the effects of the toxicants on enzyme action, the Upid nerve 
sheaths, etc. <Richards, 1943). 
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ROTENONE 

IntroducUon--Tbe earliest recorded use of the rotenotds as lnsecUcldes was 
against leaf-eaUng caterpillars In 1848. The plants contatntng these materials have 
been used as fish poisons, however, for many centurtes. The acUve chemical ingredi­
ent was Isolated tn 1895 by Geoffroy and given the name nicouline, and the name rote­
none was given 1n 1802 to an tdenUcal compound isolated from Derris by Nagai. Tbe 
structure of this compound was ftrst determined by La Forge et al. <1833). Rotenone 
or allied substances are contalned tn a large number of plant spectes. Jones C1942) re­
cords 21 species of Tephrosta, 12 of Derrts, 12 of Loncbocarpus, 10 of Mlllettia, and 2 
of Mundulea, all of the famtly Leguminosae whtch have definitely been reported to con­
tain rotenone or rotenotds. Approximately 7,100,000 pounds of derrts and cuW roots 
were utilized as general purpose tnsecUctdes In the United States tn 1841, the chief. 
sources of supply being Malaya, the Dutch East Indies, and South America CBolman, 
tHO; Roark, 1841a). 

Chemtsta--Stx rotenotds are known to occur naturally, rotenooe, m.p. 163° Cadi­
morphic form at 181°), having the formula shown <Baller et al., 1942a). 

The other naturally occurring rotenolds are elliptone, m.p. 159°, which bas a furan rtDg 
1n place of rtng E of rotenone; 

I c-o 
'( I 

'c..c 
H H 

sumatrol, m.p. 188°, which is 15-hydroxy-rotenone; malaccol, m.p. 244°, which ts 15-
hydroxy-elliptone; levo-alpha-toxtcarol, m.p. 101°, whtch bas a hydroxy group at car­
bon 15, and the following group in place of ring E: 

I 

'c~/CH'J 
\c.{'CH3 

H B 

and degueltn, m.p. 165-71°, which bas a hydrogen on carbon 15 In place of the hydroxy 
group of toxlcarol. Deguelin has not yet been isolated In the naturally occurring op­
Ucally acUve form. A related material, tephrosin, m.p. 197-198°, which has a hydroxy 
group on either carbon 7 or 8, does not appear to occur naturally in derris resins, but 
ts an oxtdaUon product of deguelln. All of the naturally occurring rotenolds appear to 
exist as levo-forms. Other non-insecUctdal constituents of derris and cube resins are 
oils containing sesqutterpenes, two untdenUfted crystalltne compounds, and an acidic 
material named lonchocarptc acid by Jones <Haller et al., 1942a>. 

Copyright © National Academy of Sciences. All rights reserved.

The Mode of Action of Organic Insecticides
http://www.nap.edu/catalog.php?record_id=21541

http://www.nap.edu/catalog.php?record_id=21541


30 

Rotenone is readily oxidized in air, the reaction being catalyzed by light aDd al­
bll. According to Cahn et al. <1845) the sequence of reactions ts first conversion to a 
colorless hydroxy- compound I, which passes very readily into a yellow compound n, 
dehydrorotenone, with the spontaneous loss of water, and under eztreme conditions, m 
ts formed. 

n m 

Tbe Indications are that the ftrat oxidation produces a partial but not complete loss 
in tulcity (see tephrosin, which 18 7-bydrozy-deguelln). The rapid second stage, how­
ever, produces a complete loss in toxicity (see debydrorotenone), aDd rotenonone (ID) 
ts probably also nontulc. The same type of destructive oxidation was undercoae by 
lsorotenone which bas a double bond at carbon 20, and by dthydrorotenone which bas a 
saturated Isopropyl stde chatn on carbon 20; thus tndlcattng that oxidation does not tate 
place at unsaturatlon in ring E (as in deguelln) or in the lsopropenyl stde chain. These 
reactions probably account for the loss in toztctty of rotenone and rotenotds when a­
posed to atr. Cahn found that antioxidants were ineffective in preventing the destruction 
of rotenone, but that strong actds, such u phosphoric acid, stabilized rotenoae to the 
destructive action of solvents on powders. 

Hydrogenation of rotenone removes the double bond tn the tsopropenyl stde chain ot 
ring E, forming dlbydrorotenone which ts still highly tulc. More vigorous treatments 
result in a variety of reactions which are beyond the scope of this review (La Forge et 
al., 1833). 

Commercial rotenone-contalntng eztracts vary considerably in the relative amowa 
of rotenoids present, depending on the locality where produced and the botanical source. 
Holman <1940) records the following compositions for three commercial derris resins: 

Table 9--Composition of derris resins 

Rotenold Per cent composition 
A B c 

rotenone 40 20 2-5 

1-toztcarol 8 25 50-60 

1-deguelln 27 27 12 

sumatrol trace 5-15 

fats, waxes, acids 10 10 10 

unaccounted for 
(elllptone, malaccol ?) 15 18 8-11 

Although rotenone is generally considered to be the active Ingredient of these 
resins, the other extractives possess considerable toxicity and much work remains to 
be done before a proper evaluation of the activity of resins in terms of chemical In­
gredients can be made (Haller et al., 1942a). Cahn <1936) critically discusses the pos­
slbWty that the toxicity of resins from which rotenone ts absent ts largely due to 
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Table 10--Relative toxicities ol rotenone and related materials 

Ll>5o as stomach lle&li lithil coo- Ril&Uve litllal R8l&Uve mecuan lethal 
polion to fourth centraUoo to bouse concentration concentrations in 48 
instar Jl. Jll2lj ll!IDIRK.Lml.lll72br, as BUBpensioos la~~U:a mi 

Compound micrograms per g. Kerosene- to A· rumicia IL rumi~ll MacrQIIgbQD-
Acetone cyclobex- in per cent Tatters- iella JHYl 

S~andCamp- anone 9:1 field and RQm! 
be (1932) Sulllvan et al. ~1839) Davidson (1930) Martin (1938) Martin (1942) 

I 

rotenone 3 0.30 0.30 0.0005 1 1 

dihydrorotenone 10 

levo-dihydrorotenooe 0.43 0.38 

levo-tt-dibydro-
rotenone o. '11 0.52 

dihydrorotenooe >400 

deguelin 10-12 2.80 0.59 0.005 w .... 
levo-deguelin cone. o.eo 0.5'1 

dibydrodeguelin 10 0.83 

levo-dihydrodeguelin 0.5'1 0.51 

tepbrosin 30-60 0.02 

toxtcarol >1540 0.2 

rotenol >510 

tu•ic acid >540 

levo-alpba-toxicarol 15 6 

summatrol 13.1 

levo-elliptone 5 
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Table 11--Determinations of LD5o values for rotenone to various insects 

LD5o 1n Method and 
Species micrograms site of ad- Reference 

C'ram mlnlstraUon 
! weta:ht 

Periplaneta americana 8-15 Interabdomlnal Dresden and Krijgsman 
as water-on (1948) 
emulsion 

Bombu m2tl fifth lnstar 7-10 Interabdominal Dresden and Krljgsman 
as water-on (1948) 
emulsion 

Bgp,bn mort fourth instar 3 Stomach poison Shepard and Campbell 
(1932) 

vueaa grdgi 30 Stomach poison Hansber~ and Richard-
son (1938 

Her• obaoleta >490 Stomach poison Bansber~ and Richard-
son (1938 armlgera) 

lltlaDQDlu fmlu'-rubruiR 4700-7000 Stomach poison Richardson and Baas 
(1932) 

II, cllfferentla118 >2000 Stomach polson Ricbardaon and Bau 
(1932) 

Am melllfera 3 Stomach polson Calculated from Bottcher 
aqueous sua- (1938a) using 0.1 g. as 
pension, 3 days weight of bee 

opUcaJ.Jr acUYe depelin. The amiable todcologtcal data on the pure chemical constitu­
ents are pYen in table 10. 

The rotenone and rotenold content of various commercial plant species is Yery 
dlfferent, roots of Derrll eWpUca aYeragtng from 5 to 9 per cent rotenooe and up to 31 
per cent etbr e::dracUYes, while D. malacensls contains from 0 to 4 per cent rotenone, 
but up to 27 per cent ether eztracUyes. Lonebocarpa.a uUlis aYerages 8 to 11 per cent 
rotenone, and up to 25 per cent total utracUYes <Holman, 1940). 

Theories of todc acUon·cf rotenone--Lauger et al. <1944) baYe diseussed the asso­
ciation of the toKtciUes of various fish poisons and naturally occurring inBecUcides wtth 
tbe presence cl the lactone ring structure which is found in YUlpinlc and pulYinlc acids; 
the complex cownarins; bergapten, im.peratorin, etc., and rotenone and rotenoids (rlng 
C). These investigators belieYe that the effectiveness cl rotenone is due to the presence 
of the touphoric grouping -CO-C•C-0-L, where L represents lipid solubilising groups 

LL 
or groups that Will enable the compound to reach the site of toxic action, which in ro­
tenone, according to Lauger, are the benzopyran and benzofuran ringB <Band E) and the 
methoxy -groups. SUch a theory hal the disadvantage of most other general theories of 
insecticidal acuon, it does not explain the almost specific toxicity associated wtth ro­
tenone and the inferior acUYity of the other rotenoids, all of which embody the same 
toxophore. Therefore, the effects of lipid solubWty (as representing the remainder of 
the molecule) mast be predominant in determining todcity. 

Martin (1i48) otters an alternaUn theory that the hydrogen atoms of the central 
ring on carbons 7 and 8 are. important in determining toxicity. The reasons for this 
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conclusioo are <U saturation of the isopropenyl side cbaln of rotenone to produce dlbJ­
drorotenone bas lltue effect oo toxicity, <2) oztdation to dehydrorotenone, wbtch tntro­
duces a double boncltn the central ring between carboas 7 and 8, destroys tbe tozlcilf, 
and (3) that the methyl ether of enollzed rotenone, ba't'lng the follcnr1Dg structure 1D rtng 
Cis much less effectiYe <Cabn et al., 1138). 

Entrance of rotenone tnto the 1Dsect bodJ--From. the data 1D table 11, 1t 1a apparent 
that rotenone can act either as a contact or a stomach poison. Ttachler <1835) coacladecl 
that derris extracts could enter the 1Dsect body through the alimentary canal, the spir­
acles and tracbealsystem, or directly through the tntegument, being emacted by body 
exudates and body fiuids present on the exterior. Webb <1945>, 1D studying the action of 
rotenone on Melophagus OYlmls, found that derris penetrated the tnsect body chiefly by 
way of the spiracles. The suaceptibilllf of the iDseet was decreased by seallng olf 
either the abdomlDal or thoracic spiracles. The amount of derris entering tbe spiracles 
was variable according to the Yelocilf of air currents entering and the structure of the 
spiracle. When the 1Dsect was allowed to breathe air conta1D1ng 5 per cent carbon dl­
oztde which accelerated the breathing rate, the time for the appearance of symptoms of 
rotenone polaonlng decreased from 2 hours to about 20 mlllutes. A 100 rise in tempera­
ture decreased the averqe time of kill from 13 to 5.5 hours. By seallDg olf all tbe 
spiracles, Webb was able to show that rotenone would enter directly through the body 
wall at 30°, bat not at 20°. Be considered this to be due to a softening of tbe cuticle wax 
at the elented temperature. Wigglesworth <1844, 1845) found that removal of the outer 
lipid layer of the cuticle by rubbing With alumlna or by partial emulsification With de­
tergents greatly accelerated the passage d. rotenone through the integument of RhodD.lus 
pro1Jxus nymphs. For example, U 80 per cent powdered rotenone was applied to the 
normal insect in an attached capsule, no effect was noticed for weeks, wblle after treat­
ment With alumina, weakness occurred in 8 hours, and death in 24 hours. Similarly, 
using 0.2.g. d. 90 per cent rotenone in 2 ml. of paraffin oil, no effect resulted from ap­
pllcatton for 7 days; but when applied in the cetyl ether d. polyethylene glycol, collapse 
of the insect occrurred 1D 24 hours. 

Webb and Green <1845) studied the effects d. various organic solYents on the rate 
of penetration of rotenone into the sheep tick, Melopbyus cmnus. The degree to which 
a solvent lndaced a more rapid penetraUon was referred to as the "carrier efficiency." 
The following data were obtalned using dusts containing 1 per cent solYent and 0.25 per 
cent rotenone in china clay (table 12). The authors investigated the infiuence d. physical 
properties of the solYents on the carrier efficiency and found that high efficiency could 
be correlated With a high rate of penetration through beeswax, a high parUtion coeffi­
cient between beeswax and water and a high solubillty of the insecticide in a solution of 
the solvent in water. It was concluded that certaln solvents facllltate the passage of in­
secticides through the lnsect cuticle by (1) transporUng the insecticide through the lipid 
elements of the epicuticle to the epi-exocuticular interface, <2) by concentrating the in­
secticide at this interface, as the solvent passes into the exocuticle and thus lncreaslDg 
the diffusion gradient of the lnsecticide across the interface, and <3) by increasing the 
solubillty of the 1Dsectfc1de in the water permeaUng the exo- and enclo-cuticles and in 
effect raising its partition coefficient between the solvent in the epicuticle and the water 
in the exocuticle. This bas the effect of increasing the diffusion rate not only across 
this interface but through the exo- and enclo-cuticles to the hypodermis. Therefore, the 
incorporation of a solvent in an insecticidal dust enables a far higher proportion of the 
insecticide to become available to the tissues of the insect and permits the utilization 
of a lower concentration of active toztcant. 
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Table 12--Btfect of solnnt oo peoetraUoo of rotenooe 

soiUbWty 01 rOtinooe 
Time for 1n I· /100 I· at 30" 

Sob·ent death ID to per cent 
<hours) In sob·ent saturated solvent-

water mixture 

ortho-cresol 2 48 0.4 

ZJleDDl 2 82 0.75 

beDZJl alcohol 2 21 0.5 

4-metbJlcyclobeDDol 3 1.0 0.2 

carbltol 7 2.7 0.75 

metbJlbensoate 8 18 <0.1 

roteDoDe alone 8 

Bartt UH5) found that the Uck, Ixodes r1c1na&, was especialJr nscepttble to the 
penetratton ~ rotenone through the tarsi. Pure rotenone appUed to the dorsum pro­
daced 1ntoz1catton 1n an nerqe Ume of 4 days, bat when appUed so as to contact OD}J 
tbe tarsi, onJJ 4 hours were required. One tenth per cent rotenone 1n oUYe oil acted 
more rapldlJ' than 0.1 per cent 1n castor oil, 1n which it is more soluble. Dartt defines 
a chemical potenttal as tbe concentration 1n tbe ~ft as bel•• the 

concentraHon reqab'ec1 saturate the midlum -
determinlng factor 1n the efftcleocy of penetrattoo of insecttctdes 1n oUs. Rob1nson 
UH2a) found that petroleum oil soluUons of rotenooe were much superior 1n toxtcllJ to 
vegetable ollsoluttons to the Uck, Qrn1thodorus moabata, because tbe more rapid entry 
allowed leu detmdflcatton of the rotenone to occur. Bun and Bansbei'I'J <1847) com­
pared tbe acttoo ~ rotenone dusts ud dusts containing various metbJl naphtbaleoes on 
third 1nstar Mexican bean beeUe J.arne, Eptlachna var1Yestts, and on adult pea aphids, 
Macroslpbam ptst. Rotenone was about equal in effecttveneu when dusted on the in­
sects' boclles or wben appUed as a surface restdae, wblle 2,8-dtmetbJIDapbtbalene was 
more effecttve when appUed as a surface residue. · 

Phxsloloclcal acUon of rotenooe on insects--Few sbadtes of the acUoo of rotenooe 
on ftrious phystololtcal systems 1n inaects haYe been made. Ttschler (1835) describes 
the acUon of roteuoue on the heart actton of the stlkworm as <U a period of regular and 
vigorous beat for about 30 minutes, (2) a rapid decUne tn rate for 10 minutes, (3) great 
trregularllJ of rate and of ampUtude with occasloaal stopping, <4) a aecoad rapid de­
cUne for 10 minutes, (5) a long period of feeble acUvity and irregularity luttng to 
4e&th. The worms become hyperacUYe daring slap 3, develop 1ncoordtnat1on daring 4, 
and fall on sides ud remain quiescent 1n 5. Tischler found that the tnjectton of derris 
tnto the .metathoractc trochanter& ~ the grasshopper caused almost immediate cessa­
Uon of respiratory movements, and a decrease ln oxrgen couampUon to about 42 per 
cent normal. Woke U938) fed 5 mg. of pare rotenone to iudiviclual slzth 1nstar lanae 
~ Prodenta eridanta. The feces were highly taztc to mosquito J.arne, whlle the lanal 
Ussues ud gut contents were not. Nearly 88 per cent~ the rotenone fed wail recovered 
tn chemical determtnattons. The lncuba.Uon of rotenone with Ussues of the worms for 
18 boars at 28° dtd not detomfy tt in &Jl1 way. Tht8 uperlment clearly shows that the 
rotenone was uot absorbed from the gut of this insect and may provide the elq)lanatton 
for tbe tremendous dtfferences observed <see table 11) in the sucepUblUty of various 
insecta to rotenooe as a stomach polson. Woke U940) was unable to detect &Jl1 abnor­
mal appearance 1n the histology ~ the mid-gut ~ lanal Prodenta eridanta which had 
previously fed on 5 mg. of crystalUne roteuone. 
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Tischler <1135) states that rotenoDe polsoning produces no specific effects on mo­
tor nerves aDd attached muscles of insects, and Kllnger <1938) was unable to show tbat 
rotenone poisoning of the IJ'PSJ moth lam, Porthetrta cllspar, bad aDJ effect on the now 
of nerve impulses in the nerve cord. 

Hartzell <liM> was unable to detect aDJ effects of rotenone poisoning on the bls­
topathology ~ the nerves of Melanoolus femur-rubrum and Tenebrio molltor. In a fur­
ther study of the effects of rotenone on the central nervous system of the bousefiy, 
Hartzell <1145) found that a spray containing 0.00625 per cent rotenone was lethal with­
oat producing a knockdown, and that no lesions could be demonstrated. Flies sprayed 
with 0.025 per cent rotenone, however, which produced a 94.7 per cent knockdown in 10 
minutes, showed clluolution of the fiber tracts of the brain aDd vacuollzation of tbe 
larger nerve cella within 10 minutes after spraying. 

Sweetman and O,risto <1144) found that 1ndtv1dual Tbermobta clomestica, recover­
Ing from sublethal doses of rotenone dust, often exhibited latent injury developing many 
weekS after upoaure. Tbls inJury deYeloped 1n appendages of the lnsect as cllscolored 
ueas and the appendage usua11J sloughed off. 
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ORGANIC THIOCYANATE& 

Introdacuon--The use of orp.oic thiocyanate& as iDBecticides was apparently firSt 
suaested by Murphy and Peet <1832). Since that time thousands of tbese compouncts 
bue been tested as insecticides bat very little information has been published regard­
ing them. Certain of the materials possess rapid knockdown properties, and were used 
very extensively darlD(r the war to replace the pyretbrins in cattle fly sprays and in 
sprays for the control of flies and other household iDBecta. Approximately 8,000,000 
pounds ~ thiocyanate insecticides were used in the United States in 1844. 

CheJD1stry--Very little has been published on the cbemlstry ~ commerclally im­
portant thiocyanate&. "Lorol" thiocyanate is obtained from natural glycerides by re­
duction to lauryl alcohol which is converted to the chloride by treatment witb BC1 and 
tben reacted with sodium thiocyanate to pve lauryl thiocyanate (Bousquet et al., 1835). 
A terpene thiocyano ester wbicb consists d. a mizture of about 80 per cent isoborDJl 
thiocyaJIOaCetate and 20 per cent related COJIII'O"ncts such as borll)'l thiocyanoacetate 
and fenchJl thiocyanoacetate, is produced from the secondary alcohols obtatned from 
pine oll or tarpenttne by conversion to the alkyl halogen esters and reaction with 
sodium thiocyanate <Pierpont, 1845). 

RelaUOD of cbemical structure to tozicity --Some ~ the more imPortant data re­
garcltng tbe relatiOD of structure to iDBectictdal action is presented in tables 13 and 14. 
Mall)' other COJDpOaDds have been made and tested bat tbe data are either unavailable or 
11Dftited for accurate compariaons. 

Tbeories of tozic action--In common with most other contact lDBectictdea, theories 
d. the mode of action of the thiocyanate& IU'e largely dependent on the coocept of cuticu­
lar permeablllty, wbicb is generally ezpressed by the term "lipoid aolublllty." In tbe 
thiocyanate&, and thiocyanoacetates, this seems to be controlled by tbe hydrocarbon 
radical R- in tbe tJpe formulae R-SCN and R-OCOCB28CN· Tbe available data on tbe 

Table 13--Relative toxicities ~ certain commercial thiocyanate insecticides 

Compound 

8-batoxJ- 8' -thiocyano 
dletbyletber 
(Letbane 384) 

8 -tbiocyaDOethyl 
laurate <ln. Letbane 
384 Special) 

lauryl thiocyanate 
<Loro) 

iso-borll)'l- thiocyano 
acetate 
(Tbanite) 

Formula 

Median letbil coac. as a 
direct spray in per cent 
(from aasv:tne, 1848) 

Human bOdj Bedbiii, 
louse, Pedi- Cimex 
culus bUIIUUl\18 liaiilirtus 

1.5 4.0 

8.1 

8.0 18.5 

3.2 '15 
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Table 14--Comparative toxicities of aliphatic thiocyanate& and 
thiocyanoacetates to certain insects 

No. M.L.C. to green Time in minutes for 50 
Compound carbon chrysanthemum per cent knockdown of 

atoms aphid (Bousquet Mgg domJ:tica~Gron 
et al.1 1935~ and Bovin n1 1 7~ 

n-bexylthiocyanate 8 1:1200 

n-octylthiocyanate 8 1:2500 

n-decylthiocyanate 10 1:2800 

n-dodecylthiocyanate (lauryl) 12 1:3000 

n-tetradecylthiocyanate 
(myristyl) 14 1:2700 

n-hexadecylthiocyanate (cetyl) 18 1:1700 

metbylthiocyanoacetate 1 10 

n -hexylthiocyanoacetate 8 5 

2-etbylhexylthiocyanoacetate 8 7.5 

caprylthiocyanoacetate 8 10 

laurylthiocyanoacetate 12 2 o/o in 10 min. 

relative toxicities of homologous series of compounds of this general nature indicate 
that a muimum of toxicity is reached by increasing the chain length and that beyond 
tbts point the toxicity decreases with further elongation d. the chain. This is well il­
lustrated by data obtained by Bousquet et al. (1935) and by Grove and Bovtngdon (1847) 
<table 8). The increase in toxicity with chain length bas been shown in many cases to 
be in a geometric progression with a ratio of about three <Martin, 1848). 

The length of carbon chain associated with maxtmum activity is evidently a func­
tion d. the characteristics of the molecule as a whole, and probably of the insecta UDder 
investigation. It is interesting to note that mutmum activity in the alk:yl thiocyanate 
series is reached at 12 carbon atoms, while in the alk:yl tbiocyanoacetate series, the 
point is about 8 carbon atoms. Ferguson (1938) bas pointed out that the distribution co-

aqueous phase 
efficient& non-aqueous phiSe of a homologous series of compounds fall in the same 
geometric progression as do the relative toxicities. In an ascendtDg series, the rate of 
decrease in solubillty is greater than the rate of decrease in distribution coefficient. 
Bence a point of muimum activity is reached beyond which the effectiveness d. the 
compounds falls off very rapidly with increasing chain length. Therefore, Ferguson be­
lieves that the logarithmic increase in toxicity exhibited by a homologous series of 
compounds, such as the aliphatic thiocyanates, is merely an e:r:pression of the phase 
distribution d. the compounds in the external phase of application and the internal phase 
of site of action, and that when appropriate correction is made for phase distribution, 
values for the chemical potentials of the compounds will be obtained which lie in a very 
narrow range for all members of a given series. 

Martin (1846) points out in this connection that the n-alk:yl tbiocyanates ezbibit a 
relatively simple example of the classical approach that a toxic molecule may be sepa­
rated into a toxophoric group and a conductophoric group whose function is to produce 
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an effective concentration of the toxicant at the site of activity. It would seem clear 
that the conductophorlc group must function only as a result of its effect on the physical 
properties of the entire molecule. Martin further states that phase distribution is not 
usually sufficient to explain the biological properties of related molecules, but that 
when extended to include the orientation and adsorption of the toxic molecules at the 
site of action, and the consequent effects on the spatial distribution of the toxophoric 
groups, some of the problems of aterochemical specificity may become rationalized. 

In general, the thiocyanate radical, -SCN, is associated with unpleasant odors 
which render the compounds somewhat unsuitable for household sprays. Tblocyano­
acetates incorporating the group -OCOCH2SCN are, in general, less unpleasant, have 
high rates of knockdown, and are highly toxic to the housefiy <Grove and Bovlngdon, 
1147). These substances are more irritant, however, than the corresponding thiocy­
anate&. 

Grove and Bovingdon further found that the correapond1ng alpha-thiocyanoketones, 
R. CO. CH2fiCN, were more tm:tc than the thiocyanoacetates R. o. COCH2SCN, as 
methyl thiocyanoacetate produced 58 per cent knockdown in 10 minutes, while thiocyano­
acetone gave 11 per cent. These authors consider that the improved knockdown of the 
tbtocyanoacetates and tbtocyanoketones may be due to action on an enzyme system 
having particular affinity for the -COCH2SCN. Although the thiocyanoketones are read­
ily converted into substituted hydroxytbiazoles related to thiamin, two hydroxytbiazoles 
prepared were inactive, casting doubt on the possib111ty of inhibition of ellZ}me proc­
esses involving thtamtn. 

Coon <1144) reported that effects of B-butoxy-B'-thiocyanod1ethyl ether on the 
heart action and circulation of blood in Periplaneta americana, vtz., a sharp drop in 
heart beat followed by a rise and leveling olf, and a greatly reduced blood circulation, 
resembled the effects produced by hydrogen cyanide. He suggests that the thiocyanate&, 
lJke bJdrogen cyanide, may act as respiratory poisons. In this connection, Yon Oetun­
gen et al. <1136) studied the liberation of hydrogen cyanide from alkyl thiocyanate&. 
They foaad that liver pulp tissue could liberate hydrogen cyanide in co6aiderable quan­
tities from the lower bomologues, such as methyl and &tbyl, much less from ~-batoxy­
~ '-thiocyanodietbyl ether, while lauryl thiocyanate was stable. This would appear to 
indteate a more invol'Yed mode of action for the insecticidal thiocyanate&. 

Qua.ptitatiYe tm:teolou of thioeyanates--Busvine <1148) has calculated the median 
lethal contact dose~ s:bUtoxy-b' -thiocyanod1ethyl ether as 135 micrograms per gram 
body weight for the human louse, Pediculus bumanus, and 450 micrograms per gram 
body weight for the bedbug, Cimex lectularius. 

Phyaiol011cal studies--Yeapr et al. <1935) have studied the effects of 10 aliphatic 
thiocyanate& on the contraction rate and dilation of the isolated heart preparation of the 
roach, Blatta ortentalis. In general, these compounds caused a decrease or cessation 
of the rate of contraction and an increase in the dilation of the heart. The least effec­
tive materials were methyl and ethyl thiocyanates; the intermediately effective mater­
ials were lao-propyl-, n-propyl-, and butyl-tbtocyanatea; and the most effective ma­
terials were trimethylene thiocyanate, butyl carbitol thiocyanate, ~- B' -ditbtocyano­
diethyl ether, diethylene glycol thiocyanate, and diethylene glycol ditbtocyanoacetate, 
which at 0.006 per cent concentration caused rapid decrease 1n heart rate and eventual 
cessation of contraction. It is suggested by the authors that the thiocyanate& may cause 
an increased tonus in the alary muscles supporting the heart. 

Hartzell and WUcozon <1134) foancl gamma-thiocyano-propylpbenyl ether <b.p. 
188-111/14 mm.) to be the most tm:tc of a number of thiocyanate& studied. They de­
scribe the symptoms resulting from the placiDI ~ a drop of this material on the ab­
dOmen~ Periplaneta americana, as (1) irritation at site~ drop in about 15 minutes, 
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(2) lcmgttudiDal convulsive twltchlDp ~ bodJ aDd partial paralysls ~ posterior palr ~ 
legs, (3) •ltbln an hour leg paralysls complete, twltcblngs occurred at about 1 per sec­
ond, aDd animal unable to 1ra1k, aDd (4) gradual decrease in convulsive movements and 
animal dead ln 3 hours. BlstolOilcal study of the ventral nerve cord of meal•orm 
larvae, Tenebrlo molltor, Jdlled by applylng a drop of thls compound to the dorsum 
showed marked cellular Ugrolysis and vacuollzation ~ Ussue but not to the degree of 
pyretbrins poisoning. Hartzell <1145) has ln't'esUgated the blstolOilcal effects of 
/3-butoxy-/3' -tblocyanodletbyl ether and lso-bornyl-thlocyanoacetate on the central 
nenous system aDd muscle Ussue of moribund rues. /3-butozy-/3' -thlocyanodlethyl 
ether produced dlssoluUon of the nerve cell components other than the fibers, produced 
deep stalnlng nuclei, aDd caused a destrucUon of the nuclear membrane ~ muscle Us­
sue. Iso-bornyl-thlocyanoacetate produced vacuolaUon of the larger nerve cella. 
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DINITROPHENOLS 

Introduction--The earliest recorded use of the d1D1trophenols was in 1882 when a 
mixture containing potassium 3,5-d1D1tro-o-cresylate was marketed 1n Germany as an 
Insecticide (!Cagy, 1941) and patented under German Patent 72,087, and British Patent 
3,301. Tattersfield et al. U925) made the first quantitatift toxicological studies of 
these materials as iDsecticides. Subsequent work by Kagy (1936) and Boyce et al. U838) 
resulted in the commercial deftlopment of these materials, especially for the control 
of plant feeding mites. 

Chemtstn--Two d1D1tro compouDds have received considerable attention as in­
secticides. DNOC is 4,6-diattro-o-cresol, m.p. 85.8°, a yellow odorless solid, soluble 
1 part in 7813 parts of water at 15°. Tbe compound readily forms salta with organic 
bases, and the ammonium, sodium, potassium, calcium, and barium salts are water 
soluble <Wain, 1842). DNOCHP is 2,4-dinitro-6-cyclohexylphenol, m.p. 106°, a yellow­
ish-white odorless, crystalline solid produced by Ditrating o-cyclohexylphenolin a 
mixture of sulfuric and nitric acids at temperatures of 60-90° <Britton and Mills, ·u. s. 
Patent 1,880,404, October 4, 1932). Like DNOC it forms salts with bases. The water 
solubility of DNOCHP varies from about 1.8 mg. per liter at pH • 1, to 15 mg. per llter 
at pH • 6.5 (Boyce et al., 1938). Very recenUy, 2,4-diattro-6-sec-butylphenol has been 
developed for use as an insecticide and fungicide. It is used as the triethanolamine salt 
(Dow, 1848). 

<II ... 0 ... , 
1102 

4,6-d1n1tro-o-cresol 

H 

102 

2,4-din1tro-6-cyclohezylpbenol 

Because of the free phenollc groups of these compounds which behave as pseudo 
acids, they are often highly tcmlc to plants. Therefore, several salta have been used in 
agricultural formulations, notably the dicyclohexylamine salt of 2,4-din1tro-6-eyclo­
hexylphenol, m.p. 18r (!Cagy and McCall, 194U. The present compounds and sodium 
and calcium salts of both DNOC and DNOCHP have been used as toxicants in weed kill­
ers and for poison baits and ctasts against such pests as grasshoppers and chineh bugs. 

The phase distribuUon of DNOCBP in oil-water emulsions is influenced by the pH 
of the water. The percentage of tcmtcant remaining 1n the oil phase at equilibrium nr­
ies from more than 90 per cent under acid conditions CpH 3.5 to 5.0) to less tban 5 per 
cent under alkallne conditions <pH 8.0-11.0), <Boyce, et al., 1939). This phase distribu­
tion affects both the ovicidal and phytotoxicity of the emulsion, optimum cODditions re­
sulting from strongly acid mixtures <Boyce, et al.). Brian <1945) suggested that the in­
creased insecticidal action of DNOC in dormant oil sprays at low pH can be accounted 
for by the increased concentration of undissociated compound rather than by increased 
concentration in the oil phase, the latter being an indltect indication of the former. 
However, Gimingham et al. ( 1926) found that the sodium salt of DNOC was only sllghUy 
less toxic than the parent compound to eggs of Seleata tetralunaria, the respective 
LD5o's being 0.0167 per cent and 0.0147 per cent, and Martin et al. (1943) could show 
no difference in the ovicidal effectiveness of DNOC free phenol and its sodium salt. 
Reduction of one Ditro group of DNOC to form 2-methyl-4-nltro-6-aminophenol, m.p. 
173-4 °, was readily accompllshed by ammonium sulfide. This compound had no ovicidal, 
contact or stomach polson properties to a number of insect species (Martinet u., 1943; 
Bennett et al., 1946). Attempts to prepare the diamino-compound by reduction with Un 
and hydrochloric acid resulted only in amorphous residues from which the dibydro­
eblorlde was recovered. The free base was unstable. 
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Table 15-.. Relative toxicities of some nitrated phenols to lDsects 

Meenan tethil ApprOifiliite 
LD50 5th deposit 1n mediaD lethal 

Compound 
lnstar Jl. micr~s cooc. lD g. per 
mm-stom- per em. to 100 ml. to 
ach polson .2, cttri &m!a,!l Tattersne 
~rau ~1941) lfaiJ ~1941! et al. ~1825! 

p-nitrophenol 0.25 

o-nitrophenol 1-2.5 

m-Ditrophenol 0.5-1 

2,4-dlDitrophenol 3.10 0.1 

tri-nitrophenol 0.5-1 

4-Ditro-8-methylphenol 0.25 

2-Ditro-5-methylphenol 1.0 

2-nitro-3-methylphenol 0.5-1 

2-Ditro-4-methylphenol 0.5-1 

2,4-dlDitro-8-methylphenol 48 1.80 0.05 

2,8-dlDitro-4-methylphenol 1.0 

2,4,8-trinttro-5-methylphenol 0.5 

2,4-dtnitro-8-ethylphenol 28 1.20 

2,4-dtnitro-8-n-propylphenol 18 

2,4-dlDitro-8-n-butylphenol 9 

2,4-dtnitro-8-n-pentylphenol 8 

2,4-dlnitro-8-n-hexylpbenol 4 

2,4-dlDitro-8-n-heptylphenol 4 

2,4-dlDttro-8-n-octylphenol 10 

2,4-dtnitro-8-cyclopentylpbenol 9 

2,4-dtnitro-8-cyclohexylphenol '1 0.40 

2,4-dtnitro-3-methyl-8-isopropylphenol 33 

2,4-dtnitro-alpba-naphthol >3.40 

Relation of chemical structure to toztcity--Table 15 gives a summary of the Im­
portant relations of chemical structure vs. insecticidal action of the nitro phenols. 
Tattersfield et al. <1925) showed that uwdmum activity lD the simple phenols was asso­
ciated with the presence of two nitro groups, and rediscovered the insecticidal proper­
ties of dtnitro-o-cresol <2,4-dtnitro-8-methylphenol). Kagy <1938 and 194U utended 
the series to include the effects of various altpbatic side cbalns. The effectiveness was 
found to increase with increasing cbalD length up to a uwdmum at n-bel!Jl and n-beptyl 
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Table 18--Medlan lethal dosage detenninatiODB of dinitropbenols to severallnaecta 

Ll>&o 
Compound Insect 1n micrograms Reference 

pe!J.L body 
we t 

~-dlnltro-8-metbyl honeybee- 2:1-2.4 ~tg. Goble and Patton (1948) 
nol-sodlum salt Aida melllfera per bee or cal. 

MOC as about 20 ~tg. 
per g. body wt. 
using 0.1 g. as 
wt. of bee - oral 

2, 4-d1nltro-8- corn eanronn - 8'1 - oral Kagy (1938) 
cyclobexylpbenol Bellnthte arm,igera 
DMOCBP 

" ann~onn-
C!rJL• UAipupcta 11- " " 

" Imported cabbage 
worm - P1er1s tillY 'lS - " " 

" red-legged grua-
hopper - Melanoolus 

" femar-rabrum 81- " 
" ltb lnstar Colo. ;to beetle-

~- 18- " Kagy (1941) 

2,4-cl1nltro-8-
cyclopentylpbenol " 21- " , 

2,4-d1n1tro-8-
cyclobexylpbenol 

20- " " 
2,4-dlnltro-8-

" " , 
cyclopentylpbenol 10-

calclum-2,4-dlnitro- f111othls obsoleta 
8-cyclobexylpbenate 19- " JCau (1938) . anntura) 

calclum-2,4- Clrphle unlpuncta 11- " , 
dlnitro-8-cyclo-
bexylpbenate 

, 
vuesaamD! 21-

, " 
, 

Jl. morl 20- " " 
, 

P.·DIH 'lS -
, 

" 

magneslum-2 4-
dlnitro-8-cycio- , " bexylpbenate Jl. obloleta 'l'l -

~-2,4-dlnltro-
8-cyclobexylpbenate 

, 
84-

, 
" 
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Table 16--Median lethal dosage determinations of dtnitropbenols to several insecta 
(Continued) 

Compound Insect 

c~r-2,4-d1n1tro-
6-cyclobexylpbenate Jl. obsoleta 

2~-d1n1tro-6-metbyl sllkworm-
p nol DNOC BombJXmm:! 
2, 4-dtnitro-6-cyclo-

" bexylpbenol DNOCHP 

LD5o 
1n micrograms 
per gram body 
weight 

9'1- oral 

49- " 

.,_ " 

Reference 

KaiJ (1936) 

Kagy (1941) 

" 

and then decreased again. It was found more convenient to produce a cyclohexyl deriva­
tive in commercial practice which wa8 slightly less effective than the correspondiDg 
n-hexyl compound. The d1n1trophenols are highly toxic as contact poisons, stomach 
poisons, and ovtcldes to a variety of Insects <Gimlngbam et al., 1926; Kagy, 1941; 
Vtado, 1941; Magy and Hoskins, 1945) and are also effective acaricides. The metallic 
salts of the d1n1trophenols are highly tozlc as stomach poisons <Kagy, 1936), <see 
table 16). 

Biochemical effects of d1n1trophenols--Bodlne and Boell <1936) working with grass­
hopper embrJoa found that the application of 0.00025 M 3,4-dinitrophenol <DWdmum 
stimulatoi'J value) Increased the oxygen uptake to about three times normal, while With 
d1n1tro-o-cresol, mutmum stimulation occurred at about 0.0001 M, and the oxygen up­
tate reached 2.5 times normal. Goble and Patton <1946) stadted the effects of feeding 
the soclium salts of d1n1tro-o-cresol and 2,4-dinitro-6-cyclohexylphenol to the honer­
bee, Apis melllfera. The feeding of one-stdh the LD50 of DNOC Increased the oxygen 
consumption about 52 per cent, and at one-siXtieth the LD50 It was Increased 28 per 
cent. A similar effect was obtained with DNOCBP. These results are 1n accord wltb 
the well-known properties of 2,4-d1n1trophenol as a metabolic stimulant 1n mammals 
(Kagy, 1941). 

Theories of mechanism of action--Bennett et al. <1946) suggest that the toxic ac­
tion Clf DNOC <and presumably DNOCBP) may be due to Its In vivo reduction to the non­
toxic mono-amino derivative, 2-methyl-4-nitro-6-aminophenol which may lead to a 
fatal disturbance of ondative-reductive mechanisms or otherwise produce toxic effects, 
such as the liberation of toztc products. 

. Phtsioloctcal effects--Vtado <194U found that poisoning of the blowfly, CJpomrta 
. cadaverina, with DNOCBP resulted in no effect on the hemolymph cells. Dusting of 

· Periplaneta americana with DNOCBP dust resulted in the development of paralysis pro­
ceeding from anterior to posterior of the body. 
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PHENOTHIAZINE 

Introduction--Phenothiazine or thiodiphenylamine was orlglnally prepared by 
Bernthsen <1883) and its insecticidal properties were apparently first recognized by 
Campbell et al. <1934) who found it an effective mosquito larvicide. Subsequently, 
Smith et al. <1935) found it highly effective against the codling moth. Because of its 
chemical behavior it has given erratic results in many agricultural field tests for cod­
ling moth control <Zukel, 1944), but the compound or its oxidation products have been 
shown to possess considerable fungicidal action <Goldsworthy and Green, 1939) and to 
be highly effective as an internal parasiticide for mammals <Britton, 1941). About 
3,500,000 pounds were used for agricultural purposes in the United states in 1944. 

Chemistry--Phenothiazine is a light yellow crystalline material, m.p. 185°, pre­
pared commercially by heating one mole of diphenylamine with two moles of sulfur to 
180°, using iodine as a catalyst. The yield is practically quantitative but the commer­
cial product is dark green, owing to the formation of unknown compounds which may be 
polymers or isomers (Smith, 1938). Phenothiazine is oxidized to phenothiazone, m.p. 
162°, which 1s the 2-keto derivative, by the action of air, <Goldsworthy and Green, 1939), 
and to thionol <m.p. uncertain), the 2-keto-, 8-hydroxy compound, by the action of acidic 
hydrogen peroxide <DeEds and Eddy, 1938). Phenothiazine sulfoxide, m.p. 250°, 

Is a further oxidation product which forms phenothiazone in the presence of air and 
light <Goldsworthy and Green, 1939). Phenothiazine 1s the parent compound of dyes of 
the methylene blue type and like methylene blue, the oxidation products, phenothiUODe 
and thioaol, form oztdation-reductioo systems with their respective leuco-derivatives 
<De Eds and EddJ, 1938), leuco-phenothiazone being the 2-hydroxy compound, and 
leuco-thioaol, 2,8-dihydrozyphenothiazine. Guy <1937) found that oxidation of fllms of 
phenothiazine in air and light could be largely prevented by tbe presence of an anti­
oxidant, such as hydroqulnone, or a reducing agent, such as mercaptobenzothlazole. 
Mischler's ketone, which prevented ultra-violet absorption, was also effective. 

Insecticidal action of related materlals--'l'be relationship of the oztdation products 
of phenothiazine to the insecticidal action is far from clear. Pbenothiazone appeared 
to be about lflOO as tozlc to ~ larvae as reported by Flnk et al. <1938). Zukel 
<1944) reported that both phenothiazine and phenothiazone were effective, and thioool 
was ineffective as contact poisons to Periplaneta americana, and that none of the three 
compounds was effective as stomach poisons to this insect. Gersdorff and Clayborn 
<1938) menUon that phenothlazone and phenothlazooe sulfoztde were nontoxic to codling 
moth larvae and mosquito larvae. It is interesting to note that these same investigators 
found pbenothlazone 10 times as toxic as phenothiazine to goldfish, and that Goldsworthy 
and Green <1939) found that phenothiazone was fungicidal while phenothiazine was not. 

Guy <1937) tested a number of related materlals to the Mezican bean beetle adult. 
Pbenothioztn was the only material which showed comparable toziclty to phenothiazine; 
K-acetylphenothlazine, N-methylphenothtazlne, tetranltrophenothiazine sulfoxide, and 
d1n1trophenothiazlne · sulfoztde were ineffective. Lennoz <1940) found that phenothiazine 
was much more toxic as a stomach polson than N-methylphenothiazine, 3,9-dimethyl­
phenothlazine, 3,5, 7,9-tetramethylphenothiazine, N-ethylphenothiazine, N -acetyl-3,9-
dimethylphenothlazlne, N-acetyl-2,3,9,10-dibenzophenothlazlne, or N-acetyl-2,3,9,10-
dlbenzophenothiazine. Fink et al. <1938) found that phenothioxin was nearly as effective 
as a cullcine larvicide as was phenothiazine, and Knipling <1941)" reported that pheno-
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thtozin was more effecttn against the fieece worms, Phormia resina and LacWa sert­
cata, IUld equal to pbenotbtazlne against Cocbllom!1a macellarla. 

- Smith <1938J found that tbe ether-soluble fraction of commercial phenotbtazlDe was 
u toxic as pure pbenotbtaztne to codling moth and moequ.lto larvae, wbtle the etber­
IJUioluble fraction was nontoxic <see also Siegler et al., 1936). 

Entrance into the insect body--Although phenothiazine Is generally cluaecl as an 
organic stomach polson <Frear, 1942), Guy <1937) states that lts acttoo on tbe adult of 
the Mexican bean beetle ls largely, lf not enttrely, as a contact polson. Zukel <1944) 
found that phenothiazine was effective against Periplaneta americana when clasted on 
the Insect (with the mouthparts sealed) or when Injected lnto the hemolymph, bat that no 
toxicity occurred wben:.phenothiaztne was fed in food or as a suspension. Pheaotbtazone 
was toxic under the same conditions as phenothiazine, bat thionol was not effective. The 
lnacttvtty of phenothiazine as a stomach polson was attrlbated to the lmpermeabWty of 
the Intestinal wall to the material. 

Pllysiologtcal effects on lnsect--Zukel <1944> made a very carefulstady of the ac­
tion of phenothiazine on P. americana. Th~ symptoms of contact polsoDlng observed 
were lack of coordination in walking about 5 hours after exposure, wblch became more 
pronounced until the Insect falls upon Its back in about 18 hours and responds to tactile 
stimulation only by movements of the appendages. DeoDler and Lindquist <1942) ob­
served the effects of phenothiazine on the overwintering larvae of the Clear Lalre gnat, 
Chaoborus asttctopus. The compound apparently affected the nervous system of the In­
sect; the larvae sank to the bottom and did not respond to prodding. 'l'be gut action was 
weak and Irregular and muscles of the body wall twitched at Irregular intervals; bow­
ever, the heart action continued. Larvae were observed to remain ln this state of par­
alysis for as long as 3 weeks and reco•ery sometimes occurred from 4 days of lmmo­
blllty. Guy <1937> also commented on the occurrence of paralysis and recovery in 
Japanese beetle adults polsoned with phenothiazine. Woke <1940) was unable to deter­
mine that phenotblulne bad any effect on the normal histology of the midgut in mori­
bund larvae of Prodenla erldaDia. 

Biochemlst:ry of pbenothlazlne acttoo--Zubl <1944) studied, by colorimetric testa, 
the chemical reactions of phenothiazine as correlated with Yarloas phues of lts toxi­
cology. Be determined that pbenotblazlne was lethal to P. americana as a contact polson 
by the production of a deflDlte threshold concentration of leucothionol conjugate in the 
hemolymph. Below this threshold concentration, the Insect often ezblblted uncoordtnated 
walklng monments bat recovered as the malplghlan tubules ellmtnated the conjugate. 
The conjugate apparently was formed by conversion of phenothiazine in contact with or 
ln penetrating through the cuticle and Its concentration wu reduced by ellmtDation 

· through the malplgblan tubales. No phenothiazine could be detected in the hemolymph. 
Phenotblazlne was not tozlc as a stomach polson because of the Impermeable wall of 
the allmentary canal, bat wu stored in the crop without alteration except in a few casea 
where a blue-green compound wu formed. 'lbe midgut, however, wu tbe site of active 
conversion of phenothiazine to leucothlonol. Slmllar comrerslon wu observed for 
phenothiazone and tblonol. 

· CoWer <1940) studied the effects of phenothiazine and related compounds oo mam­
maUan enzymes ln order to obtain evidence of the mode of •ermicldal and lnsecttctclal 
_action. The following tnhlbltlon of gulnea ptg liYer catalase and beef heart cytochrome 
Oxidase was obtatned under the conditions of the experiments: 
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Table 17 --Effect on enzymes 

CompouDd 

phenotbiazlne 

leucophenotbiuoDe 

phenotbluone 

leucotblonol 

tblonol 

Per cent lDhlbiBon 
LlYer catalase cpoc:brome oztdase 

0 

100 

0 

100 

100 

73 

0 

76 

Colller comments that only the compounds contalnlng bydrozyl groups were strong tn­
b1bttors. CoWer aDd Allen <1942) continued tbls study on other enzyme systems aDd 
found that phenothiazone lnhlblted horse serum cho~sterase, 50 per cent at 6. 7 z 10-5 
Mas compared with eserine, 50 per cent at 2.5 z 10- M. It was speculated that this 
action might explain the toziclty of phenothiazine to insects. CoWer aDd Allen <1941> 
found that the system leucophenothiazone-phenothiazone also was a stroaglnhibitor of 
oxidase and dehydrogenase components of beef heart. 

Theories of mode of action--Zulrel <1944> concludes that the tozicity of phenothia­
zine may be due to the lnhlbltion of the respiratory enzyme, cytochrome ozldase, by the 
leucothionol conjugate ln the hemolymph of the American roach. De Eds aDd Thomas 
ClNU haYe sugested that phenothiazine might act Insecticidally by permanent ozlda­
t1on of the respiratory enzymes by the leucothionol-tblonol system, while ColUer aDd 
Allen <1942> comment on the action of phenothiuone on cholinesterase as a possible 
site of insecticidal action. 
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DICBLORODIPHENYLTRICBLOROETBANE 

Introduction--2,2-bis-<p-chlorophenyl>-1,1,1-trichloroetbane, lmo1rn as DDT, from 
the initial letters of the generic name, Dichloro Diphenyl Trichloroethane, was first 
synthesized by Zledler <1874>. The insecticidal properties of the compound were dis­
covered by Paul Miiller of J. R. Geigy A. G. SWitzerland in 1936-37 <Cristol and Baller, 
1945> and patented by him <1940, 1943>. DDT had unprecedented development as a syn­
thetic insecticide because of its unusual properties of wide range of insecticidal aeUon, 
simple structure promottng ready synthesis, stability to llght and air resulting in en­
during residual toxicity and low mammalian toxicity. Thus the material ideally fulfllled 
a wartime demand for the control of insects of medical importance, and soon found im­
portant agricultural uses. Approximately 45,000,000 pounds were produced in the United 
States in 1946. 

Chemistry of DDT and related materials--Technical DDT is a white to cream 
colored amorphous powder produced by reacting chloral <or its alcoholate or hydrate> 
with mono-chlorobenzene in the presence of concentrated sulfuric acid. The technical 
materlal has a rather variable composition and is composed of up to fourteen chemical 
compounds. The range in percentage composition of the major constituents as analyzed 
by various workers is given in table 18. These materials all possess some slight de­
gree of toxicity to insects as shown in table 19. However, p-p' DDT 1s the important 
active constituent and this compound, isolated from technical DDT bJ several recrys­
talllzations from ethyl alcohol, 1s used 1n most of the pbysioloctcal studies to be re­
ported. 

Table 18--CompoetUon of tecbnieal DDT 

Compound m.p. °C. 

2,2-b1s-(p-chlorophenyl)-1,1.t. 
1-tricbloroetbane (p-p' DDT) 108-109 

2-(o-cblorophenyl)-2-(p-cbloro­
phenyl)-1,1,1-tricbloro-
ethane (o-p' DDT) 73-'14 

2-(p-chlor~nyl)-1,1,1-
trichloroetbanol 

2,2-bis-(p-chlor<r-;nE)-1~1-
dlcbloroethane -p' DD 

2,2-bis-(o-chlorophenyl)-1, 
1,1-tricbloroetbane 
(o-o' DDT) 

bis-(p'-chlorophenyl)-sulfone 

109-110 

92-93 

148 

65-73 '15-80 

19-21 15 

0.2 1.5 

0.17-4.0 0 

0.1 
(Cristo! et 
al., 1946b) 

0.034-0.6 

48-'16 

11-29 
(tneludes 
o-pDDD) 

2.4-3.2 
(includes 
other haU 
conden.aaUoa 
products) 

2-37 
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Table 19--Relattve toxtcittes of components of technical DDT 

Approximate median lethal concentrations to 
An,hele!l 
m&&Qti- Cimex )2rQ~QRhila 
maculam~ f!edic!!lu melanQDI-.!!m-Material larvae- Jlnmanyl- ~- resi-]!yjy§-24 hrs. spray ue 
Cristol et Busvine spray Proverbs 
al. (1946&) (1946&) Busvine andMorrl-
Deonleret (1946&) son (1947) 
al. ~1946) 

2,2-bia-(p-cblorophenyl)-
1,1,1-tricbloroetbane 0.0025 0.3 0.53 1 

2-(o-cblo=nyl)-2-
(p-chlor nyl)-1,1,1-
trlchloroetbane 0.012 15.5 >14 145 

2,2-bls-(o-chlor=yl)-
1,1,1-trichloroe e >5.0 

2,2-bls-~-cbloropbenyl)-
1,1-dic oroethane 0.0025 0.9 1.2 1'1 

2-(p-ebloropbenyl)-1, 1, 1-
trlcbloroetbanol >10 6.5 10 25 

~~bloropbenyl)-
1.0 >ISO 

l'tpre 1--Some chemical reactions of DDT 

cOO 
0 
D 
R 

g~liQY!riRI 
ba~morrhoi-
dalis -
residue 
Metcalf 
(1948) 

0.001 

>0.1 

0.006 

1.0 

>1.0 
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Pure p-p' DDT has a vapor pressure of 1.5 z 10-7 mm. Be· at 20° c. (Balsoll, 
1947). It readily undergoes certain chemical reactions which are sbown In the now­
sheet in figure 1. The relative toztcities of these materials to iDBects is given In 
table 20. 

Several compounds closely related to DDT have attained some importance as in­
secticides. DDD or 2,2-bis-Cp-chlorophenyU-1,1-dtchloroethane is produced by an an­
alogous reaction between chlorobenzene and dtchloroacetal or dtchloroacetaldehyde aDd 
is thus present in small amounts in technical DDT produced from chloral containing 
these substances as impurities (Forrest et al., 1946). The pure p-p' -isomer has a 
m.p. of 109-110°. Methoxychlor or 2,2-bis-Cp-methozyphenyU-1,1,1-trlchloroetbane 1s 
produced from anisole and chloral (Stephenson and Waters, 1946) and the pure p-p'­
lsomer melts at 88°. DFDT or 2,2-bis-Cp-fluoropbenyU-1,1,1-trichloroethane was pro­
duced commercially in Germany during the war as "Gtx" (Kllgore, 1945). The tech­
nical product is a liquid and contains about 10 per cent o-p' -isomer (Bradlow and Van­
derWerf, 1947>, and the purified P-P' -isomer has a melting point of 4tr'. This com­
pound has a higher vapor pressure than DDT (b.p. 177 -ff /9 mm.) and is consequently 
less long lasting as a residual treatment. The dimethyl-analogue of DDT, 2,2-bis­
Cp-tolyl)-1,1,1-trichloroethane, m.p. 900, is also highly effective to IDsects, and has 
been tested on a semi-commercial scale. 

Table 20--Relative toxicities of degradation products of p-p' -DDT 

Compound 

2,2-bis-(p-chloropbenyl)-1, 1,1-
trichloroethane 

2,2-bis-(p-bhloropbenyl)-1,1-
dichloroethylene 

2,2-bis-(p-chlorophenyl)-
ethane 

4,4'-dichloro-dipbenylmethane 

4,4'-dichlorobenzophenone 

4,4' -dichlorodipbenyl-acetic acid 

4, 4 '-dtchlorostilbene 

::npmate media~ce=w 
PediCUlUS ~: ~QI 
hnmpnus f:f:; lMWI_larvae .&_morrhoid-
Busvine Busvine IilH bra. Metcalf 
(1946) (1946) Deonter et (1948) 

al. Cl946) 

0.3% 0.153% 0.0025 p.p.m. 0.001% 

>10 >10 >1.0 

8.5 >20 >1.0 

ca. 1.0 0.16 

ca. 10.0 1.0 

ca. 1.0 >1.0 

>1.0 
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Table 21--RelaUve tozteiUes of some analogues of DDT 

Approximate median lethal eoneentraHoa to 

Compound 

~ Anocres Drosophili aeuothrtps 
Pediculus 1 mJ!l!! - melano- ba h -~"'-bnmpnus ~- maculatus ~ emorr o~-
Busvine ~ larvae Proverbs lllll 
(1946) Busvine Deonieret andMorrt- Metcalf 

<1946) al. (1946) son (1947) <1948) 

(a) Symmetrical aplogues with trichloromethvl grouo 

2, 2-bis-< p-ehloropbenyl)-
0.3% 0.53% 1,1,1-trichloroethane 0.0025 1.0 0.001% 

p.p.m. 

2,2-bls-(p-Ouorophenyl)-
0.0075 0.11 0.006 1,1,1-trichloroetbane 1.4 5 

cal. 2.5 (Kirk-
wood and 
Dacey, 
1946} 

2,2-bis-(p-bromophenyl)-
1,1,1-trichloroethane 0.6 1.4 0.0025 26 0.06 

2,2-bis-(p-iodopbenyl)-
1,1,1-trichloroethane ca. 500 

2,2-bts-(p-methy~nyl)-
1,1,1-trichloroe e 1.7 3.6 0.01 ca. 650 0.03 

2,2-bls-(p-ethylphenyl)-
1,1,1-trichloroethane 5.0 4.0 0.04 

2,2-bis-(p-meth~henyl)-
1,1,1-tricbloroe e 0.9 0.55 0.01 0.03 

2,2-bis-(p-ethoxyphenyl)-
1,1,1-triebloroethane 1.8 0.8 

2,2-bls-(pbenyl)-
1,1,1-trichloroethane 7.5 >12 1.0 ca. 500 1.0 

2,2-bis-(p-:r::;cmypbenyl)- noo-tcmic non-toxic 
1,1,1-tric oroetbane 100% 100% >10 >1.0 

2,2-bls-(p-nitrophenyl)-
1, 1, 1-trichloroethane >1.0 

(&!} ADII01n181 with more than one rmg subsUmtD& 

2,2-bls-(3-nitro-4-
chloropbe~~;1,1,1- non-toztc 
trichloroe e 100% >10 >1.0 

2,2-bls-(3!4-dimethyl-
f::~l)- ,1,1-

c oroethane 0.05 

2,2-bls-(2!4-dimethyl-
~nyl)- ,1,1-

cbloroethane >10 >10 >0.1 
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Table 21--Relative toxicities of some analogues of DDT (Continued) 

Compound 

ApProximate median lethal concentration to 
gmg =les Drosophila Beliotbrios 

~ecllculus 
Umpnus 

Busvtne 
(1948) 

- melano- d lectu- maculatus gaster IJaemorrhoL-eiDe larvae Proverbs ::!'tcalf 
(1948) Deooieret andMorri- (1948) 

al. (1948) soo (1947) 

(b) Analones with more flu!n one riDg substituent (Continued) 

2,2-bis-(215-cllmetbyl-
pbenyl)-l, 1,1-
tricbloroethane 

noo-tQ1d.c non-tozic 
2,2-bis-(314-cllmetboxy­

pbenyl)-1,1,1-
trichloroethane 100% 100% >10 

non-tozic noo-tcmlc 
2,2-bis-(215-cllmetboxy­

phenyl)-1,1,1-
trlcbloroetbaDe 100% 100% >10 

2,2-bis-(2-metbrl-4-
~oropbe~~;.·1,1-
tricbloroe 

2,2-bis-(3,5-dinitro-4-
cbloropbe~~;!·1,1-
tr~oroe 

non-toxtc 
100% 

(c) UD!YJDmetrical aaalolae 
2-(p-cblor0Dbenyl)-2-

plienyl-1,f,1-
tricbloroethane 2.1 4.5 

>10 

0.021 90 

(d) Sym!llfb:tcal pplocgea witb altered ''"!hetlc oorUon 

2,2-bis-(p-cbl~~~;. 
2,1,1,1-tetracbloroe 

2,2-bis-(p-cbloropbeayl)-
1, 1, 1-trifluoroetbane 

2,2-bis-(p-cbloropbenyl)-
1,1,1-tribrommoethane 

2,2-bis-(p-cbloropbenyl)-
1-cbloroetbane 

Bla-(p-cbloropbenyl)­
methanol 

1, 1-bla-(p-cbloropbenyl)-
ethanol 

0.1 

0.1 

0.1 

10 

>1000 
(or1gtnal 
value) 

100 
(Kirkwood 
and Dacey, 
1948) 

>0.1 

>1.0 

0.21 

>1 

0.8 

>1 

>1 
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ToxlcolOQ of DDT aualocues--A very large number of analogues of DDT have 
been studled with regard to their toxicity to insects. Although there appears to be a 
considerable difference in the effects of these materials to varying species of insects, 
the data presented in tables lD, 20, and 21 represent the general trends which exist. It 
should be emphasized that the relative toxicities of all the compounds vary with the 
test insect and the test method. 

Martin and Wain <1H4a> have commented on the results of a study of the relative. 
toxicities of a series of DDT-aualogues. They state that the nature of the nuclear (ring) 
substituent affects toxicity either because of the electronic effect of the group or solu­
billty factors. When the substituent is either chlorine or methozy, both inductive and 
electromeric effects are operative bat are opposite in tnfluence on the alpha-carbon of 
the ethane. 81nce the compounds iDcorporattng these two groups and the metbfl­
aubstituted compoaod as well are highly toxic, the evidence appears to favor the solu­
blllty factor as being the controlling tnfluence. The low activity shown by polar groups, 
such as bydrozyl- and nitro-ring subatituents, 1Ddtcates the importance of nonpolar 
groups ill th1s position. Martin and Wain point out that with asymmetrical analogues, 
solubility may llkewtse be the controlling factor as the surface activity of the molecule 
aDd its adsorption may be affected by symmetry. aasvtne <1946a) notes that the mole­
cules of the most toxic DDT-analogues are most similar to DDT in shape aDd weight, 
aDd he considers lt possible that the entire molecule is involved in a sterlc association 
with a vital enzyme. Further theories of the tnfluence of stnacture on activity are pre­
sented in the nelrt several sections. 

The order of effectivenesa of DDT-analogues ln mice aDd rats 1s very different 
from the effectiveness in insects <Smith et al., 1846; von Oetttngen and Sharpless, 1846), 
aDd SUIPSts an entirely different locus of action. For example, compounds such as 
PDP, metholtychlor and DI'DT, which are the most toxic DDT-aualogues to insects, 
were respectively about 1/10 to 1/20, 1/40, and 1/4 as toxic as DDT to rats and mlce. 

Theories of mode of taxlc action--Two general theories of the mode of actioo of 
DDT and related materials have been suggested, both depending on the classical 
Oftrton-Meyer theory (Meyer and Bemmt, 1935; Ferguson, 1930, pp. 74, 112), which 
relates the Upold solubility, i.e., the ol]/water dlstributioo coefficient of pbyslologtcally 
active materials aDd their activity. Liuger, Martin and MUller <1844), in an ingenious 
theory, have speculated that the effectiveness of DDT 1s due to combination in one 
molecule of a Upld solubWzing group, vtz., the "trlchloromethyl group," and a toxic 
component, the bts-(p-chloropheD)'U-methylene group. These lnvesttgators, using data 
from a study of mothproofing agents, point out that maD)' substances having two p-chlor­
opbeD)'l groups attached to a central nucleus, such as dl-(p-chloropheD)'U-sulfone, dl-(p- · 
chloropbeDJD-sulflcle, and dl-<p-chloropbenyl)-ether, proved to be effective stomach 
potsons. When a Upld solublllztng group, such as the trtchloromethyl group, was added 
to the molecule, the Yel'J. effective contact action of DDT resulted. Therefore, they 
theorize that the · 

group ts the toxic portion of the molecule and that the 

I ,-c, 
Cl.ICl. 

Cl 

group ls the Upld-solublllztng group. Martin <1946) has commented that the effective­
ness of various alkozy analogues of DDT, such as the bts-<p-metbozy)- and bts-<p­
ethoxy)- make lt evident that the toxicity of DDT 1s not uniquely ezpla1ned by the pres­
ence of the dlchlorocUpbeD)'l system. 
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Table 22--Sol11bU1ty and dehydrobalogenation values 
for DDT and certain related compounds 

Compound 

2,2-bls(p-iodopbenyl)-
1,1,1-tricbloroetbane 

2,2-bls(p-bromopbenyl)-
1,1, 1-trichloroetbane 

2,2-bis(p-chloropbenyl)-
1,1,1-trichloroetbane 

2,2-bls(p-cbloropbenyl)-
1,1-dicbloroetbane 

2,2-bis(p-fluoropbenyl)-
1, 1, 1-tricbloroetbane 

· 2-pbenyl-2~-cbloropbenyl)-
1,1,1-tric oroetbane 

2,2-bls(p-chloropbenyl)-
· 1-cbloroetbane 

2,2-bls~~~1,1,1-
trichloroe e 

2-~-chloropbenil)-2-(p-
c oropbe~; ,1,1-
tricbloroe e 

2,2-bls(p-tolyl)-1, 1,1-
trichloroethane 

2,2-bls(p-metho=nyl)-
1,1,1-tricbloroe e 

2, 2-bls(p-chloropbenyl)-2, 
1,1,1-tetracbloroetbane 

2,2-bis(p-cbloropbenyl)-1, 1-
dichloroethylene 

Hydrolysis rate constant 1015 
!!z liters 2!r sec. 2!r mole 

20°C 37°C 
(Cristo!, 

1945) 
(von Oett1ngen and 
Sharpless, 1946) 

19,800 

3,470 18,760 

2,480 12,515 

567 4,035 

303 2,319 

301 2,200 

91 563 

37 272 

37 255 

11 75.6 

9 76.8 

0 (See Milller, 1946) 

0 

Solub111ty in olive 
oU g./100 ml. 

3rc 
(von Oettingen and 
Sb&rpless, 1H8) 

0.5 

2.0 

10.5 

8.0 

>45.0 

27.8 

33.7 

12.1 

9.7 

21.1 

Liuger's theory bas received support from the work of Kirkwood and Philllps 
(1946) who synthesized the compound 2,2-bis-<p-cblorophenyU-1,1,1-trifluoroethane, 
which was found to be only feebly insecticidal. This compound which contains a triflu­
oromethyl group was fed to rats and was found not to be stored in the perirenal fat, al­
though the insecticidally active compound 2,2-bis-(p.fiuoropbenyU-1,1,1-tricbloro­
etbane fed in a similar manner accumulated to the extent of 3.2 mg.,lg. fat. In this con­
nection it was pointed out that fiuoroform, HCF3, bas no anesthetic properties (Renne, 
1937). The compound, 2,2-bls-<p-chlorophenyU-1,1,1-trifluoroethane, is stated to be 
very fat soluble even though it was not accumulated in the body fat, a conclusion which 
casts some doubt on the validity of experiments such as von Oetungen and Sharpless 
<1t46), .Busvine <1946a), and Domenjoz <1946), who measured tbe solubility of various 
DDT-analogues in fats, such as olive oil, and found n0 correlation between lipoid solu­
bllity and toxicity to mamm~ and insects <table 22). 
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Pouterman and Giradet <1946> report that they have synthesized p,p' -dichlorod1-
pbeDJldtfluorod1chloroethane,1 m.p. 8t-9Cf. This compound tested tnsecttctdally on 
Ph!lloperta horttcola had a dim!D1shed paralytic action as compared to DDT bat the 
toztctty was not altered. 

Martin and Wain <1944b) have developed a theory of the toxic action of DDT which 
Is almost directly opposed to the theory of Liupr. This theory suggests that the 
p-chlorophenyl groups are responsible for the ltpld solub111ty of the compound, and the 
trlchloromethyl group for the toxic action, which Is produced by the liberation of hy­
drogen chloride ln vivo at vital centers. Martin <1946) sums up his conclusions that 
DDT is lnsecttcldal because it has <U ab111ty to penetrate and concentrate at the site of 
action, <2> adequate stabWty to reach site of action, and <3> ab111ty to release hydrogen 
chloride when absorbed at site of action. As a consequence of the validity of such a 
theory one might expect a positive correlation between rate of dehydrochlorination and 
degree of the toxic action ln the DDT-analogues. The dehydrochlorination rates have 
been studied by Crlstol <1945> and von Oettingen and Sharpless <1946) who obtained the 
data presented ln table 22. As has been pointed out by Busvine <1945>, Mtuler <1946>, 
Domenjoz <1946>, and Cristol <1945), there ls no correlation between the rate of dehy­
drochlorination and degree of toxicity to insects <tables 19, 20, 2U. This is especially 
noticeable in the case of 2,2-bis-<p-methoxyphenyl>-1,1,1-trichloroethane which is 
comparable to DDT in insecticidal potency to many insects and yet has a dehydrochlori­
nation rate constant of about 1/275 that of DDT. Martin replies to this criticism that 
tbe factors of absorbabillty and permeab111ty may also outweigh dehydrochlorination in 
determlnlng the relative potency of the compound. Furthermore, in vitro dehydrochlor­
iDatton might be produced by enzyme action or other conditions completely dissimilar 
to exposure to alkal1. It is especially Interesting that the compound 2,2-bts-<p-chloro­
phenyl>-2,1,1,1-tetrachloroethane which does not dehydrochlorinate even upon pro­
loupd refluxing with alcohollc alkali is almost completely inert insecticidally despite 
its close resemblance to DDT and its conformity with the theoretical requirements for 
toxicity according to Li.uger' s hypothesis. · 

As a final comment upon these two theories, the data obtained by Metcalf <1948) re­
prdtng the activity of DDT-analogues as acaricides to the citrus red mite, Paratetra­
gchus c1tr1, are of interest. DDT was completely inactive but progressive Increases 
in toxicity were obtained by successive ellminations of aliphatic chlorine atoms, the 
order of effectiveness increasing from: 

R R R R R R R R 
BCCCls< C : CCl2< C : CBCl < C : CH2< BCCF3 : BCCB3 < CB2 < BOCCB3; wbere R 

R R R R R R R R 
: p-chlorophenyl-. The most effective acaricides such as 1,1-bis-<p-chlorophenyl>­
ethanoi, 4,4' -dichlorodtphenylmethane, 2,2-bis-<p-chlorophenyl>-ethane, and 2,2-bis­
<p-chlorophenyl>-1,1,1-trifluoroethane are much less effective insecticides than DDT 
<see tables 20 and 21) and contain neither the Upid solubiltzing groups <as defined by 
Liuger) nor are capable of eliminating hydrogen chloride. 

Gavaudan and Poussel <1947> have explained the action of DDT as that of an indiffer­
ent narcotic acting on a llpoldic substrate. Using a nephelometric method they deter­
mined the solub111ty of DDT in water as about 0.1 mg. per Uter at Uf. <Roeder and 
Welant, 1946, suggest that the solub111ty of DDT ln water ls from 0.1 to 0.01 p.p.m.) 
They have calculated the thermodynamic activity for DDT using the expression C/C , 
where C ls essenttally the minimum lethal concentration of DDT to the organism anS C0 
1s the saturated concentration in water. Using values obtained from the Uterature for 
the m1n1mum lethal concentration in water for sever&! species of insects, the following 
values for the thermodynamic activity were obtained: 

1 In the summary of this paper and ln Chemical Abstracts the compound is termed 
P-P'-dichlorodtpbenyldifluorochloroethane, apparently an error. 
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Table 23--1bermodynamic acUvity of DDT 

Species c 
C/Co Refereoce l·lllter 

Cbaoborus punctipennis larvae 0.000013 0.13 L~at and BusblaDII 
<1044 

~haoborus ounctipennis pupae 0.000026 0.16 

Culex urenalcus larvae 0.0001 1.0 Sautet et al. <1147) 

Tbeobaldia lo!!&!areolata larvae 0.00002 0.20 

PeriDlaneta americana adult 0.00001 0.10 Roeder and Wetant (1048) 

The thermodynamic activity 1s observed to fall in the range of 0.1 to 1.0 for the 1nsects 
listed. This value is in good agreement with the theory of 1nd1fferent narcotics of Mey­
er and Bemm1 <1035), who have postulated that narcosis occurs when a chemicallyiDdtf­
ferent substance reaches a specific threshold concentraUon 1n the cell Uplds, regard­
less of the concentraUon in the external environment. 1b1s theory has been elaborated 
bf Ferguson <1939) into his concept of chemical potenU.als, which expresses the true 
concentration of the agent at the site of acUon. Using Busvine's <1945) value for the 
solubllity of DDT in olive oU, 10 per cent or 0.28 moles per liter, as a measure of the 
Upid solubility of DDT, and Meyer and Bemmi's uerqe threshold value for vartoas 
Darcotics, 0.06 moles per liter, the authors obtalnecl a ratio of 0.06/0.28 or 0.21 for 
tbe theoreUcal thermodynamic acUvity of DDT 1n the cellular phase. Tbe close agree­
ment of this value with the range of experimental values 1n the table 1s suggested as aa 
IDdtcaUon that DDT acta as an 1nd1fferent narcoUc. 

Burst <1947) has suggested that DDT and analogous compounds act by lndfrect 
blocking of cytochrome oxidase and succinic dehydrogenase, which' may be accompl1shecl 
bf uptake and storage of the lnsecUcide in the phospholipids of cell membranes. Be 
postulates a transiUon from a primary or narcotic stage to a lethal stage which is asso­
ciated with an irrnersible decrease 1n the stability of the lipoproteins. Tbe evidence 
for such a theory is apparently derived from the behavior of chloroform 1n dispersing 
the lipids of the Insect cuticle. For example, Wl.glesworth U045) found that exposure 
of insecta to chloroform vapor for one hour greatly increased the permeab111ty of the 
insect cuticle to water. The percentage weight losses within 4 hours after exposure 
were Nematus larvae 49, Blatta adults 6.8, and Rhodnius nymphs 3.4. The loss was 
least in insecta with relatively hard cuUcle waxes <seep. 12). Burst suggests that such 
variations account for the differences in susceptibility of insecta to DDT. 

Stereochemistry of DDT molecule--Lluger et al. <1946) state that the distance be­
tween the para-chlorine atoms 1s 11.0 Angstroms and that the valence angle between the 
phenyl rings 1s 123°, as determined by X-ray diffraction analysis. Wilde <1946) has pre­
sented determinations of the dipole moments of a number of compounds related to DDT, 
and from these values has calculated that the valence angle lies between 110° and 120° 
for DDT and most of the other trichloroetbanes studied. Liuger <1946) believes that 
the dimensions of the DDT molecule from para-Cl to para' -Cl atom are similar to 
those of cholesterol <as measured from position 3 to posiUon 16), a substance which 1s 
an important constituent of nerve tissues and which is a fat-soluble vitamin for many 
insecta <Triger, 104U. Liuger suggests that DDT may possess a particular affinity for 
cholesterol and other sterols present in nerve Upids. ~l 

cr. Qe1117 

Cholesterol 
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t>mpheU and West C1945) Jan saaeatect that tbe three beta-chlorine atoms are 
aeceasary for optimal tozlclty, owiJ1C to a certain atertc orientation requirement wblch 
reaches a mutmum wben tbe rem•tntna chloriDe atoms are 1n the ~a-positions. 
Tbiopbene analopes of a number of biolOifcally actin compouada contaJ.niDI beuene 
rtnp Jan been reported to poueas acttntiea simllar to tboae of tbe parent compoand. 
In tbis connection, Metcalf and Oanther <1847) prepared 1,1-bls-<2-chlorotbleDJl>-1,1,1-
trlchloroetbane. Tbfa compound, wblch is an tsoeter of DDT, was generallJ much leas 
effectin aptnat seyeral species of tnaecta despite tbe atmnarity 1n stze and shape of 
tbe beuene and tblophene rlftiS, yet it debJdrocblorlnated reldUJ 1n dllute ·albll. Bow­
enr, at bllb dosapa tbe compound produced cbaractertatic DDT-llke tremors 1n in­
sects and in isolated lep of PeriDlaneta amerlcaga ao that it appears to resemble DDT 
1n its mode of action <Metcalf, 1848a>. 

Erlenmeyer et al. (1948) Jan studled tbe insecticidal properties of bls-<p-cbloro­
pbeDJl>-acetic acid and 1,1-bls-<p-cbloropbeDJl>-acetone which tbey consider to be 
laostera of DDT by l'irtue of tbelr ablllty to form bfdratea as shown below. 'lbe by-

,Q ~0 ~ 
~->B 
/ 'OB 

drated producta are tsosterlc wJtb DDT becaue of tbe almllar d1menaJons of tbe bJ­
drox:Jl p-oap <radlus aboa~ A.mpt:r&ms), metbfl p-oap <radius 2.0 ADptrCSms), and 
chloriDe atom <radius 1.8 tr6ms), <Paullnl, 1840). 'lbl8 depee of structural con­
formity has been shown bJ Paal1Dc and Prell8man C1845) to be well wttbln tbe Um1ta re­
qalred for taoatertc actil'ttr 1n serolGilcal reactloas. Boweftr, tbe DDT-taosters 
mentioned were insecticldallJ lDactil'e when tested aptnat Musca d9mesUca, II!!B 
cranella• and Dermeates frlschU. Tbaa tbe autbora couclade that tbe aimllarlty ln ln­
dactil'e action on the rematnder of tbe molecule wblch tbey ascribe to tbe trtcbloro­
metbfl-, carbozy-, and acetyl- p-oapa, l8 DOt a factor ln tbe tozlc action of DDT. 

Qautitatil'e to!lco1og of DDT to tnaectB--Table 14 pfta data obtalned on the 
qaantitatift tozlclty of DDT to a mamber of species oftnaects. 

Entrance of DDT into tbe insect boclr--Tbe data of Tobias et al. (1948) l8 of es­
peclallnterest ln that it polnta oat that tbe tozlcitr of DDT ln acetone to tbe roach l8 
almost identical wbetber applted utei'Dali.J or tntra-abdomtuJ)T, tncttca"na a nry ef­
ficient absorption of tbe tozlc:ant tbroalb tbe insect bodJ wan. Tbe actaal tozlcitr of 
DDT to tbe roach l8 aboat eqaa1 to tbe lntrannous dosage for mammals and l8 DOt es­
peclallJ' ~Jreat as compared to IIWlJ' polBou. Boweftr, ln mammals tbe surface lethal 
closap l8 Tery bJib, up to 4000 Jill• per q. Tbi8 subJect has also been cll8cuased bJ 
Dresden and KriJpman <1948) who feel tbat lnaecticldea, nch as DDT and pmma­
beucblOI'OCJClobuane, are DOt specific l.naect pol8oas bat onlJ appear so bJ tbelr ef­
fectift peaetratlon of tbe tnsect cutlcle. In tbis conaectiOD, Richards and Cutlomp 
<1946) baft polntecl oat tbe correlation be•een tbe possession of a cblt1Dou ezoakeletoa 
and BUBceptibWtr to DDT shown bJ T&riOQI pbJla. These lnveatlp.tora baTe abown tbat 
DDT l8 adsorbed from solutions bJ cuticle contaJ.niDI cblUn and bJ purified cblUn, and 
tbey sugeat that tbe cblt1Dou cuticle facWtatea tbe entry of DDT into the tnsect body 
bJ select1ft concentration tbroalb adsorption. It l8 difficult to explain tbe relatln ln­
BUBc:eptlbWtJ of certain tnaecta, mites, and ticlr.a to DDT on tbis basta, howner. In a 
aubseqaent paper, Pan, Cbens, and' Rtcbarda (1848) demonstrate the eztatence of a nec­
at1Te temperature coefficient for Aede• aemt1 and Chaoborus larl'ae immersed ln 
dilute BUBpenaloas of DDT. At a DDT coucentration of 1:10,000,000, 50 per cent mor­
talltJ of..M.!I!! larl'ae renlted ln about 3 4ays at 100, 1.75 d&Js at 15°, 1.25 days at 20°, 
0. 75 d&Js at 2f», and 0.5 days at 300 Ca poait1Ye coeffic:lentl~ wblle at 1:500,000,000, 4 
d&Js were reqa1red at tOO, 4.5 d&Js at 16', and about 5 days at aoo <a nept1Te coefficient). 
Wben an emulaton of DDT' was injected lnA!!Iu. lame tbe mortalities ln 5 clap were: 
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Table 24--LD5o determinations of DDT to &e'Yerallnaects 

liDso 1n micro- Method and site ol Species :. ~a per gram aclm.iniatraUoo Reference 
l welaht 

American roach 
Tobi&a et al. (1M8) Periplaneta amertqna 5-8 intra-abdomiDal 

acetoae 
, 

10 aurface, acetoue 
, 

, 
18 intra-abdominal 

, 
lecitbin-peanut 
on emulaioo 

, 
82 intra-abdominal 

, 
peanut oll 

, 
20 intra-abdomiDal Dreaclen and 

water-on emulaioo JtrijgBIIULD (1948) 

llouaefiy 
.111119 domestic& 

a. newly emerged adult 2 surface, acetola! Tobias et al. (1848) 

b. mature adult 8-21 surface, acetooe 
, 

c. female adult 9 aurface, keroseue Duid (1948) 

d. male adult 6 surface, kerosene 
, 

ll~to 
A.!@§ &emU 
a. male adult 1.1 surface, kerosene 

, 

b. female adult 8.0 surface, kerosene 
, 

Blowfly 
callipbor& ap. adult 9-28 surface, kerosene Tobias et al. (1848) 

Human louse 
Pedtqalue lm•!Mt 27 surface, kerosene Buav1De (1948) 

Bedbug mm.u 1ectnl!.rtga 83 surface, kerosene 
, 

Clraqs1ua morOIUI 60 intra-abdominal Dresden and 
water-oll emulsion ICriJpman (1948) 

Copyright © National Academy of Sciences. All rights reserved.

The Mode of Action of Organic Insecticides
http://www.nap.edu/catalog.php?record_id=21541

http://www.nap.edu/catalog.php?record_id=21541


58 

at 1 mlCJ'Oil'&m DDT per gram, 75 per cent at 15°, and 88 per cent at 300; and at 0.5 
m!CI'OIJ'am& per gram, 60 per cent at 15°, and 70 per cent at 300. The authors coulder 
tbat tb1s demonstration ol. a neptive temperature coefficient upon immersion 1n dllate 
BUSpenslODS, and a positive temperature coefficient for lnjectloa locallzea the neptiYe 
effect to adsorptton of DDT tbroap the cuticle ol. the boc1J wall, since adsorption is 
faYOred bJ low temperatures. 

Tbe selection of tbe sen&orJ orp.na of the tnaect leg (p. 59) as a prlmarf site of 
aeUon of DDT naeste that lnaecte with biP1J deYeloped tarat ahoald be eapect.alq 
suceptible to exposure to DDT reslclaea. Potts and Vaaderplauk <1045) foud that 
G1oss1Da coald be poi8cmed bJ cootact of the tarat aloDe with DDT realclaea for periods 
as short as 2 seccmd.s, aDi:l particles ol. DDT eoald be demonstrated on tbe pal'911U. In 
general, the suceptibWQ' of ftl'ioa& tnaects to DDT coald be correlated with paMllar 
deYelopment. Tb1s baa been questioned bJ Blckln <1045) who foud DDT to act bJ con­
tact with the tarat in the Uce, Bematglimls 8Ula aDi:l Trtcboclectea latus, 1n which the 
palY11U are sl11bt17 deTeloped. BaJes aDi:l Lta <1047) compared the blatolalr of the 
tarsi of Musca domestica, Blatella cermntca, aDi:l BDUacJma ftl'b'estta. The two latter 
tnaecte are very resistant to the action of DDT. The tarat of the adult boaseflJ posseaaecl 
ahnnclant chemoreceptor& aDi:l a thin cuticle, 11.5 to 25 IDlcrons 1n tbicbess, wh1J.e no 
chemoreceptor• were foud 1n Blatella priD&Dlca, cuticle 60 to 90 mlci'OIUI~ or 1n adulte 
or lanae of 1. JVivestts, cuticle 15 to 45 mlcrou and 15 to 40 mlcroaa, reapectlYely. 
Bllrtt <1945) baa foud that DDT appUed as a saturated solution 1n lanoUn to the dorsal 
integument ol. the tick, J!odes rtctnu, produced SJmptoJDS of lnto'dcatlon 1n an average 
tilDe of &boat 4 clap, whUe ticks e3J)O&ed to cr,atalllne residues ol. DDT or to DDT 1n 
lanoUn so that OD1J the tarsi contacted the materlal showed lntozleation 1n about 8 boars. 
J'arther uperimente 1n which DDT was appUed to the 1ep abo't'e the tarsi produced tn­
tozlcation 1n about 48 hours. Th18 was considered to show that the empodla of the tarsi 
were more readUJ permeable to DDT than the boc1J cuticle, bat mar be a reflection of 
the sensttinty of certain tarsal proprtoceptors to DDT. 

PhtsioloJ1cal aperimenta oo 1ocua ol. DDT potsopt•--The t,.ptcal.8JmptoJDS of 
DDT polson1DS 1n tnaecte clearly demonstrate an effect on the ~uro11l118CU1ar SJ&tem. 
Toblaa aDi:l Kollros <1946) have described the sequence of SJIDPtoiDS 1n PerlDlaneta 
americana as (1) hJperutenston of legs, elefttion ol center of granty, postaralin­
stahWQ', (2) 1Dcreaa1DS general tremuloasneas lnYOlnng bead, boc1J, and appendages, 
(3) atutc galt, and hJperacttnty resulting from atimuU of aoud and touch, <4> animal 
repeatedJr falls on bact aDi:l flnallJ cannot regain feet, (5) leg mOYemente CODtlnue with 
two component&, a bflh b'equenCJ tremor, and a slower fieldon and extension, <6> fast 
tremors d1sappear leanne OD1J taolated motions of boc1J wall, tarat, palpi, cerci, and 
antennae, and (7) flnal alp of Ufe is beating of heart which ID&J continue fot a daJ or 
more. In th18 stage, reapl.ratlon is probab).J carried out largelJ bJ ciJ.ftaslon. 

Decapitation before or after DDT potsontng had no effect on the abaormal actinty 
ol. potsontDS nor did section of the ventral nene cord-connecttres, anterior and pos­
terior to the mesothoracie pngUa. lven complete transection of the whole meso­
thoracic segment had no effect on the leg tremuloasness and bJperactinty character­
lsUc of DDT poisanlDI. Mldsag1ttal sectioning of the gancUon was also without effect. 
RemOftl of the PDilton, howeYer, complete).J prevented the SJmptoms 1n almoet all 
cues. Lateral section of the leg nenea also stopped or redacecl activity 1n 65 per cent 
ol the preparations. Experiments with measured doses ol. DDT 1Dd1cated that pncUon­
ectoJDJ was leu effective 1n quieting leg JDOYementa, the bJPer the do&ap emploJed, 
bat that th18 operation 1n all cases marbdlJ rectaced or abolt•be4. the b1lh frequeDCJ 
tremor and d1mln1abed the slow JDOYemente. The appUeation of m1mtte doses ol. n1co­
t1De, which is known to block SJD&ptic tranam18810D centrally as well as peripherally to 
lee nenea was without effect on the DDT SJmptoJDS; but appUed to the PDilton causecl 
complete immobWQ' or markecDJ. decreased actinty. Thus Tobias aDi:l Kollros con­
clade that 1n potaon1DS with low doaea ol. DDT, tbe hJpermotor SJIDPtoiDS result from 
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afferent impulses reacb1ng the pnclJa d transmitted tbroalh the intact reflex arc to 
tbe motor fibers. Where large doees of DDT are applied, action may take place direct­
lJ on the motor fibers and not require the reflex arc. It was also possible for DDT to 
produce motor effects bJ action on the peripheral nene system, since &yJDptoms of 
po1soJatJII occurred in amputated lep, and lep whose nenes had been cut d PDClla 
destroyed. 

Roeder d Wetant <1946) han ·reached much the same concluions ulng ampllfi­
cation d oscillographic methods of measuring nene potent1ala in Per1DlaDeta ameri­
S!!!!- They were unable to detect any cha.Dge in the electrical activity from tbe appll­
catlon ol 2 per cent DDT solntions or crystals of DDT directly to tbe isolatecl nene 
cord. Applicatton of emulsioas conta.tninl1600 p.p.m. ol DDT to the isolated internal 
muscles ol the tnaect abdomen resulted in isolated twitches and contractures which iD­
'YOl'Yed single muscle fibers or parts ol fibers, d only appeared se'Yeral boars alter 
applic:a'Uon, tndtc:ating a direct action on the muscle fiber or the myo-neural junction. 
Rowe•er, the applic:atlon of DDT to a similar preparation with an intac~ne cord re­
nlted in reftex mcm~menta, twitches, and clonic contractions ol entire muscles within 
10 mtmates, bat these responses ceuecl upon remcmil ol the nene cord, tndtcatlng that 
an intact refiex mechanism was necessary for their production. These data, therefore, 
lDd1cated that tbe primary site ol DDT action must be on the sensory peripheral aer­
•oas SJStem. Tb1s was demonstrated bJ the effect ol DDT in tnc:reasiDg to as much as 
700 per cent tbe number of ascencltng impulses in the aene cord. InJection of DDT 
emulsions in concentratioas as low as 0.01 p.p.m. into the femur of a leg resulted in 
perstatent tratna of afferent impulses which could be detected in the crural nene of tbe 
leg. Each train seemed to in'Yoln a slDgle fiber which fired r,petiti'Yely at a frequency 
ol SOO to 400 per second. Tb1s effect was also produced with suspensions of DDT and 
with a saturated solution of DDT in water. The time intenal between application and 
respoase was related to the concentration of DDT. Inasmuch as progressi'Ye amputa­
tion ol segment& of the leg resulted in disappearance of both normal electrical ac:tlrity 
and ol DDT responses only when the trochanter was reJDO'Yed, and tt has been shown 
that the campa1liform senslllae occur onlJ on the leg segment& below the coxa <Pri.Dgle, 
1138), it Ia sugestecl that the DDT SJmptoms ortgtnate in some propriocepti'Ye sense 
organ perblps as yet unt.dentlfied. Tbu the authors conclude that DDT acts on such 
&eDSOrJ eDdtnp to procbace intense tratns ol afferent impalaes which stimulate the 
motor neuroas to general tnc:oordtnated acti'Ytty which is reftectedin the tremors and 
conftlsions trJ»ical ol DDT potaontna. 

Bodenstein <1148) baa studied the locu of action ol DDT, as a 1 per cent emulsion, 
in lan'ae d adalta ol tbe fruit fb', Dro!oDhila ytr1118. Injection ol the DDT emulsion 
into the tnaecta produced spasms ol the wtup d .lep much more quickly than in the 
muscles ol the abdomtuJ wall, and the latter continued to contract loDS alter the form­
er were c:ompletelJ paralyzed. B1 upertmentlng with isolated porttoas of the tnaect 
body Bodenstein was able to show that abdominal mucles freed from the control ol the 
central nenous SJstem would stlll twitch UDder the 1Dftuence of DDT, thus lDd1catlng 
that DDT procluc:ecl an effect on the peripheral oenous syatem or directly on the mu­
cles. It was shown that 1 per cent phenobarbital inJected into the tnaect or applied in a 
perfusion of a nene-muscle preparation would completely quiet the tnaect bJ a direct 
paralytic action on tbe central d peripheral nenous systems. Tb18 action was re­
nrsible. Flies treated with pbe~barbital ga•e no JllU8eular response to DDT, and 
tremors in DDT-treated tnsecta were aboU.hed bJ the action of pheDObarbital. This 
showed that DDT affected the peripheral nenes, probably either at tbe motor aenes 
leadiDc to the periphery or at the myo-neural junctions. Im•stut discs from larvae 
e2:p08ecl to DDT for 24 hours were transplanted into normaltnaecta and grew and dtffer­
entiatled normallJ, thus prmding farther e'Ylclence of an effect on the nenous aystem 
.w.. 

Yeapr llldllunaon <1145) performed qulitati'Ye expertmenta on the injection ol 
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DDT in corn oU into various sites in Periplaneta americana and the observation of the 
resulting nenous disturbances with a view toward determining the site of action. In­
jection of DDT into the roach leg resulted in symptoms whether (1) the leg was isolated, 
(2) attached to the intact insect with the heart cauterized to pre'fent circulation, or (3) 
1n a leg-pngUon preparation. Severance of legs in (2) and (3) had no effect on the trem­
ors, wbUe symptoms in (1) could be caused to cease by sectioning the leg distad to the 
point of injection. In a second series of experiments, DDT solution was injected into the 
region of a thoracic pngllon of a cauterized insect or a leg-ganglion preparation. 
Symptoms resulted only in legs innervated by the ganglion treated, and were abolished 
by se'fering the legs. Thus the authors concluded that DDT provoked these symptons in 
the legs by acting at a site common to both leg and body, such as that part of a motor 
nerve between pnclionic origin in the central nervous system and the termination of 
the fibers in the leg, the so-called myo-neural junction. Similar experiments using 
nicotine (seep. 14> indicated that the mode of action of nicotine differed greatly from 
that of DDT. Nicotine symptoms were found to mast DDT symptoms in legs, but the 
latter would reappear in legs upon severance, which abolished the nicotine action. 

Welsh and Gordon <1847> have investigated .the nature of the action of DDT and cer­
tain of its analogues on the nerve axon of Periplaneta americana and certain Crustacea, 
using electrical stimulation and measurement of the muscular response. It was found 
that the typical action of DDT on the nerve axon was a multiplication of the nerve im­
pulse to produce a prolonged burst of impulses. This volley of impulses caused a 
tetanic contraction of the muscle innervated by the axon. The duration of the train of 
impulses produced in such a manner was directly proportional to the concentration of 
tbe toztcant, and in cases of severe poisoning, spontaneous trains of impulses occurred 
at intervals. 'nlese authors found that 2,2-bis-Cp-hydroxyphenyU-1,1,1-trichloroethane 
and 4,4' -dicblorodipbenylacetic acid which are water soluble had no effect on axonal 
lmpalses, while 2,2-bis-Cp-fiuorophenyU-1,1,1-trichloroethane, 2,2-bis-Cp-bromo­
pbenyl>-1,1,1-trichloroethane, 2,2-bis-Cp-methmEJphenyU-1,1,1-trichloroethane, 2,2-
bla-Cp-chloropbenyl>-1 ,1-dichloroethane, and 2,2-bis-pbenyl-1, 1,1-trichloroethane all 
resembled DDT in action. SlmUar effects were produced by hexachloroethane, diben­
zyl, naphthalene, alpha-:bromonaphthalene, paradlchlorobenzene, the pyrethrins, vera­
trine, and nicotine. The authors conclude that all of these substances having a high 
lipid to water solubility ratio are absorbed on the surface lipids of the nerve axon 
where they c:auae the observed toxic effects, perhaps by interfering With the stab111zing 
action of divalent cations such as calcium. This viewpoint, howe'fer, mates it difficult 
to explain the insecticidal inactivity which results from minor alterations in the chem­
ical structures of DDT, the pyrethrins, ~ nicotine. For example, 2,2-bis-Cp-chloro­
pbenyl>-1,1-dichloroethylene and 2,2-bts-Cp-chloropbenyU-2,1,1,1-tetrachloroethane 
ba'fe about the same degree of Upid solubUity as DDT (see table 22) and yet ha'fe only 
a 'fery feeble insecticidal action (see table 21>. Munson and Yeager <1946) found that 
para-dichlorobenzene, bydroquinone, aniline, and phenol when injected into nymphal 
Periplaneta americana, produced symptoms practically indistinguishable from DDT, 
and occurring at comparable dosages, yet these substances are of no 'falue as contact 
tnsecticides. Liupr et al. (1846) discuss the production of tremors in insects by the 
Injection of simple lipid soluble organic substances. They state that benzene, chloro­
benzene, ortho- and para-dichlorobenzene, carbon tetrachloride, and carbon bisulfide 
produced tremors but chloroform did not. It was determined that compounds which are 
fat sol'fents, non-miscible with water, but which are hydrophilic will produce narcosis, 
wbUe fat aolnnta, non-miscible with water but hydrophobic w1ll produce tremors. It 
18 a1ao noted that miscible compounds, such as alcohol and acetone (enzyme poisons>, 
will a1ao cause tremors. It is sugested that these tremor-producing substances may 
cause disturbances in the seml-permeable membranes of cells by a dissolution of Upld 
structure. 

Hartzell (1845) has investigated the h18tolog1cal effects of DDT poisoning on nerve 
and 1D118Cle ttsne in moi'ibaDd Musca ciomesUca. The changes produced by DDT were 
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much less pronounced than those observed with the pyrethrins <seep. 24), bat consisted 
of a parUal dissoluUon of the nerve fiber tracts &Dd depneraUon of the nuclei in the 
brain &Dd thoracic ganglia and alight clumping of the chromaUn ~ nuclei in muscle fi­
bers. On the other band, Richards and Cutkomp U945a) were unable to detect aay clear­
cut evidence of degeneraUon 1n the nerve cord, midgut epithelium, malptgblan tubes, 
thoracic muscles, heart, or nephrocyte& of Periplaneta americana dylDg from DDT 
potsontng. The nerve cords of these moribund insects sun possessed normal opUcal 
properUes and were capable of transmttUng impulses produced by electrical aUmula­
Uon. Witt (1947) was also unable to detect any hlstologtcal changes 1n the central ner­
vous system of CaJUphora ei'Ythrocephabl potsoned with DDT. Be belie•es that DDT 
does not penetrate into the insect through the thick cuUcular plates but rather throup 
the cuUcular arUculaUons, spiracles, and sense organs. 

Metabolism of DDT in vivo--White and Sweeney (1945) han studied the metaboltsm 
of DDT 1n the rabbit, &Dd have isolated d1-<p-chlorophe11Jl) aceUc acid from the urine ~ 
rabbits fed DDT. These authors suggest that the detoztficaUon mechanism in nrte­
brates may follow the degradaUon process of DDT 1n alkaltne soluUon, as shown 1n 
figure 1; that ts, by loss of hydrogen chloride, through the corresponding ethylene to 
the aceUc acid derinU•e. No similar work has yet appeared on insects, bat Liuger et 
al. (1946) report experiments on flies poisoned With liquid mtztures ~DDT-isomers. 
Extracts from the thoracic ganglia of 50 poisoned flies would polson 5 addiUonal flies. 
The DDT content ~ the thoracic ganglia was at a max1mum within 30 m.tnutea after 
potsontng. Using tbe same technic with the enUre gut &Dd malpighian tubes, eDOUgh 
DDT was recovered from. 50 flies to kill 30 flies. The conclusion was reached there­
fore that DDT 1s excreted into the rectum by the malpighian tubes. 

Hansen et al. <1944) han used 2,2-bls-Cp-bromopbeJJJU-1,1,1-trichloroethane 8Jil­
theatzed with Br82 to produce a radioacU•e molecule which they traced In adult Peri­
planeta americana, and 1al-vai Tenebrloides mauritaDtcus, Tenebrio molitor, aad.Q!I­
leria mellonella. The materlal wu applied external.IJ, and radioauqraphs were ob­
tained which indicated that the materlal was present In the nern cord, IUid brain, as 
well as other tissues. 

Blochemtst.n of DDT potsoot.nc In tnsects--ImeSUgaUons ~ the mode of acUon ~ 
DDT were directed toward the effects of the polson upon Jaiown enzyme syateJDS of the 
insect nervous system. The acetylcholine-cholinesterase system was atadled In detail 
because of the resemblance between symptoJDS ~ DDT potsontnc and tbo8e proclaced by 
eserine and from a potenUaUon of DDT toxicity bJ eserine <Tobias et al., 1t46a). Sev­
eralin•esUgators ha•e shown that this system is of fuDdamental tmportance to nerve 
1mpulse transmission 1n insects. Corteatant aad Serfaty (1939) measured the free 
acetylcholine content of senral species ~ whole insects and in the nern cord ~ 
Tenebrio molitor where the content was 100 to 200 mlcrocrams per gram, and In the 
cerebral ganglia ~ Gallus domeaUcus, 65 mlcrograms per gram, &Dd Xxlocopa 
violacea, 200 mlcrograJDS per gram. Mlkalonls &Dd Brown (1941) determ.tned that the 
nerve cord of Periplaneta americana contained 70 mlcrograJDS ~ bouDd acetyl chollne 
&Dd 40 to 220 mlcrograms of free acetyl choline per gram. They also determtned that 
the cholinesterase 1n 100 mg. of roach nerve cord would dest:roJ 0.12 mg. of acetyl­
choline 1n 60 minutes. Tahmtstan C1943) found that acetylcboliDe 1s formed In the ea 
of Melanoplus differenttaua onlJ dur1Dg the post-diapause stage. Means C1942) mea­
sured the cholinesterase acUvity of aenral types of tissues of adult Melanoplus dJtfer­
enUalis but h1s results were •ery much lower than the roues obtained by other in­
vesUgators. 

The enzyme cholinesterase has been shown by DU1DJ innaUgatora to destroy 
acetyl choline by hJdrolysls to aceUc acid &Dd choline• 
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9 cl- CI-
CB3COCB:zCB2N + (CB3)3 Chol1nesterase ~ CB3COOR + ROCBtCB2N + (CB3)3 Jl20 
acetyl chol1ne chloride aceuc acid chol1ne chloride 

It is pnerallJ qreed that tb18 process Is responsible for the chemical medlaUon of 
nene Impulses at tbe SJD&P&eS where acetyl choline ts the mediator 8Dd chollnesterase 
destrQJs the mediator to clear tbe W&J for the next impulse. 

Btcbards and Cutllomp U945) ban measured the acUnty of cholinesterase in bee 
bra1na 8Dd the nene cord of Periplaneta americana using seTeral cbol1ne esters as 
substrates. 'lbe ftlues obtatnecl are etTen 1n the table where theJ are compared with 
atmllar data for rat brain cbol1nesterase bJ Nacbmanaohn (Nacbmansolm 8Dd Rothen­
berg, 1945). It wlll be noted that the insect cbollnesterase Is more acUTe agalDSt 
acetyl-beta-methJl choline than ap.1nat acetyl choline, and that the comerse Is true of 
rat brain cholinesterase. Using Nacbmanaohn's criteria this sagest& that acetyl 
chollne m&J DOt be the true chemical medlator 1n tnsect nerve 1mpa1se tranamtaaton, bat 
that a related material, such as the beta-metbfl ester, maJ carey out this funeUon. 

Table 25--CboUnesterase acUvity 

Acet,l cbol1ne 100 100 

Acetyl-beta-metbJlcboUne 305 43 

Blltrr11 cbol1ne 24 II 

BeDZOJl chollne ., 0 

Btcharda IUid Catlromp (1945) foaDd that DDT did DOt 1nb1bit tbe chol1nesterue 
when added to roach cord in ntro. Tb18, bowenr, was aot thoapt to be coaclnsln m­
dence because of the 1nsolubillty of DDT in aqueons SJStem. Tobtu et al. UNea> made 
cbol1nesterue measurements on normal roach nene cords IUid on cords from roaches 
in nrtons stases of DDT potson1Dg. TbeJ fouad a chol1nesterue acttritr ~slnl 
320 mg. acetyl chollne per gram tissue per boar at 3'1.SO, 8Dd aboat 520 mg. acet,L-beta­
metbJl cbol1ne. No 1DacUnUoa of the cbol1nesterase coald be detected in IUl1 ataps of 
DDT potsontna. 

These same authors found, bowewr, that the amoant of ace.,l cbol1ne in tbe Ten­
tral nene cord of tbe American roach or in the bousefJJ increased nr, marUdJJ in 
DDT polaonlDI when the insect reacbed the prostrate state bat DOt duriJII the tremor of 
bfperacUTe stage, from a normal of 33 micrograms per gram to 101 miCJ'OII'&IDII per 
gram. It 1s of interest tbat th1s r1se ill the acetyl cbollne CGDtent occurred ill tbe coa­
necUns 8Dd DOt ill the puclla. In the intact bouseflJ a s1mllar rlae from a JlOI"'Dal of 
4'1 to 131 microp'&llls per gram wu obsened followina DDT polaonJ.Dg. In apport of 
tbe bfpotbests tbat th1s illcreaaecl acetyl chollne renlta from a CCIIIftrsion of a bOUDd 
form, ncb as an acetyl-cbo11ne-1Jpoprotein complu, to the free ester, it was fouad 
that 1n tbe normal roach cord about 20 per cent of tbe acetyl chollne wu ill the bound 
form, bat that ill the polaoned prostrate roach, Dear1J100 per cent of the eater was Ill 
tbe free form. 
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No similar rise in acetyl choline content could be demonstrated in DDT-poisoned 
frogs and rats. Experiments were carried aut to determine if DDT accelerated acetyl 
choline synthesis by the roach nerve cord, in vitro, and it was found that no stgnificant 
difference between normal and poisoned insects occurred. Anaerobic synthesis of 
acetyl choline occurred at about 94 micrograms per gram of nerve cord per hour. Di­
chlorod!phenylacetic acid, a DDT metabolite, was also Without eUect. 

The violent hyperactivity of DDT-poisoned roaches and the prolonged period of 
prostration intervening before death has suggested that the ultimate eUects of DDT­
poisoning are metabolic exhaustion. Merrlll et al. <1948) have studied the effects of 
DDT-poisoning on Periplaneta americana. No slgnificant change occurred in water 
content which was about 88 per cent for both normal and poisoned insects depriYed of 
food and water for 18 to 48 hours, or in the water content of the nerve cord. 1be total 
weight loss in both poisoned insects and normal ones deprived of food and water over 
an equivalent period was 11 to 12 per cent. 

In contrast to this, howe..-er, 24 hours after DDT-poisoning the body content of the 
carbohydrates, glycogen, and glucose had fallen to 10 per cent of normal. Boweyer, 
immobilization of poisoned roaches by carbon dloxtde or cyclopropane anaesthesia dur­
ing the hyperactive stage almost completely eliminated the carbohydrate depletion, thus 
indicating that this condition arises as a result of the hyperactiYity rather than from a 
dlrect toxic effect of the DDT. It is interesting to note that poisoned insects reco..-er­
ing from anaesthesia exhibited all the symptoms of poisoning eYen though they had been 
spared the hyperactivity and loss of carbohydrates and fat. 

1be total body pyrunte content was also lowered during the course of DDT -poison­
iDI and this could be largely preYented by glucose admtntstration. Attempt& to prevent 
the toxic reaction of DDT-polsontng by glucose admlntstration, howe..-er, were not suc­
cessful, although the glycogen content was kept at a nc)rmalle..-el and the glucose con­
tent remained at about 70 per cent of normal. The eUects of this abnormal glucose 
metabolism were sufficient to increase the content of acetone bodles from about 1 
microgram per gram wet weight to 1.7 micrograms per IJ'am 1n poisoned roaches. 

Gross measurements of the fat content of the roach fat body in normal and poi­
soned roaches suaest that the fat reserYes mar undergo some depletion durtDg poison-
1Dg, but that this is not always slgnificant. No slgnificant cbanp occurred in the non­
protein nitrogen content during poisoning, sugesting that there is Uttle if any cellular 
dlsintegration by 24 bouts after polaoDlnl. 

Ludwig <1948) has made a comprehensiye study of the eUects of DDT-poisoninl on 
various llfe stages of the Japanese beetle, Poplllia Japonlca. Embryonic de..-elopment 
was not affected, but when eggs were exposed to DDT in peanut oU early in de..-elop­
ment, hatching was delayed as the larvae appeared to experience difficulty in breaking 
through the chorion. DDT-poisoned larvae, a..-eraglng 198.4 mg. in weight, lost an 
average of 87.8 mg. before death, this loss being composed of 50.88 mg. water, 2.52 
mg. of fat, 1.08 mg. glycogen, 0.42 mg. glucose, and 14.53 mg. feces. The glycogen 
content of the larvae was al~t depleted but there was no loss of protein. The loss of 
fat, glycogen, and glucose appeared to be associated With the Yiolent muscular acti't"lty 
exhibited by DDT-poisoned lar't"ae. The poisoned larYae had an increased oxygen con­
sumption starting about 2 hours after poisoning and contimafDI for 5 daJ8, after which 
it decllned until death. This lnc:teased CODSUDlPUon, which reaches a mu:lmum of 
twice the normal rate Within 24 hours after poison!Dg, correspoDds With the period of 
hJperactivity. The respiratory quotient varied from 0. 7 to 0.8 durlDg the first two days 
and then dropped to 0.8 to 0. 7. This appears to lDdlcate that carbohydrates and fats 
are be~ oxtdl.r.ed during the first two days, folloWing which the fat reserYe is being 
uUllzed. The aathor quotes Barron hmpubllahecl) as flndtng a three- to five-fold in­
crease in ozygen consumption in the meal worm adult, tenebrto molltor, after DDT-
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poiaoniJI8 wblch Buron believes lB caused bJ increased acUvlt.y, slDce the ezcessln 
GI:JPD couumpUon was elimlDated bJ the use of narcoUcs to prevent JDa8CUlar trem­
ors, and was DOt found ln grasshopper eas ln dtapause, e~ to DDT. In studies 
wUb Malt )'apanese beetles, polsontng with DDT resulted ln an lDcrease ln axnen con­
sampUoll wblch reached 3 to 4 Umes DOrmal. The rate of Increased QZJgen uUUzaUon 
appeared to be correlated with the Tlolence of hJperacUTlt.y. Tbe polsonecl adalts lollt 
aboat 1/10 of their DOrmal weight and thlB was accompanied bJ a rec:lucUon ln water 
eoatent. DDT-poiaoDlng also appeared to affect the abWt.y of lame and adults to with­
stud deaslcaUon. TblB m&J be correlated with the hJperacUTlt.y wblch IIUlJ' reiAilt ln a 
peater prod11cUon and loss of metabolic water. The author ngests tbat death from 
DDT-polaonlDI follows from the hJperacUTlt.y wblch results ln the rapid utlllzaUon cl. 
tbe carbobJdrate reserTe and causes the death of the Insect bJ stanaUon. Be points 
oat as further nldeace that Ullfed lame SUrTlved an anrage of 30 daJB, wblle Ullfed 
adalts l1ftd OD1J 8 daJB, and that polsoned lame BUrTln 5 to 8 daJB, whlle polsooed 
adalts lln OD1J 2 to 3 daJs. 

Gordon and Welsh <1N8) han lnftstlp.ted the baste mechanlsms respoaslble for 
tbe repeUtmt dlscha.rps of aerTe impulses prod11ced bJ DDT applied to the craJflsh 
_.., uoa. TblB effect was shown to be slmllar to tboBe produced bJ calctum-blnclt• 
qntll ncb as citrate or oDJ•te or bJ 1cnr calcium or mapeslum lon coaceatratloaa 
ID tbe DOrma1 aern, and the duraUon of the dlscharp was lDYerse)J proportloaal to the 
calclum too concentratloll. The authors infer tbat DDT disorders the surface uoa 
atnct.re, perhlpe bJ slmple spatial dlstorUon, redacille the afflnlt.y of pboapbolyl- or 
Cl6er polar P'CJaPI for calctum loaa. TblB caaes a delaJID the reatoraUGD of calct1uD 
laM to tbta 8Uface compla folJowiDI tbe bnabp of tbe chelate l.lDbp dllriJis tbe 
,._.. fJI tbe blltlal uctU.. tmpal•. lpoatllaeou acUTlt.y ol. the UIOD renltll ,... 
tbta depolarls&Uoa falls below a crlUcallnel. 
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BBMZBNB IIBXACBLOIUDB 

IntrodgcUPP.-Accordilll to Blade <1145) beazeDe beachloride was ftJ'8t prepared 
bf Michael ParadaJln 1811. Vander LlDden ID 1111 ftnt eatabU.bed the emtence ol 
four laomers. 'lbe cUsccmti'J of the lnsecUcldal properUes of the pmma laomer &eeiiUI 
to ban been JUde bf chemists of Imperial Cbemlcal Industries, Bngland, aboat 1MI, 
although French WOI'brs had been lDYesttptiDI tbe lnsecUcldal properUes of the cnde 
material as earl)' as 1840. Slnce that Ume 1arp tonnaps of the crude material have 
been produced which baTe prOYen of excepUonal Talae ID the control of poaashoppers, 
cotton lnsects, wireworms, and other pests. 

CbemJstn of heachlorocYclphtpnt-- 'lbe chloi1DaUon of benzeDe In the presence 
of ultranolet U,ht produces a mlxtare of the laomers of 1, 1, 3, 4, 1, 8 - bu:achloro­
CJClohenDe, more loose)J' termed beazeDe huachlor1de. At least ftn cbemlcal)J' dla­
Unct tsomers are present In the crude lnsecUctdal mlxtare, and, In addtUoo, small 
amounts of a beptachloro-c,clohuane, and an octachloro-c,clohuane which are formed 
bf the addlUve chlortnaUon of moaochloro- and dtchlorobeazene probab)J' formed dartac 
tbe reacUon. Table 18 summarizes tbe per cent composlUon of ftl'loua cnde hea­
chlorGCJclobenDe mlxtares as determlDed bf senral methods. In the presence of al­
cohoUc albll, the alpha; pmma, delta, and epstlon laomers readl)J' dehJdrobalapnate, 
UberatiDI 3 moles of hJdropn chlOI'lde per mole to fOI'm prtnctpallJ1,1,4-trtchloro­
benzeDe, althoulh lesser amoanta of 1,1,3- and 1,3,1-trlchlorobeazeDe are fOI'med 
<Crtstol, 1M'l; ltaaer et al., 1M'l; Oanther and Bllml, 184'1). Tbe beta laomer, altboalb 
reactbll fti'J slcnr)J' UDder these coadlUons at room temperature <Crlstol, 184'1), dehJ­
drobalopDates at reflu temperature to produce prtnclpal)J' 1,1,4-trlchlorobeueae 
<Oanther and B.lan). Crlstol obtained the follcnrlDI appi'Oldmate rate conatanta fOI' al­
bllne dehJdrobaloPnaUon at 100 c. acCOI'diJic to the followlal reacu .. : 

C811eCJe + OB- _k_.t-., 

CeJisC11 + os­

CeJ14Cl.t + oa-

ka ., CeJ14Clf + BaQ + a­

ka - CeJI3C13 + BaQ + Cl"' 

Alpha - 0.188 Uters/MC,Ialole • k1 
-8 

Beta - 3 z 10 • k1 

Gamma - 0.045 appraz. • k1 

Delta - 0.110 • Itt 

z 10S <to coafOI'm with 
table II) 

18,800 

0.3 

4,100 

11,100 

.. 

:&:aaer et al. <114'1) glve comparattve ftpres fOI' the per cent de~~Jdrobalopaatloa 
of the five laomers In alcohoUc sodlam hJdrodde as follows: 
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Dili1di'OhiiOiiaaHon CilliOmers 
ol beueae beDcblortde Ill 0.1 N Per ceat reacttoa Isomer totrtcbiGirobellseoe alcoboUc N&OB,at o•c.,m 2 boars 

Ci1C1I1i&d as mole fl'iCUOil 
scierodaced 

Alpha '10 2.10 

Beta 0 0 

Gamma 21 0.'11 

Delta 10 1.1 

Bpellon 18 0.1'1 

Table 28--Compoaitton ol tecbnlcal baachlorocJClobuane• 

m.p. •c. 
hr cent ccapo!lBoa 

Ccapoand RamseJ iiid (lMI) B'aaer et &1. 
Patter8CIIl (1N8) Slade (1M'!) 

Alpha-t,2i!s!'::8-bua-
c~rocJc ne . 

B8ta-1,2~3,4,1,8-bua­
chlorOCJClobullne 

Della-1,2,1,4,1,8-bua­
cJalOI'OCf'ClobeDM 

lp.alaa-1r2rJ.4,1,8-bua-
cilarOCJCIODeDne 218-tt•• 

81-'10 

1-8 

8 

--
Beptacbloroc,cl,.._ne u-ae· 4 

Octachloroc,clobexue 14'1-148• 0.8 

Up to '10 

I 14 

1o-u u 

8 

In tbla 88rie8 ol COIIIPO"'M8, as Ill tbe cue ol tbe DDT der1fttift8, tbere 1a no ap. 
parent correlation between tbe relatin rate• ol dehfdrocbloriaatioa ol tbe nrtoaa 
Isomer• and tbelr relatlft taaclttes to bUiects. Tbla apln cannot be accepted as aa 
enttreq ftl1d objection to tbe debJdrocblorlnaUOD mecbantam ol acttoa tbeorJ becalule 
~ tbe pecaUar •tereocbemlcal relatiau '"'P'""Hi oa tbe molecale wblch ta to act as a 
competitlft metabolite to lnollltol as 1rl1l be cll8cu8ed Ill a later secttoa. 

Tbe pmma Isomer ol buachlorocJclohuaoe ta remarbblJ stable toward cmda­
t1GD and can be baroed aad reCI'fstantqd from bot Dltrlc acid wttboat IIIPftClable de­
compoatttoa (Slade, lMI). Tbe npor pre~• ol tbe ftl'lou ~r• are llftn bJ 
Ba1llon Ut47) y. 20• c. as alpha 2.1 z to· mm. Jll., beta 2.8 z to- , pm•• 8.4 z to-8, 
delta t.'l z to· mm. Tbe fthle• Jlnn bJ llade at 200 c., l.e., alpha 0.02 mm., beta 
O.OOimm., pmma O.Oimm., and delta 0.02 liun., .... to be eattreq tao bJP. 

Copyright © National Academy of Sciences. All rights reserved.

The Mode of Action of Organic Insecticides
http://www.nap.edu/catalog.php?record_id=21541

http://www.nap.edu/catalog.php?record_id=21541


8'l 

Stereochemical conflguraUon of taomers--Tbe problem of the determlDaUon of the 
structure of tbe isomers of 1,2,3,4,5,8-hexacyclohuane ts complicated by the uncer­
tainty as to the baste form of the CJClohexane rtnc. Stratnless forms can eztst either 
1D the "Z or chair form" and the "C or boat form" <Daasch, 1847). Actual structural 
determlnaUons ha-ve been made onlJ on tbe beta taomer <Dtcldnson and Blltcke, 1828) 
whlch has been shown to be the most symmetrical structure ha-vtng adjacent chloriDe 
<or hJdropn) atoms trans to each other. Slade, Kauer et al., and Daasch ha-ve asslgued 
tentaU-ve structures to the other taomers, on the buts of infra-red spectra, stereo­
chemical constderaUons, and staUsUcal treatments. 

Formulae based on a non-planar cyclohexane rtng are dJfftcult to upresa and lD­
terpret 1D l1De drawlDp. Slade, howe-ver, presents hJpotheUcal structural formulae for 
the alpha, beta, pmma, aud delta tsomers based on a planar structure for the c,clo­
bexane rtnc. Tbl8 structure has also been proposed for the correspondtng beD.hfdro­
ZJCJclOhexanes or 1Dosttols (Gflman, 1843). Tbe followtng ftpre shows these st:nc­
tares aud meso-taoeltol: 

~ 
B Cl. 

pmma 

lp!IO=laotltpl 

RIJ&U!! tptclty af l!olpera ewl related mtprJ•'•--Data for the nlatl!! effectl!!­
aesa ol. the ftl'loa8 taomers are presented 1D table l'l. Slade <lMI) ohfatMCI the folknr­
mc resaltll With direct sptap tplut Mug dolpMUca: alpha-taomer at 0.80 per 
cent- 21 per cent mortalltr; pm•e-taomer at 0.01 per cent- 'l3 per cent mertal!tr; 
ud clelta-taomer at 1.1 per cent- 24 per cent mortalttr. From the ftriou uperl­
ments tt appears that tbe pmmt-tsomer ts at least seural lmndrecl Umea as taac to 
ID8ects as UJ ol. the other taomen. In thl8 coDMCUon, Blade <1845) liD• the oral 
LD&o's of seyeraltaomers to rats as alpha- 1. 7 1·/Jra., beta~ DOD-taxlc, camma- 0.18 
1·/k:l·• and delta- 1.0 l·lkl· Metcalf UM'l) was uable to ahcnr that tbe preii8Dce ol 
UJ of the other taomera alone or 1D combJaatton had UJ effect on the taxtcttr ol. the 
pmme-taomer to Bellotbi'lpa haemorrbotdalts, at coaceatratlona as hJcb as 1000 tlmea 
the amount of the pmma-taomer present. 

Two blteresUac attempts ha-ve been made to prepare stractaral aaalopea <tsoa­
ters) of pmma-hexachlorOCJCloheune which would possess tnsecUctdal properUea. 
McGowan <184'1) reasOD1JIC that 2,2-bis-<p-metholtJphenyU1,1,1-trtchloroethane is near­
)J as efftctent an insecUctde as DDT <see p. 48), prepared the hexamethJl ether of 
meso-blosttol or hexametholt)"cyclohexane which should be -very stmllar 1D Bize and 
shape to the pmma-bexachlorocyclohexane molecale, and should possess correspoDCliDc 
llpid-solubWztng properties. Bowenr, the compound was not hlcb1Y iasecucrdal, tW­
tng oa)J 13 per cent of Musca domesUca when tested at 0.1 per cent as compared With 
58 per cent kllled by the pmma-tsomer at 0.01 per cent. The pentamethJlether-moao­
acetate of meao-taoa1tol was also iaeffecU-ve, ldll1DC22 per cent at 0.5 per cent. 
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Table 27--Relati've toxicity of isomers of hexachlorocycloheu.ae 
and related materials to insects 

Material 

Gamma-1,2,3,4,5,8-
hexachlorocyclohexane 
m.p. 112°C. 

Alpha-1,2,3,4,5,6-
hexachlorocyclohexane 
m.p. 157-158°C. 

Beta-~t2,3, 4,5i6-
hexacruorocyc ohexane 
m.p. 309°C. 

Delta-1,2,3,4,5,6-
bexachlorocyclohexane 
m.p. 138-139°C. 

Epstlon-1,2,3,4,5,6-
bexachlorocyclobexane 
m.p. 218-219° c. 
Alpha-1, 1,2,3,4,5,6-
beptachloroctclohexane 
m.p. 140-141 C. 

Beta-1, 1,2,3,4,5,6-
beptachloroclclobexane 
m.p. 256-259 C. 

Beta-1, 1,2,3,4,4,5,6-
octachlorocyclobexane 
m.p. 260°C. 

Alpha-1, 1,2,2,3,4,5,6-
octachlorocyclobexane 
m.p. 146-150°C. 

Beta-1, 1,2,2,3,4,5,6-
octachlorocyclobexane 
m.p. 257-260°C. 

1, 1,2,2r~r4,4,5,6-
eMeacruorocyclobexane 
m.p. 94-95°C. 

1,2,3,4,5,6-
hexabromocyclobexane 
m.p. 212-213°C. 

1,2,4-trtchlorobenzene 

Amount required to give 
about 50% mortality to 
Calendra gragar~ <§!!2-
Dbilu cranartus when 
applied as ausno grain 

(Slade, 1945) 

0.4 p.p.m. 

360 p.p.m. 

Almost non-toxic 

2200 p.p.m. 

Approx. median 
lethal cone. to 
~Uothrt~ 

emorr dalls 

(Metcalf, 1947) 

Per cent 

0.0001 

0.1 

>1.0 

1.0 

>1.0 

>0.1 

>0.1 

>0.1 

>0.1 

>0.1 

>0.1 

>0.1 

>0.1 
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strblpr and Woodcock <1848) prepared beDetJITlefeJobmtae bf h)'dropaatlon of bua­
etbylbeuzeae. Tb1s compoud was also relaUYeq lDeftecUve, 15 IDC· reaulUDg in 10 
per cent k1ll of CaJ.aDdra mnerta <Sttophllus cryariaa) in 86 boars, as compared to 
80 per cent ldlleclbf 5 IDI• of pmma-iaomer. 

Ph!sioloctcaleffecta of po1!cmtng--Sant et al. <1846) and DreiJclen and KrlJpman 
<1848) point oat tbe approximate equl"t'alence between the LDso for pmma-buacbloro­
cyclohexane applled exteraallJ and I.D,Jected intra-abdoJDinally to the American cock~ 
roach, and emphasize the liDportance of th1a remarkable abaorptiTe capacity of tbe in­
sect body -.rface in deteriDlniDI the effectiveness of contact inaecticldea. The symp­
toms of poiaoniDiin th1a taaect are deacrlbed bf Sant et al. u tremors, followed bf 
ata:da, conT11laiODB, falliDc and proatratlon and they appear to occur 11111Ch 8001l8r after 
tbe admtntstraUOD of a toxic dose of pmJDil-iaomer, tban after the admtntetrauon of a 
com.parabq toxic dolle of DDT. Thta more rapid letbal acuon Sa apparentq character­
istic of 11W1J taaects. 

Dresden and Krijpman <1848) J.Djectecl water-oll e1D1118ions of the pmma, alpha, 
and delta taomera intra-abdomtnaJq into P. amel1cya. The LDso of the pmma laomer 
was 1'1 1.1.1·11· bodJ weilbt, while the othu laomen produced no effects at 85 1.1.1·11·• 
the limit of aolabWQ'. Thta iDdlcatea tbat the bllh effectiYene88 of the pmm•-laomer 
as compared to the othen Sa not due to a more effecUn peaetraUon of tbe taaect bodJ. 

Blocbemlatrr of poJtont•--Toblaa et al. <1846a> bave studied the effect of poison-
1111 bf pmma .. be:acblorocyclohepne on tbe acetrl choline content of the ventral aene 
cord of Pv'P'•"'ta •merlpft! and foaDd a clef1nlte 1Dcreue in tbe proetrate stqe of 
polaontDI from a normal of 18 1.1.1•/1• of cord to 5'1 P.l·/1• for the poiaoaed roach. DDT 
po180nlnl reiAilts in a atmnar iDCrel8e to aboat 100 P.l·/1• cord <see p. 61). 

Slade <1845) baa mentloaed tbe 1aoetenc resemblance between tbe molecalar con­
fipraUon of tbe 8-Titamin meao-ID081tol <Poeternak, 1841), a 1,1,3,4,5,6-h~­
CJClobuaae, and pmm•-be:acblorocyclobuane, which was pointed oat bf Mooney, IDil 
believes tbat the pm11Ul-laomer may act u a competitive metabollte to the meao­
lnoaitol and thus block 8011M1 ntal reaction in the orpnism. Thla bypothesls baa pinecl 
support tbroap the work of ltlrkwood and Ph1lllps <1846&) wbo baTe stnilled tbe effect of 
the addlUOD of iaomers of buacblorocyclohepu to the med1a for P'owinl tbe Gebrider­
Meyer strain ol &accbaromtcea cerensJae• an orpnism which IDU8t bave meao-ID081tol 
for normal growth. The alpha and beta laomers produced a slight 1nhlbition ol yeast 
poowtb at the llmlts of their aolubWty, t.e., 40 and 20 1.1.1·/ml., while the delta-laomer 
produced a more marked 1Dhlb1Uon at 50 P.l·/ml. In an three cases tbe 1nhlbition was 
not reTersed bf the addltion of 1nositol.. .Tbe pmma-iaomer markedJr 1nblbited the 
poowtb of the yeut at 60 micrograms per mi. and th1a 1nblbition was progreuively re­
nraed bf. the addition of 1 to 6 mlcrop'&IDS of inositol per ml., bat not complete}J so. 
The low molecular 1Dhlb1Uon ratio, cf/cm: 30, howenr, points to a nry close struc­
taral resemblance between tbe two compounds <Mcnwatn, 1842). SJmUarq, Bl.ston et 
al. <1946) ban found that the addition of the pmma-iaomer to cultnre media curtailed 
the ,rowth of Nematospora coamii. while the alpha- and beta-iaomers had little effect. 
Attempts to sbow an antidotal effect from the admtntstration of lnoaitol to inaects poi­
soned with pmm•-hexacblorocyclobuane han ao far not prOTen successful <Metcalf, 
194'1; Thorpe and de Mellon, 184'1), altboulh the latter fOUDd that liquid trtalycertdes 
such as triolein 1nhibited the toxicity of the pmma-iaomer to fourth inatar ~ 
fatigans lar"t'ae and as a contact spray to Cimex lectularius. Dresden and Krijpman 
<1848) found that the LDso of J.Djected water-oil emulstons of pmma-iaomer to Peri­
planeta americana was not altered bf the simultaneoas admlnistration of equal parts, 
or twice as Dl11Ch meso-1nositol. Therefore, they doabt the Talldity of the Slade theory. 

Melander <1846) IIMIUVed tbe cUpole moments of tbe laomers of be:acblorocyclo­
hexane and obtaiDed tbe followinl ftlues: alpha - 1.2 D, beta - 0, pmma - 3.6 D, and 
delta - o. Prom a study of other compounds such u DDT, be concluded that there was 
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a reJaUoalldp between dipole moment ud iDIJecUctclal actMtr, wb1ch was IJ'8ate8t for 
uomatlc COIIJIIIIOIIIIMia baYiJII momenta of tbe Ol'der of 4 D. 

Table 28--LDIO ftluea for pmma-buacbloroc,clobeDDe to n.rtoas IDeecte 

ID8ect 

PtrJn'•P* aaertpp 

" 

" 

JbD dmpeltlca 

" 

" 

" 

Ulu MJ!PU {adnlt) 

" " 

PedlCalus hpmagpa 

~ lechztertua 

CPJJJphnra app. 

)1. cUfferenttalls 

)1. dlfereott•U• 

LD&O ID mtcro­
~a per lraJil 
~-tpt 

I 

• 
1'1 

0.4 

1.0 

1.0 

3.0 

3.0 

3.1 

1.1 

6.0 

0.6 

1-10 

••• 

Method and ette cl 
admtntetratloo 

BodJ earface, 
acetoDe,liO bra. 

IDtra-abdamtaal, 
acetane,liO bra. 

llltra-abdomblal, 
water-on emuleton 

NewlJ emerpd n,, 
sarf&ce,U hra., 
acetone 

Older ada1t, 48 bra. 
nrface, acetoae 

11a1e n1 
lnll'face, lr.eroeeae 

FemalefiJ 
aarface, lr.eroeeoe 

Male 
surface, lr.eroeeae 

Female 
aarface, kerOHae 

Barface, lr.eroeene 
, " 

Reference 

Savlt et al. {lMe) 

" 

DreadeD and Krtjp­
DWl (1MB) 

Savlt et al. (1M8) 

, 

Daftcl (1M8) 

, 

,, 

" 

BumDe (lMe) 

" 
8urface, older adnlte, Savlt et al. (1M6) 
acetone,U bra. 

Oraltn XJleD8 
emulaton,J4 bra. 

Contact 

Stcmach 

Kama et al. (1M8) 

Welaman and Decker 
(1M7) calculated from 
data on:3'l% pmma­
taomer 

" 
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ORGANIC PHOSPHATES 

Introduction--The deyelopment of the organic phosphates as tnsecticldes apparent­
ly resulted from the dlscoYerles of Schrader of Germa.ny immediately prior to the war. 
Since the facts regarding these materials were Intimately connected with chemical war­
fare research they were not publicized until after the defeat of Germany, and Indeed 
much of the material was apparently unknown in this country until unconred by Office 
of Technical SerYlce representatins (Kilgore, 1945; Thurston, 1946). Although these 
materials hue been anllable for scarcely a year ln this country, three haYe reached 
commercial status as Insecticides, Ylz., hexaethyl tetraphosphate, tetraethyl pyro­
phosphate, and 0,0-dlethyl-0-p-nltrophenyl-thiophosphate, or parathion. 

Chemlstn--Schrader <1942, 1943) claimed as the reaction product of three moles 
trlethyl orthophosphate and one mole phosphorus oxychloride at 1500 a compound which 

0 
he called hexaethyl tetraphosphate, RETP, 0 • P[O~<OC2H5>2la· The material was 
described as light yellow to brown liquid, sp. gr. 1.2917/2-r', which could not be dis­
tilled and decomposes at 145-1500. Thurston <1946) describes a modification of this 
process using etbJl alcohol In place of triethyl phosphate. Subsequently, Woodstock 
<1946) patented compositions resulting from the reaction of triethyl phosphate and 
phosphorous pentoxlde at low temperatures. Depending on whether the molecular ratio 
of the reactants was 1:1, 1:2, 1:2.5, or 1:4, respectiYely, there were formed ethyl meta-

,o 
phosphate, C2H50-P .. , hexaethyl tetrapolyphosphate; pentaethyl tripolyphosphate, 

0 
0 

o • P<~H5>rct<OC2Rs~l2; or tetraethyl pyrophosphate, TEP, 

<C2H50>2P-O-P<OC2Rs~· Recently, Hall and Jacobson <1948> han stated that the prin­
cipal product of the aboYe reactions ls tetraethyl pyrophosphate which can be Isolated 
ln amounts up to 40 per cent and distilled. Ethyl metaphosphate, triethyl orthophos­
phate, and possibly pentaethyl triphosphate are present as Impurities. Since these 
latter compounds are relatinly non-toxic it ls concluded that tetraethyl pyrophosphate 
is the actiYe Insecticidal ingredient of the hexaethyl tetrapbosphate mixtures. By ln­
creaslDC the proportion of trietbyl orthophosphate ln the ScJuoader reaction from 3 
moles to 5 moles, a product has been obtained which corresponds to the empirical 
formula for tetraethyl pyrophosphate and is more actiYe insecticidally. A similar in­
crease ln acti'Ylty of the product from the Woodstock process was obtained by heatlnl 
for one hour at 160° c. 

Hansen <1847) has suggested that the actiye Ingredient of RETP ls tetraethyl 

pyroxydlpbosphate, <~aso>2~-o-o-i<oC2H5>2 which he states is present ln concen­
trations of 10 to 40 per cent ln Yarious commercial HETP products, but thls idea ap­
pears to lack confirmation. 

Tetraethyl pyrophosphate was first prepared by Clermont <1854) by the reaction 
between ethyllodlde and sllYer pyrophosphate, and subsequently by Rosenheim et al. 
<1906>, Rosenheim and Pritze <1908), and Arbusow and Arbusow <1932>. The pure ester 
is a water-white, mobile Uquld, b.p. 104-110°/0.08 mm., sp. gr. 1.1845/25° (Hall and 
Jacobson, 1948>. It is completely miscible in water and hydrolyzes to produce two 
equlnlents of dlethyl orthophosphoric acid, following a first order reaction. The times 
required for 50 per cent hydrolysis are 6.8 hours at 25°, and 3.3 hours at 38°; and for 
99 per cent hydrolysis, 45.2 hours at 25°, and 21.9 hours at 38°. Pure tetraethyl pyro­
phosphate decomposes to llberate ethylene and metaphosphoric acid when heated to 
208°to 213°, and Yarious crude products undergo this decomposition at temperatures of 
1400 and aboYe <Hall and Jacobson, 1948). All the insecticidal products of this nature are 
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b~oplc and care should be exercised tO protect them from moisture lD order to 
preserve thelr Insecticidal actil'lty. The hydrolysis products are corrosive, attacking 
iron, ztnc, Un, and some grades of porcelain. Harris <194'1> describes the hydrolysis 
of BETP as the formation of two equivalents of acid per mole of ester Immediately up­
on addition of water, followed by a slow hydrolysis which results In detozlftcation. The 
hydrolysis products are mono- and di-ethJl phosphoric acids (Ball and Jacobson, 1948). 
Fischer UN'l> prepared and studied the hydro)Jsls of several hexa-alkyl-tetraphos­
phates and obtaiDecl the followlDg results: 

Table 29--IIJdrolfsla of tetraphosphates 

Compound 
ApprCiilmate ume reqUh'ed 
for SO% hydrolysta of 0.1% 
solutions at 18" c. 

hexamethJltetraphosphate 

huaethJltetraphollphate 

huapropyltttraphoapbate 

hexabatyltetNphollphate 

2 mlmltes 

51Dlmltes 

10 mlmltes 

I boars 

A 1arp porUon of the phJslolollcal work 81UIUIIArizecl was carried oat uaiDg di-
. 9 . 

UlopropyJfluorophosphonate, FP-[OCB<CBa)2]1, or DFP; a material which was apparent­
ly 1.1110111 the first of the hJsh)J toxic phosphoric acid esters to be discovered (Lup 
and Ereupr, 1082>. fte compoaud Ia a colorlees Uqutd, liP· gr. 1.055, soluble to 1.54 
per cent lll water at 26° <Comroe et al., 1048>. Its acUon on vertebrates and ln'Verte­
brates Is of the same natare as that of tetraethJlpyrophollphate (Mazur and Bod•nsq, 
1848; Mazur, 1848). Schrader <184'1) fOUDd that dletbylfluorophosphonate, b.p. '12° at 12 
mm. was a very prom.latnc lnsecticlde for the control of flies, pats, bedbup, Uce, 
caterpillars, aphids, and scale tnsects. It bas considerable fumtpnt as well as contact 
IDsecticldal acUon. Tbe dlalkylfiuorophosphonates can be prepared by reacttng the cor­
respoudiDc ciJ.alqlchloropbosphonates with sod1um or potassium fiuoride lD aqueous 
solution or ID DOn-aqueous solvents <Schrader, 184'1). Mazur <1848) found the relati'Ye 
rates of hydrolfsls of cltalkylfiuorophosphonates lD water to flaorlde ton and ciJ.alql­
phosphorlc acids to be: 

Table 80--IIJclro)Jsls of nuorophosphonates 

Compound 

dimetbylfluorophosphonate 

dletbylflaorophosphonate 

dilsopropylfiuorophollphonate 

etbytmethylfluorophosphonate 

Rei&Bve rates Of lii­
drolysls at 38° c. 

10 

2 

1 

2 
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Parathion, or O,O-dlethyl-0-para-nitropheqlthiopboaphate, 
8 ;;:;-o. was _..nlly first prepared bJ Schroder UD41l <see also Thur-

ston, 1846), by reacting phosphorus thiotrlchlorlde with sodium ethoxlde, and the prod­
uct with sodium para-nitrophenate. The compound Is a dark brown to yellow Uqutd, 
theoretical b.p. 3'15°, sp. gr. 1.26/250, and vapor pressure about 0.0006 mm. Bg. at 24°. 
<Glelssner et al., 194'1) It Is water soluble to about 20 p.p.m. and hydrolyzes In alka­
line solutions but not In water or lime water, forming para-nitrophenol and dlethyl­
ortho-thiophosphoric acid. The related ester, 0,0-dlethyl-0-para-nitrophenylphosphate, 

0 
<C2R50)2:lloc&H4N~, b.p. 1'13°/1 mm. 1s a yellow liquid, soluble in water to about 0.1 
per cent and more readily hydrolyzable In the presence of a1kal.1 than parathion. It is 
also considerably more toxic to warm-blooded animals than parathion, and 1s a very 
effective insecticide <Schrader, 184'1). 

Relation of chemical structure to toxicity--Little has been published concerning 
the relation of chemical structure to insecticidal action of the organic phosphates. 
Table 31 presents data on simple phosphoric acid esters. Schrader <194'1) baa shown 

9 
that bts-<dlmethylamido)-phosphoryl fiuoride £<CR3~N12-PF, and pyropboapboryl-

tetra-<dlmethylamlde) £<CR3)2N12-i-o-i- CNCCR3)2l2 have Insecticidal action com­
parable to the related compounds, dlethylfluorophosphonate, and tetraethylpyrophoa­
phate. These phosphoryl-amtdes do not hydrolyze In water and according to Schrader 
possess the remarkable property ol being absorbed by and translocated In plant Ussues 
rendering the latter potaonous to insects. 

Table 31--Relatioo ol chemical structure ol simple phosphate esters 
to toxtcttt (data from Ludvik and Decker, 194'1) 

Compound 

triethylpboaphate 

acid ethylpboapbate 

dletbylpboapbtte 

trletbylpbospbite 

tetraetbylpyropboapbate 

tetrapropylpyropbospbate 

tetrabutylpyropbosphate 

bexaetbyltetrapbosphate 

hexapropyltetrapboapbate 

hexabutyltetraphospbate 

he:xa-(2-ethylhexyl)-tetraphospbate 

Approximate meataii tetliil 
coocentratioo to: 

Mxzp persicae Mxzus RWOIU8 

>0.2% 

>0.2 

>0.2 

>0.2 

0.0025% 

0.0026 

<0.01 

0.01 

<0.025 

0.01 

0.1 
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The substitution of -P•S for tbe -P•O group common to all these phosphates does 
DOt greatly change tbe insecticidal action, apparently lowering it in some cases and en­
hancing it in others. BoweYer, tbe presence of the -P=S group results in a considerable 
decrease in the toxicity to warm-blooded animals as was shown by Schrader <1847) for 
parathion and its oxygen analogue, and by Smith et al. <1932) for tri-ortho-cresylphos­
phate and tri-ortho-cresyltbiopbosphate. The introduction of tbe -P=S group into tetra­
ethylpyrophosphate to produce tetraethyl-monothiopyrophosphate, 

s 0 
<C2~0>2f»-O-P<OC2B5>2, results in a compOUDd which does not hydrolyze in water, 
whtle tbe introduction of two such groups to produce tetraethyl-di-thiopyrophosphate, 

<CJII50)2J-o-l<oc2B5)2, results in a compound which will not hydrolyze in lime water. 
Both of these compounds are nearly as lnsecticic:lal as tetraethylpyrophosphate and are 
considerably less toxic to warm-blooded animals <Schrader, 1847). Brauer <1848) has 
shown that such tbiophosphates inhibit esterases in the same manner as do the corres­
ponding phosphates. 

In all the classes of toxic phosphates mentioned abo'Ye, m., tbe pyrophosphate&, 
tbe fluorophosphonates, and the aromatic-substituted phosphates of the parathion-type, 
it appears that maximum acti'rity is associated with the presence of the 

<C2B50>2P- or C<CB3>2N12P- groupings. These two structures haye approximately 
the same molecular dimensions and it is interesting to note that their replacement by 
methyl- or propyl-groups in the case of the ethyl-phosphates, or by hydrogen atoms or 
ethyl-groups in tbe case of the bis-<dimethylamido>-phospboryl fluoride, results in de­
creases in toxicity <Schrader, 1847; Thurston, 1946; Brauer, 1948). The isopropJl­
esters closely resemble the ethyl-esters in actiYity as might be u:pected from the 
similarities in structure. A further example of this critical size relatiODSbip is illus­
trated by the antiesterase acti'Yity of tri-ortho-cresylphosphate and the inacti'f'ity of 
tri-para-cresylphosphate <Brauer, 1948). From a study of tbe molecular models or 
these two compounds it maJ readilJ be seen that the tri-ortho-cresylpbosphate mole­
cule has certain spatial dimensions, from phosphorous atom to terminal methJl group, 
similar to those of the actiye dialJirlphosphoric acid esters. 

In addition to the COnsiderations discussed aboYe, the acti'rities of COmpounds re­
lated to parathion are also determined by the nature and positiCIIl or the subsUtaenta of 
the aromatic ring. The afttlable data are shown in table 32. 

QuantitatiYe toxicolOQ--Chadwtck and Bill <1947) determiDed the LD5o of hexa­
ethJltetraphoephate toP. americana as 6.75 mg.jq., and or diisopropyJfluoropbosphon­
ate as 5.2 mg. by the injection of aqueous solutions into the thoracic ca'rity. 

Ph.tsiologtcal studies--The outward symptoms of intoxication with BETP and DFP 
in P. americana are indist1nguishable from those produced by injecting physostigmine 
<Chadwick and Bill, 1947). They consist of hyperexcitability and hyperacti'Yity denlop­
ing almost immediately after injection of the toxicant, followed by exagerated tonus, 
muscular incoordination, clonic and tonic con'Yulsions, paralysis, and death. Where 
DFP was employed, insects which reached the con'Yulsion state seldom suniYed, but 
with BETP, recoYeries were more frequent. Roeder et al. <1947) fOUDd that the appli­
cation of DFP at 6 x 10-4 M to the enscerated abdomen of Periplaneta americana 
caused a strong after discharge following preganglionic stimulus in the giant fibers of 
the Yentral nerYe cord. A single s~mulus was capable of setung off a discharge lasting 
15 to 30 seconds. This condition was frequently followed by synaptic block lasting 30 to 
60 seconds. DFP did not cause a permanent synaptic block, but tbe effects could not be 
renrsed by frequent washing in saline. The conduction of the axons of the giant fibers 
were not affected by DFP at concentrations as high as 5 x 10-3M. Acetyl choline ap­
plied to a preparation had no effect, but when applied at 5 x 10-6M after pretreatment 
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Table 32--Relatlon of chemical structure of parthion derivatives to 
insecticidal action (data from Schrader, t947) 

Compound 

0,0-diethyl-0-pbenylphoapbate 

0,0-diethyl-0-pbenylthiophoapbate 

0,0-diethyl-0-para-nttropbenylphospbate 

O,O-diethyl-0-para-nitropbenylthiophospbate 

0,0-diethyl-0-ortho-nttropbenylphospbate 

0,0-diethyl-0-meta-nttropbenylphospbate 

0-ethyl-N-(dimethylamido)-0-ortho-nttropbenylphospbate 

N,N-bis-(dimethylamido)-0-para-nttropbenylphospbate 

0-ethyl-0-ortho-nttropbenylmetbanephosphoaate 

0-ethyl-0-pbenylme~ephosphonate 

0,0-diethyl-0-ortho-chlorophenylphospbate 

0,0-diethyl-0-para-chlorophenylphospbate 

0-propyl-0-2,4-dinitrophenylmetbanephosphonate 

0-ethyl-0-2-nitro-4-methylphenylmetbanephosphonate 

0-ethyl-0-ortho-chlorophenylme~ephosphonate . 
0-propyl-0-para-cbloropbenylmetbanephosphonate 

0-ethyl-0-para-earboethOXJlDe~ephospbonate 

0,0-diethyl-0-ortho-carboethoxyphospbate 

N,N-bis-(dimethylamido)-0-para-aminopbenylphospbate 

N;N-bis-(dimethylamido)-0-ortho-aminophenylphospbate 

ConcentraHon 1n l:r cent 
ol spray solution or indi-
cated mortality to aphids 

~ctes unknown) 
5 t~ 

0.2 

0.2 

o.oot 0.005 

o.oot 

0.005 

ca. 0.2 

0.2 

0.05 

0.005 0.05 

0.05 

0.05 0.2 

0.02 . 0.2 

0.2 

0.005 

0.05 

0.2 

0.05 

0.05 

>0.2 

>0.2 

with DFP at to-5 M caused an tmme~te block 1n synaptic but not in uontc transmis­
sion. BETP at 2.5 x to-7 to 7.5 x to- M produced similar effects on the~, 
while axonic conduction was not impaired until a concentration of 7.5 x tO· M was 
reached <Roeder, as quoted by Chadwick and Blll, t947). 

Biochemistry of action--Mazur and Bodansk)' <1946) have studied the mechaniam 
of action of DFP and have found that 1t irreversibly 1nb1bits the action of chollDesterase 
in mammals. Therefore, it seemed probable that the phosphate insecticides would have 
similar action 1n insects. Dubois and Mangun <1947) found that BETP produced 58 per 
cent 1nb1bition of the cholinesterase 1n the homogenized thorax of P. americana when 
applied at t x to-7 Mat 38°, while Chadwick and 8111 <1947) using homogenized nene 
cords of the same insect at 25°, found that BETP at t x tO-~ M produced tOO per cent 
lDb1bition of cholinesterase with a sharp decrease 1n effectiveness at about 5 x to-7 M. 
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DFP produced 100 per cent inhibition at 1 x to-4 M and 50 per cent inhibition at 
4 x to-6 M. In comparison, physos~gmine produced complete inhibition at 1 x to-4 M, 
and 50 per cent inhibition at 1 x to- M. These authors reason that the sharp drop in 
effectiveness of HETP is due to its rapid rate of hydrolysis. These values are not 
greaUy different from those obtained using cholinesterase from various mammalian 
tissues (Koppanyi et al., 1947). In in vivo experiments by Chadwick and Hlll <1947) the 
injection of DFP at 18 micrograms per roach produced 100 per cent inhibition of nerve 
cord cholinesterase, while 4.5 micrograms produced 53 per cent lnhibltion. With HETP, 
500 micrograms per roach were required to produce 100 per cent inhibition, while 25 
micrograms produced an average of 56 per cent 1nhibition. Doses of 12.5 micrograms 
produced immediate prostration and were lethal in all cases, but resulted in an average 
of only 13 per cent cholinesterase lnhlbition. Thus 1t seems possible that HETP may 
have other toxic action in addition to cholinesterase lnhlbltion. From a consideration 
of the relative amounts of DFP necessary to produce equivalent inhibitions of nerve 
cholinesterase in vitro and in vivo, it was found that at low concentrations a consider­
able portion of the DFP was either inactivated or failed to reach the nerve cord choline­
sterase, and it may be that an enzyme 1s present in the roach which detoxifies DFP by 
hydrolysis, as Mazur U946) found in mammalian tissue. DFP inhibition of choline­
sterase is not readily reversible in the roach tissue, the enzyme showing continued in­
hibition for several days. Activities as low as 20 per cent of normal cholinesterase 
activity were found in specimens showing normal behaVior. Thus, Chadwick and Hill 
conclude that although the possib111ty of other toxic mechanisms of action 1s not ex­
cluded, the toxicity of DFP and HETP 1s largely a function of their anticholinesterase 
activity. This confirms studies with DFP in mammals where Nachmansohn and Feld 
U947) have shown that animals surviving DFP poisoning alway~ have a small amount of 
cholinesterase activity remaining in the active state, while in those fatally poisoned, 
cholinesterase activity is completely abolished. They, therefore, suggest that the ac­
tivity of DFP is due solely to its anticholinesterase effects. 

Considerable popular publiifty has been given a recent attempt to· prepare HETP 
conta.in1Dg radio-phosphorus, P <Anonymous, 1947, 1947a) by conversion to P~5 and 
reaction with triethyJphosphate. Brauer U948) has shown that upon interaction of this 
radio HETP with human plasma esterase no p32 could be found in the protein precipi­
tated by ethanol, nor in the precipitate or the supernatant portions of such preparations 
after dialysis. Therefore, he concluded that a stable combination does not take place 
between the esterase and a phosphorus conta1niog portion of the HETP. It would seem 
of interest to prepare HETP from radio-phosphorus incorporated in triethyJphosphate, 
since the behaVior of the phosphorus atoms in this portion of the molecule mJght be 
very different from that of the atom contributed by P205. 

Theories of toxic action--Hansen U947) theorizes that TEP may hydrolyze in the 
insect to diethyJphosphoric acid, which then might interfere with phosphate metabolism 
by interaction with adenosine triphosphate, an essential metabelite which also has two 
ester linkages connecting phosphorus with other groups. Martin U947) has suggested 

It 

that an important toxophoric grouping is -OP<OC2H5)2· It seems that a theory of the 
mode of action of the phosphates should be able to explain the activities of diisopropyl­
fluorophosphonate, (and the diethyl ester which has similar action- Mazur, 1946) tetra­
ethylpyrophosphate, and 0,0-diethyl-0-para-nitrophenylthiophosphate, all of which have 
been reported as highly active anticholinesterases. The work of Mazur (1946) on the 
enzymatic hydrolysis of diisopropylfluorophosphonate to fluoride ion and diisopropyl­
phosphoric acid suggests that a common reaction of these three phosphates might be the 
in vivo hydrolysis to dialkylphosphoric acid. Brauer <1948) studied the effects of a num­
ber of phosphate esters on esterase activity in human plasma and erythrocytes. It was 
found that phosphorus compounds of varying structures were active esterase inhibitors 
and that the only structural feature common to all of these compounds was the presence 
of the grouping 1 P-0-R <where R is aryl or alkyD. However, the author states that the 
presence of this grouping is not sufficient for anti-esterase actiVity as lllustrated by 
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such pairs of compounds as m triethylphosphate (inactive) llDd tetraethylpyrophosphate 
(active), (2) trimethylphosphate (inactive) and dimethylfluoropbosphonate (active), and 
(3) trl-p-cresylphosphate (inactive) and trt·-o-cresylphosphate (active). He notes that 
1n each case the active, compound contains a structural arrangement which might be ex­
pected to possess a high degree of free energy. As a result of his studies, Brauer 
postulates the following mechanism of Inhibition: 

!I POR + EH---.-. ... • POH + ER 
or 

8 PX + EOH----1~ I POH + EX 

where • POR or i PX Is inhibitor, EH or EOH Is active enzyme, ER or EX Is Inacti­
vated enzyme, R is alkyl or aryl group, and X Is halide. 
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