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The Comparative Toxicity of DDT and Analogues to
Susceptible and Resistant Houseflies and Mosquitos*

R. L. METCALF 1 & T. R. FUKUTO'

Studies of the comparative toxicity of more than 120 DDT analogues to susceptible
and insecticide-resistant houseflies (Musca domestica L.) and mosquitos (Culex fatigans
Wiedemann and Anopheles albimanus Wiedemann) have shown that the relative effec-
tiveness ofthese compounds against DD T-resistant insects is correlated with the susceptibi-
lity of the molecule to attack by DDT-ase at the benzylic hydrogen. Compounds highly
effective against DDT-resistant flies and mosquitos are produced by blocking this detoxica-
tion mechanism by o-chlorination, a-fluorination, and by altering the aliphatic portion of
the molecule as in the nitropropyl, neopentyl, dichlorocyclopropyl, and trichlorobenzanilide
derivatives. These compounds offer practical possibilities for the control of DDT-resistant
insects. The correlation of structure, DD T-like activity, and resistance ratios gives new
insight into the mode of action ofDDT and the nature ofDDT resistance.

Despite the world-wide utilization of more than 1
thousand million pounds weight of DDT for insect
control and of 20 years of intensive investigation, the
mode of action of this substance remains a challen-
ging enigmna. During this period DDT has become
the principal weapon for control and eradication
of human diseases such as malaria, typhus, plague,
and filariasis transmitted by ilnsect vectors. There-
fore, the development of DDT-resistance in a number
of species of flies, mosquitos, lice, and fleas poses
serious problems to human health. WHO, recog-
nizing the importance of the insecticide-resistance
problem, has organized a comprehensive scheme
for the evaluation of new substitute insecticides
against resistant insect vectors. During the first 6
years of the scheme, more than 120 highly purified
analogues of DDT have been evaluated in this labo-
ratory against susceptible and resistant houseflies
(Musca domestica L.) and larvae and adults of the
mosquitos Culex pipiens quinquefasciatus Say (= C.

* A contribution from the WHO International Insecticide
Reference Centre, Department of Entomology, University
of California, Riverside, Calif., USA. Supported in part by
grants from the World Health Organization, from the Public
Health Service, US Department of Health, Education, and
Welfare (Research Grant CC 00038), and from the Rocke-
feller Foundation.

1 Professor of Entomnology, University of California,
Riverside, Calif., USA.

p. fatigans Wiedemann) and Anopheles albimanus
Wiedemann. The investigations have resulted in the
development of a unique body of data consisting of
more than 900 dosage-mortality curves obtained by
precise laboratory evaluation on both susceptible
and resistant insects, which are permanently on file
in the World Health Organization. The use of these
data affords an opportunity for re-evaluation of the
relations of chemical structure both to the mode of
action of DDT and to the mechanism of DDT-
resistance.

MATERIALS AND METHODS

The compounds evaluated were all highly purified
chemicals accumulated over the past 20 years from
many sources. Compounds XII, XXVIII, XXIX-
XLV, XLVII-LXIV, LXVI, LXVIII, LXIX, LXXIV-
LXXXXIV, LXXXXIX-CXVI were supplied by
Professor D. J. Hennessy, Department of Chemistry,
Fordham University, Bronx, New York, USA. Pro-
fessor F. A. Gunther of this laboratory provided
compounds III, V, VI, XIII, XXV, XXVII, LXXXV
and LXXXXVI. Dr Paul Muller, J. R. Geigy, Basel,
Switzerland, provided compounds LXV and LXVII.
E. I. du Pont de Nemours & Company, Wilmington,
Del., USA, supplied compounds VII, VIII, X, XI,
XXI, XXII and XXIII; the Rohm & Haas Company,
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Philadelphia, Pa., USA, supplied compounds IX,
CXIII and CXXVII; the Dow Chemical Company,
Midland, Mich., USA, compound LXX; McLaugh-
lin Gormley King Company, Minneapolis, Minn.,
USA, compound LXXXXVII; Mr Willis Craig,
Lubrizol Corp., Cleveland, Ohio, USA, compound
CXIX; the Pennsylvania Salt Mfg. Corp., Pa., USA,
compound II; the Upjohn Company, Kalamazoo,
Mich., USA, compounds IV and LXXII; the Agri-
cultural Division of the Allied Chemical Corpora-
tion, N.Y., USA, compound CXXIII.
The remaining compounds were synthesized in

this laboratory. Compound 2,2-bis-(p-chloro-
phenyl)-1,1,1-trimethylethane was prepared by the
Grignard reaction between p-chlorophenyl magne-
sium bromide and ethyl pivalate to give the a-
hydroxy compound (CXVII), b.p. 160°C/0.4 mm
Hg. The latter was reacted with phosphorus tri-
bromide to give the a-bromide which was subse-
quently reduced to the desired product (compound
LXXXXVIII), b.p. 128°C/0.2 mm Hg, m.p. 76°C-
78°C from methanol; theoretical C= 69.63%,
H=6.18%, found C=69.39%, H=6.68%.
The 1,1-bis-(p-chlorophenyl)-cyclopropane (com-

pound CXXI) was prepared from 2,2-bis-(p-chloro-
phenyl)-ethylene by reaction with diazomethane
(Goldsmith & Wheland, 1948) for 2 weeks at room
temperature (25°C) to give 2,2-bis-(p-chloro-
phenyl)-pyrazoline, m.p. 85°C. Upon heating, this
gave the desired product, m.p. 100°C-103°C (Gold-
smith & Wheland give 105.5°C).
The 1,1-bis-(p-chlorophenyl)-methylcyclopropane

was prepared as described by Biro et al. (1954) by
the Grignard reaction between p-chlorophenyl
magnesium bromide and ethylcyclopropyl carbo-
xylate to form bis-(p-chlorophenyl)-hydroxymethyl-
cyclopropane, b.p. 170°C/0.3 mm Hg, which was
reduced to the desired compound (CXXII), b.p.
135°C-138°C/0.15 mm Hg, as indicated with com-
pound LXXXXVIII above. (Biro et al., 1954, give
118°C-120°C/0.025 mm Hg.) The 2,2-bis-(p-chloro-
phenyl)-1,1,1-trifluoromethane was prepared as
described by Kaluszyner et al. (1955).
The evaluations of the compounds against Musca

domestica were made with the fully susceptible
S-NAIDM strain; the chlorinated-hydrocarbon-resis-
tant R-sp strain, under continuous selection pressure
with DDT and lindane; and the R-sc strain, under
continuous selection pressure with Chlorthion or
O,O-dimethyl 0-3-chloro-4-nitrophenyl phosphoro-
thionate, using topical application of 1-,ul drops of
w/v solutions of the insecticides in acetone, exactly

as described by March et al. (1964). A total of 20
female flies 2-4 days old were treated on the prono-
tum at each dosage and at least 5 dosages were used
to establish each dosage versus mortality curve.
Mortalities were determined by holding the flies for
24 hours at 60°F (1 5.6°C) with 40% sucrose solution
as food.

Evaluations were also made on a dieldrin-resistant
strain of Anopheles albimanus Wiedemann, reared
from wild parentage originating in Panama, and on
a fully susceptible strain of Culex pipiens quinque-
fasciatus. Larval tests were made by adding 1 ml or
less of standard w/v acetone solutions to 100 ml of
water containing 20 fourth-instar larvae. Adult tests
were made by evaporating 1 ml of standard w/v
acetone solution on 9-cm filter-paper and exposing
the insects for 1 hour to the treated paper, rolled
inside a shell vial. The test method and insecticidal
susceptibilities of both mosquito strains have been
described by Georghiou & Metcalf (1961).

All tests were replicated three times at each con-
centration, using populations reared on different
days, so that approximately 300 insects were used
for each determination. The dosage versus mortality
lines were fitted by eye on log-probit paper and the
LD50 and LC50 values determined by inspection. The
precision of replicated determinations was approxi-
mately ± 7% standard error of the mean.

Kinetic studies
The second-order rate constants for the dehydro-

chlorination of DDT and its analogues were de-
termined as follows. A weighed sample of the com-
pound was dissolved in 95% ethanol in a 100-ml
volumetric flask. To the flask was added 10.0 ml
of 0.1 M ethanolic sodium hydroxide and then
ethanol to a total volume of 100 ml. The flask was
kept in a water-bath at 30.1°C and at various inter-
vals 10-ml aliquots were removed and the reaction
quenched with excess dilute nitric acid. The amount
of chloride liberated was determined by the Volhard
titration. The second-order rate constants were cal-
culated from the equation:

2.3 b (a-x)
- log =kt,a-b a (b-x)

where a is the initial concentration of compound, b
is the initial concentration of sodium hydroxide, x is
the concentration of chloride at time t and k is the
second-order rate constant for dehydrochlorination.
The liberation of chloride ion followed good second-
order kinetics for all of the compounds studied.
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EXPERIMENTAL RESULTS

The various DDT analogues were classified into 5
groups according to the variations in structure: (1)
effects of ring substituents, (2) effects of deutera-
tion, (3) effects of alkyl substituents, (4) effects of
ortho-substituents, and (5) effects of major altera-
tions in alkyl structure. The results of the biological
evaluations of the compounds in these groups are
shown in Tables 1-5.

DDT analogues as substrates for DD T-ase
The R-sp and R-sc strains of houseflies used in this

investigation are virtually immune to the action of
DDT. This resistance is due almost entirely to en-
hanced biochemical detoxication rather than to
decreased penetration or target insensitivity. This
is shown by the very low ratios of LD50 R strain to
LD50 S strain, the resistance ratio or RR value, to
compounds such as 1,1-bis-(p-chlorophenyl)-2,2,
2-trimethylethane (compound LXXXXVIII) RR 3.2
(Table 4) and 1-p-chlorophenyl-1-(2, 4-dichloro-
phenyl)-1-deutero-2,2,2-trichloroethane (compound
LI), RR 2.3 (Table 3).
Two pathways to detoxication ofDDT in resistant

insects have been demonstrated: dehydrochlorination
by DDT-ase (Lipke & Kearns, 1960) and a-hydro-
xylation by a mixed function oxidase (Tsukamoto,
1961). The mechanism found in the R sp strain is
largely that of dehydrochlorination as demonstrated
by the action of the synergist bis-(p-chlorophenyl)-
chloromethane, a strong DDT-ase inhibitor, which
reduced the LD50 of the R-sp strain from >50 ,ug
per female for DDT alone to approximately 0.021
,ug for a 1: 10 mixture of synergist and DDT (March
et al., 1952). The R sp and R-sc strains have little
or no ability to detoxify DDT by a-hydroxylation
as the synergist piperonyl butoxide, an inhibitor of
mixed function oxidases, produced no mortality at
50 ,ug per female when used with DDT at 10 ,ug or
>250 times the LD50. Furthermore, a-hydroxy DDT
has not been identified as an in vivo metabolite of
DDT in this strain of housefly. The R-sp flies contain
a high level of DDT-ase, detoxifying 2.7 ,tg of DDT
per fly per hour at 37°C. The DDT-ase activity in
the S-NAIDM fly is very difficult to measure, at least
with DDT as a substrate, and is less than 0.03%
that of the R flies (Lipke & Keams, 1960). Therefore,
a fairly accurate measurement of the suitability of
the various DDT analogues as substrates for DDT-
ase can be obtained from the RR values.
The mechanism of DDT-ase action is not well

understood. Lipke & Kearns (1960) suggested that

the enzyme makes a specific attack on the a- or
benzylic H of C-2, followed by a specific elimination
of a halogen atom from C-1. Data previously ob-
tained from this laboratory on the relative effective-
ness of various p,p' analogues of DDT to the
R-Bellflower strain which was colonized in 1948
from wild parents with extensive field exposure to
DDT residues, supply considerable information on
the mechanism of DDT-ase action. The effectiveness
of various DDT analogues against this strain, which
had a moderate DDT-ase activity, is shown by the
RR values, as compared to the S.NAIDM strain, given
in Table 6. There is an obvious relationship between
the relative effectiveness of the various p,p'-substi-
tuted DDT analogues and the polar effects of the
aromatic substituents. This has been quantified by
summation of the Hammett sigma (a) values for the
substituents and is plotted against the RR values in
the accompanying figure. The resulting straight line,
fitted by the method of least squares, can be related
to the Hammett equation:

log k/ko = ap,
where RR values are substituted for the rate con-
stants (k) for the DDT-ase reaction in the R flies.
The proportionality constant p in the Hammett equa-
tion is a measure of the susceptibility of the reaction
to polar effects and was calculated from the slope
of the line in the figure to have a value of 2.25 for
the in vivo detoxication in the resistant housefly.
The precision of the relationship between detoxi-

cation and structure of DDT analogue provides
insight into the mechanism of DDT detoxication as
Cristol (1945) showed a similar relationship between
a values and OH- dehydrochlorination of DDT
analogues to form the corresponding ethylenes (DDE
derivatives). The rate constants for the dehydro-
chlorination of a large series of DDT and TDE ana-
logues as determined in this laboratory are given in
Table 6 and those for the trichloroethanes are plotted
against Hammett sigma values in the figure. The
line to these points by the method of least squares
gives a value for p in the Hammett equation of 2.71
which is almost identical to that found by Cristol
(1945) for 8 DDT analogues as compared to 16 in
the present work. The similarity of the p values for
the RR values for in vivo metabolism of DDT and
for OH- catalysed dehydrochlorination of DDT
(see figure) shows that both processes have a similar
response to the polar effects of the substituents on
the aromatic rings. This suggests that the in vivo
dehydrochlorination carried out by DDT-ase in R
flies proceeds through a mechanism equivalent to

10
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the E2-type elimination which Cristol (1945) postu-
lated for the OH- catalysed dehydrochlorination of
DDT-type compounds:

where OH- makes an initial attack on the a-H atom
of the DDT and the rate of reaction is dependent
upon the relative availability of electrons at this H-C
bond, as determined by the polar effects of the sub-
stituents R1, R2, R3 and R4. Thus the rate of ethylene
formation will be high with electron-withdrawing
substituents such as -Br and -Cl and low with
electron-donating substituents such as -OCH3 and
-CH5. The mechanism of this reaction has been

studied in detail by England& McLennan (1966),who
found a dcuterium isotope effect ofabout 3.8, as com-
pared with 6.8 from the data of Table 6, and con-
cluded that although the mechanism is E2, the transfer
of proton to the base in the transition state occurs
well in advance of the heterolysis of the C-Cl bond.
An elegant demonstration of the lability of the

benzylic or a-H atom in various DDT analogues has
been provided by the nuclear magnetic resonance
studies (NMR) of Sharpless & Bradley (1965) which
showed that the 8 values for chemical shifts of
a-proton follow a linear relationship when plotted
against cr values for p,p'-substituents and that this
shift is increased with substituents of increasing
electron-withdrawing power.
Although DDT-ase characteristically attacks the

a-H, when C-2 is substituted by -Cl or -Br, the
enzyme can apparently attack a proton on the
adjacent C-1. In the present study 2,2-bis-(p-chloro-
phenyl)-2,1,1-trichloroethane or iso-DDT (compound

636



COMPARATIVE TOXICITY OF DDT AND ANALOGUES TO HOUSEFLIES AND MOSQUITOS

LXXXIX) had a RR of > 27 and its a-Br analogue
(compound LXXXXIX) of >9.
The E2-type elimination postulated for the attack

of DDT-ase on the benzylic or a-H also indicates
that the rate of attack by the enzyme is controlled
by the polarity of substituents on C-1 as measured
by Taft's polar substituent constant (a*). The bio-
logical data support this conclusion, as shown by the
following RR values for R-SP/S-NAIDM: -CCl3 (com-
pound I = DDT) RR 250, a* 2.65; -HC (CH3) NO2
(compound XXXVI) RR 5.3, a* 1.25; and -C (CH3)3
(compound LXXXXVIII) RR 3.1, a* -0.300. Addi-
tional evidence is provided by the NMR studies of
Sharpless & Bradley (1965) showing that the 8 values
for the chemical shifts of the a-proton follow a linear
relationship when plotted against g* values for
ethane substituents and that the chemical shift is
increased with substituents of increasing electron-
withdrawing power. The 8 values measured in our
laboratory include -CCl3, 5.03; -HC (CH3) NO2,
4.32; and -C (CH3)3, 3.61.

Effects of aryl substituents

The toxicity data in Table 1 show the effects of
alterations in the ring substituents of DDT. The
unsubstituted diphenyl-1,1,1-trichloroethane (com-
pound XIII) is only about 0.01 as active as the p, p'-
dichloro- derivative (compound I) which is the most
active compound to the susceptible insects. Removal
of one p-Cl- reduced activity to about 0.05 (com-
pound XXVI) and transfer of one p-Cl- to the
ortho-position as in o,p'-dichloro- derivative (com-
pound XXVIII) to 0.01 or less. As shown by many
investigators, the p,p'-dihalo- derivatives are gener-
ally the most active, with the order of toxicity Cl>
Br>F>1. The nearly isosteric p,p'-dimethyl- (com-
pound V) and diethyl- (compound VI) derivatives
are also highly effective, particularly against C. fati-
gans, which is naturally somewhat tolerant to DDT.
Substitution of a single p-CH3- for p-Cl- (compound
XXV) produced a substance considerably more
effective against this species than the isosteric DDT.
However, compounds with larger alkyl groups in the
p,p' position- isopropyl, butyl, pentyl and dodecyl-
were completely inactive.
The p,p'-dimethoxy- derivative, methoxychlor

(compound XIV) is well known as one of the most
useful ofDDT analogues. Its p,p'-diethoxy analogue
(compound XV) was appreciably more active and is
one of the most active compounds investigated
against the susceptible insects. Thep,p'-dimethylthio-
analogue (compound XVI) has had very little inves-

tigation, yet approaches methoxychlor in activity.
Compounds with polar substituents in the p,p' posi-
tion, such as -OH, -NO2 and -NH2 were completely
inactive.
The slight activity of the 5,6,7,8-tetrahydronaph-

thyl derivative (compound XXII) is noteworthy in
view of the complete inactivity of the completely
aromatic-substituted compounds XXI and XXIII.
The bulk of the p,p'-substituents cannot therefore
be the entire reason for inactivity of these derivatives.
None of the p,p'-substituted analogues were effec-

tive against the DDT-resistant houseflies despite the
influence of the substituents on DDT-ase attack.
Since both methoxychlor and the p,p'-CH3- analogue
were about 10 times as active as DDT against the
parental R Pollard strain of the R sp flies (March &
Metcalf, 1949), it is evident that further laboratory
selection has raised the DDT-ase level so that the
rate of detoxication is equal to the rate of penetra-
tion. Thus although DDT analogues with altered
p,p'-substituents have practical possibilities for the
control of insects moderately resistant to DDT, they
are not effective for the control of resistant species
with high titres of DDT-ase produced by intensive
DDT selection. Nevertheless, the principle of the
effective use of p,p'-substituents with electron-
donating properties in controlling such insects is
shown by the a-deutero- analogues of Table 2. Thus
a-deutero-methoxychlor (compound XLIII) has a
RR value of 4.2 to the R sp flies as compared with
>200 for a-deutero- DDT (compound XXXIII);
see below " Effects of deuteration ". Compound
XXX, a-deutero-TDE, was also significantly superior
to TDE.

Effects of deuteration

It has been shown that DDT-ase must attack the
benzylic or a-H of DDT and that the rate of attack
is influenced by the lability of this bond. Additional
proof of the essentiality of this mechanism is given
by the magnitude of the deuterium isotope effect on
the resistance ratio, shown by replacing a-H with
a-D in Table 2. The chemical reactivity of the C-ID
bond is generally lower than that of the C-H bond
and the ratio of the kC-H/kC-D, or the deuterium
isotope effect, is maximal when the bond to H or D
is cleaved in the formation of the activated complex,
and decreases to a limiting value of 2'/2 or 1.4 with
increased binding of the activated complex (Wiberg,
1955). The comparative k values for dehydrochlori-
nation of DDT and deutero-DDT (Table 5) show a
deuterium isotope effect of 6.8 indicating the pri-
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TABLE 1
EFFECTS OF VARIOUS p,p'-SUBSTITUENTS ON EFFECTIVENESS OF DDT ANALOGUES

H

Rt /- -R2

Cl Cl

Cl

Musca domestica Cu/ex fatigans Anopheles albimanus
Compound Ri R2 (topical LD5o jAg per ?)2_______ _____ _____ _____ _____ S-N -SLarvae dult Larvae dult

S-NAIDM| R-sp R-sc (LCso ppm) (LC5o gg/cm2) (LCso ppm) (LC5o pg/cm2)

-C1

-F

-Br

-_

-CH3

-C2Hs

-CH (CH3)2

-C4H9

-C (CH3)3

-(CH2)4 CHa

-(CH2)11 CH3

-CD3

-H

-OCH3

-OC2Hs

-SCH3

-SC2H5

-NO2

-NH2

-OH

2-naphthyl

2-(5,6,7,8-
tetrahydro
naphthyl)

4-biphenylyl

2-chloro-thienyl

-CI

-CI

-CH3

p-Cl-

-C1

-F

-Br

-_

-CH3

-C2H9

-CH (CH3)2

-C4H9

-C (CH3)3

-(CH2)4CH3

-(CH2)s, CH3

-CD3

-H

-OCH3

-OC2Hs

-SCH3

-SC2H5

-NO2

-NH2

-OH

2-naphthyl

2-(5,6,7,8-
tetrahydro
naphthyl)

4-biphenylyl

2-chloro-thienyl

-CH3

-H

-H

o-CI-

0.04

0.167

0.078

0.68

0.42

0.38

>10

>10

>10

>10

>10

0.56

>10

0.18

0.058

0.23

1.6

>10

>1

>10

>10

0.68

>10

>10

0.18

1.2

>10

3.66

>100

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>100

>10

>10

>10

>1

>10

>10

>10

>10

>10

>100

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>100

>10

>10

>10

>1

>10

>10

>10

>10

>10

0.07

0.074

0.074

1.4

0.081

0.18

>10

>10

>10

>10

>10

0.062

1.1

0.067

0.04

0.21

>10

>10

>10

>10

0.80

>10

2.3

0.0375

0.12

0.28

6.9

0.70

>16

>16

1.7

8.0

>16

>16

3.0

>16

>16

>16

>16

1.78

0.015

0.054

0.018

1.0

0.17

0.40

>10

>10

>10

>10

0.031

1.9

0.18

0.086

>1.0

>10

>10

>10

>10

0.057

0.12
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II

III

IV

V

VI

VIl

Vill

IX

X

Xi

XII

XIII

XIV

XV

XVI

XVII

XVIII

XIX

XX

XXI

XXII

XXIII

XXIV

XXV

XXVI

XXVII

XXVIII

0.23

0.39

>16

>16

1.0

3.6

>16

>16

1.73

>16

13

>16

>16

0.71
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TABLE 2
EFFECTS OF DEUTERATION ON EFFECTIVENESS OF DDT ANALOGUES

R.

Cl~--C CI
R2 --C R4

R3

Musca domestica Culex fatigans Anopheles albimanus
Compound R, Ri RJ R4 (topical LD5o Ag/9) La

Larvae Adults Larvae Adults
S-NAIDMI R-sp R-sc I (LCso ppm) (LDso ,'g/cm') (LCso ppm) (LDso Mg/cm')

XXIX (TDE) -H -H -CI -CI 0.39 >10 >10 0.038 >16 0.01 1.4

XXX -D -H -Cl -Cl 0.13 >10 >10 0.02 >16 0.0047 0.75

XXXI -H -D -Cl -CI 0.18 >10 >10 0.014 1.0 0.0074 0.94

XXXII -D -D -Cl -Cl 0.092 >10 >10 0.016 1.05 0.0056 1.05

(DDT) -H -Cl -CI -Cl 0.04 >100 >100 0.07 6.9 0.015 0.23

XXXIII -D -Cl -Cl -Cl 0.047 >10 >10 0.016 1.3 0.0025 4.2

XXXIV -F -H -CI -Cl 0.082 0.31 0.14 0.024 2.36 0.0059 1.70

XXXV -F -D -CI -CI 0.115 0.50 0.24 0.019 1.8 0.0046 1.5

XXXVI (Prolan) -H -H -CH3 -NO2 0.17 0.90 0.30 0.064 5.7 0.066 7.3

XXXVII -D -H -CH3 -NO2 0.066 0.64 0.25 0.037 3.0 0.0275 7.0

XXXVIII -H -D -CH3 -NO2 0.125 0.88 0.275 0.043 5.5 0.022 4.2

XXXIX -D -D -CH3 -NO2 0.06 0.56 0.19 0.034 10.8 0.023 4.5

p,p'-dibromo- analogues

XL -H -CI -CI -Cl 0.078 >10 >10 0.074 >16 0.018 >16

XLI -D -CI -CI -CI 0.046 >10 >10 0.018 >16 0.006 >16

p,p'-dimethoxy- analogues

XLII -H -CI -CI -CI 0.18 >10 >10 0.067 >16 0.18 1.3
(methoxychlor)

XLIII -D -CI -CI -CI 0.16 0.68 1.7 0.033 13.0 0.084 4.5

XLIV (DANP) -H -CH3 -CH3 -CH3 0.52 2.9 1.6 0.43 7.7 0.86 4.4

XLV -D -CH3 -CH3 -CH3 0.23 1.6 0.76 0.192 >16 0.50 3.9

mary role of the a-H in the dehydrochlorination
reaction.

Studies of the comparative toxicity of DDT and
a-deutero-DDT to S flies have shown deuterium
isotope effects of 1.25-1.5 (Barker, 1960; Moorefield
et al., 1962). This is well demonstrated in Table 2
by the comparative LD50 values to S-NAIDM flies of
2,2-bis (p-bromophenyl)- 1, 1,1-trichloro-ethane (com-
pound XL) and its a-deutero- derivative (compound
XLI) where the deuterium isotope effect is about 1.7.
However, a-deutero-DDT and its p,p'-dibromo-
analogue are ineffective against the R-sp flies, showing
that these substances must be dedeuterochlorinated

by DDT-ase. As previously mentioned with meth-
oxychlor, which is dehydrochlorinated at about 0.005
the rate of DDT, the a-deutero-methoxychlor (com-
pound XLIII) was highly effective against the two R-
strains, showing that the decreased reactivity of the
C-D bond acting in conjunction with the higher
electron-density produced by thep,p'-CH30- groups
on the a-carbon atom has reduced detoxication to a
level which permitted a substantial portion of the
compound to reach the site of action.
The a-deutero- derivatives of DDT, a-deutero-

DDT, a-deutero-2,2-bis (p-bromophenyl)-1,1,l-
trichloroethane a-deutero-methoxychlor and a-
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deutero-TDE, were all substantially more toxic
than DDT to both larvae and adults of the naturally
tolerant Culex fatigans and to the DDT-resistant
Anopheles albimanus, indicating, as Kimura & Brown
(1964) have demonstrated with DDT-resistant Aedes
aegypti, that dehydrochlorination is a major factor
in resistance.

Effects of ortho-substituents

The activity of DDT and the other effective ana-
logues is associated almost exclusively with p,p'-
disubstitution and transfer of one p-Cl- to the ortho-
position (compound XXVIII, o,p'-DDT) decreases
the LD50 to S-NAIDA1 flies to about 0.01. However,
one of the most interesting discoveries yet made in
the DDT series is that made by Hennessy et al. (1961),
who showed that the o-Cl-DDT or 2-(4-chloro-
phenyl)-2-(2,4-dichlorophenyl)-1,1 ,1-trichloro-ethane
(compound XLVIII) not only retained a high degree
of toxicity to susceptible flies also was very active
against DDT-resistant flies as it is not attacked
readily by DDT-ase, although the enzyme from
Aedes aegypti dehydrochlorinates this compound
(Kimura & Brown, 1964). Very recently, Perry et
al. (1967) showed by gas chromatography that in 5
RDDT strains, o-Cl-DDT was metabolized to o-Cl-
DDE at only 3.4 to 27% as compared with 93%/O-
99% metabolism of DDT to DDE. The data in
Table 3 show the results obtained with a number of
active p,p'-disubstituted DDT analogues substituted
in the ortho-position of one ring with an additional
-F, -Cl, -Br, -CH3 or -OCH3 group.
With the DDT molecule, the most effective sub-

stitution to S-NAIDM flies was o-F-(compound XLVII)
which was only slightly less toxic than DDT but was
not effective against R-flies. However, this compound
was considerably more active than DDT to Culex
fatigans again suggesting that DDT-ase is important
in the natural tolerance of this species to DDT. In-
creasing the effective Van der Waals' radius of the
ortho-substituent from 1.35 A(F) to 1.80 A(Cl) had
a remarkable effect on the activity of the DDT-
analogue, compound XLVIII. Although the activity
to the S-NAIDM flies was decreased to about 0.2 that
of DDT, the o-Cl-DDT was nearly as toxic to R-sp
flies as to S-NAIDM flies (RR= 3.3) and was highly
effective against mosquito larvae. The incorporation
of the larger o-Br- atom (1.95 A) into DDT (com-
pound XLIX) reduced not only the toxicity of
SNAIDM flies to about 0.1 times that of DDT but
also destroyed the toxicity to R-flies although the
compound was still highly toxic to mosquito larvae.

Although a-deutero-DDT was but little more
effective than DDT to S-NAIDM flies and was non-
toxic to R-flies, the simultaneous introduction of
a-deuterium and o-F- into the DDT molecule (com-
pound L) not only impfoved the toxicity to S-flies
but also produced good activity against the two
R-strains, and against mosquitos. The combination
of a-deuterium with o-Cl- (compound LI) had an
even lower cross tolerance to R-flies (RR= 2.3).
However, with the larger o-Br-DDT the addition of
a-deuterium (compound LII) lowered activity to
S-NAIDM flies and mosquito larvae and did not
enhance activity to R-flies.

These results can be explained in terms of the
action of DDT-ase. Dehydrochlorination in o-Cl-
DDT proceeds at about 0.16 times the rate of DDT
(Table 6). Therefore, the impressive action of this
derivative against the R-flies is not due solely to
increased stability of the a-H-C bond since in a-deu-
tero-DDT, which was not effective against the R-
flies, dehydrochlorination was decreased to 0.14 times
that of DDT. This suggests that the presence of the
o-chlorine atom must also serve to decrease the affi-
nity of the o-Cl-DDT for the DDT-ase. In this con-
nexion, Lipke & Keams (1960) found that o,p'-DDT
was not a substrate for DDT-ase. As further evi-
dence for this point, the incorporation of a-deuterium
into o-Cl- or o-F-DDT increased the toxicity to
S-flies and decreased the RR values, showing that
dehydrochlorination must be occurring in both
strains. The anomalous results obtained with o-Br-
DDT and its a-deutero- analogue suggest that the
bromine atom is so large as substantially to interfere
with the essential steric orientation of the compound
at the site of action and that this disorientation is
further increased with the a-deuterium atom.
A number of related ortho-substituted diaryl-1,1,

1-trichloroethanes have been evaluated as shown in
Table 3. The results vary according to the nature
of the p,p'-substituents, presumably because of the
effects of these upon the action of DDT-ase. Thus
o-Cl-methoxychlor (compound LXIII) is of about the
same insecticidal activity as methoxychlor (compound
LXII) and is more effective against the R-sc flies but
o-methoxy-methoxychlor (compound LXIV) was
non-toxic to all strains of flies and of low activity
to mosquito larvae. The effects of an ortho-sub-
stituent in 2,2-bis-(p-methylphenyl)-1,1,1-trichloro-
ethane (compound LVI) are particularly interesting.
The o-Cl- analogue (compound LVII) and the
o-CH3- analogue (compound LVIII) are isosteres of
almost identical size and shape. Both are slightly
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TABLE 3

EFFECTS OF ORTHO-SUBSTITUENT ON EFFECTIVENESS OF DDT ANALOGUES

Rs

Ri- 03C R2

\ /
R4 Rs

Cl Cl Cl

I Musca domestica Culex fatigans Anopheles albimanus
Compound RI R2 R3 R4 RS (topical LDso Mg/?) Larvae Adults Larvae Adults
________________ _____ ___ I_____ S-NAIDM| R-Sp R-SC I(LC5o ppm) (LD5o ,glcm2)| (LCs5 ppm) (LDso lAg/cm')

XLVI (DDT) -Cl -CI -H -H -H 0.04 >100 >100 0.07 6.9 0.015 0.23

XLVII -Cl -Cl -F -H -H 0.092 >10 >10 0.041 1.5 0.011 0.68

XLVIII
(o-CI-DDT) -Cl -Cl -Cl -H -H 0.22 0.72 0.43 0.054 >16 0.019 6.2

XLIX -Cl -Cl -Br -H -H 0.51 >10 >1.0 0.055 >16 0.0195 >16

L -CI -CI -F -H -D 0.086 0.66 0.80 0.020 4.0 0.015 0.84

Li -Cl -Cl -Cl -H -D 0.19 0.44 0.40 0.023 >16 0.011 5.3

LlI -Cl -Cl -Br -H -D 0.54 >10 >10 0.118 >16 0.047 >16

Lill -F -Cl -Cl -H -H 0.39 >10 >10 0.15 >16 0.22 >16

LIV -Br -Cl -CI -H -H 0.26 0.66 2.3 0.05 >16 0.10 >16

LV -I -Cl -Cl -H -H 0.94 >10 >10 0.23 >16 >1.0 >16

LVI -CH3 -CH3 -H -H -H 0.42 >10 >10 0.081 1.17 0.17 1.0

LVII -CH3 -CH3 -CI -H -H 0.70 >10 >10 0.091 >16 > 1.0 6.3

LVIII -CH3 -CH3 -CH3 -H -H 0.82 >10 3.1 0.124 9.9 0.285 4.8

LIX -Cl -CH3 -H -H -H 0.18 >10 >10 0.037 1.78 0.057 0.71

LX -Cl -CH. -CI -H -H 0.30 >10 0.09 >16 0.132 10.0

LXI -CH3 -CI -Cl -H -H 0.35 4.2 8.2 0.082 >16 0.112 3.55

LXII (meth-
oxychlor) -CHSO -CH3O -H -H -H 0.18 >10 >10 0.067 >16 0.18 13

LXIII -CHJO -CH3O -Cl -H -H 0.16 >10 0.5 0.038 >16 0.60 >16

LXIV -CH30 -CH3O -CH30 -H -H >10 >10 >10 0.25 >16 >1.0 >16

LXV -Cl -Cl -CH3 -CH3 -H >10 2.1

LXVI -CI -CH3 -CI -CI -H >10 >10 >10

LXVII -CH3 -CH3 -CH3 -CH3 -H >10 >10

Prolan

HCNO2

CHS

LXVIII -CI I-Cl -H -H -H 0.17 0.901 0.30 0.064 5.7 0.066 7.3

LXIX -CI !-Cl -CI -H -H 0.22 >10 >10 0.052 >16 0.117 >16
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less active to the S-NAIDM flies than the parent com-
pound, yet only the o-CH3- compound showed any
activity to the R-flies and was slightly more active
against the DDT-resistant Anopheles albimanus. The
pair of isomers 2-(4-chlorophenyl)-2-(2-chloro-4-
methylphenyl)-1,1,1-trichloroethane (compound LX)
and 2-(4-methylphenyl)-2-(2,4-dichlorophenyl)-1,1,
1-trichloroethane (compound LXI) provides an
interesting contrast of the effect of the o-Cl- sub-
stituent. When this was in the same ring as p-Cl-
(compound LXI) the compound was definitely toxic
to R-sc and R-sp flies but when the o-Cl- substituent
was in the ring with the p-CH3- (compound LX) the
compound was non-toxic to the R-flies. 'Both com-
pounds LX and LXI were slightly less toxic to
S-NAIDM flies and to mosquitos than the parent
material (compound LIX). The presence of o-Cl-
or o-CH3- substituents on each ring (compounds
LXV-LXVII) almost completely eliminated toxicity
to flies and mosquitos, again suggesting steric inter-
ference with proper spatial orientation of the com-
pound at the site of action.

Prolan (compound LXVIII) is a DDT analogue
with the 2-nitropropane group in the aliphatic por-
tion which has remarkably low RR. Its o-Cl- ana-
logue (compound LXIX) is approximately as effective
as Prolan to S-flies and mosquitos but is inactive to
R-flies. Since Prolan is not appreciably affected by
DDT-ase this curious result must be the effect of
unfavourable orientation of the compound at the site
of action resulting from steric interaction between
o-Cl- and the bulky -NO2 group.
Effects of alkyl substituents
The basic molecule 2,2-bis-(p-chlorophenyl)-ethane

(compound LXX) is the simplest toxic DDT ana-
logue with an LC50 to Culex fatigans larvae of about
0.05 times that ofDDT (Table 4) although it is non-
toxic to the S-NAIDM housefly at 250 times the LD50
of DDT. The three equivalent hydrogen atoms of
this molecule can be substituted by -F, -Cl, -Br,
and -CH3 ih a variety of ways with the results shown
in Table 4. Compounds with single aliphatic -C1
or -CH3 were inactive to the housefly and surpris-
ingly were less active to Culex fatigans larvae than
the unsubstituted ethane. The difluoro- compound
(LXXIX) is only slightly more toxic than the un-
substituted compound and the trifluoro- analogue
(compound LXXIII) is somewhat less effective. The
dichloro- analogue, TDE (compound LXXIV) is
nearly as active as DDT. The dibromo- analogue
(compound LXXVII) is very toxic to mosquito larvae
but inactive to the housefly and the tribromo- ana-

logue (compound LXXII) is of moderate toxicity to
mosquito larvae and also inactive to the housefly.
These bromo- analogues are excellent substrates for
DDT-ase, -CHBr2 being dehydrochlorinated in vitro
at 14 times, and -CBr3 at 4 times the rate for DDT
(Berger & Young, 1962). Their inactivity to the
S-NAIDM flies indicates, as already suggested, that
this strain has an appreciable DDT-ase activity. The
mixed F-Br (compound LXXVIII), F-Cl (compound
LXXVI), and Cl-Br (compound LXXV) analogues
were of comparable activity and about 0.1-0.2 as
active as TDE.

These data suggest that in the aliphatic portion of
the DDT-like molecules, fluorine behaves substan-
tially like hydrogen rather than like the typical halo-
gens, chlorine and bromine. Thus, there was essen-
tially no difference in the toxicity of the analogues
- CHCH3 (compound LXX), CHCF3 (compound
LXXIII), CHCHF2 (compound LXXIX) and
. CFCHF2 (compound LXXXVI). This behaviour
is predictable on the basis of the similar Van der
Waals' radii between H(1.0) and F(1.35). However,
fluorine has a covalent radius (0.71 A) which is much
smaller than for the other halogens and the volume
of a covalently bonded fluorine atom is only about
one-third of a similar chlorine atom.

It is well known that C-F bonds (energy 107 kcal
per mole) are substantially stronger than C-H bonds
(energy 87 kcal per mole). Because of these energy
differences as well as of the pronounced differences
in electro-negativity between F and H, DDT ana-
logues with a-F groups should not be readily attacked
by DDT-ase. Although a-Cl-DDT (compound
LXXXVIII) is well known to be completely inactive,
a-F-DDT (compound LXXX) is active with a much
reduced toxicity to the S-NAIDM housefly but high
activity to Culex and Anopheles larvae. This inacti-
vity of compound LXXX must relate to adverse
steric properties since a-F-TDE (compound LXXXI)
is about 4 times more active to S-NAIDM flies than
TDE and has a RR of 4 between R-sp and S-NAIDM.
With the -CHBr2 analogue of TDE, which is such
an excellent DDT-ase substrate that it is of very low
toxicity to S-NAIDM flies, the a-F derivative (com-
pound LXXXIV) is 71 times as active to S-NAIDM
flies and has a RR of 4.4. The astonishing activity
of these compounds, especially against DDT-resistant
insects, is proof of the blocking effect of the F-C
bond on DDT-ase activity.

It appears that a-Cl-TDE (compound LXXXIX)
and a-Br-TDE (compound LXXXXIX), both of
which are moderately toxic to S-NAIDM flies, are
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TABLE 4
EFFECTS OF VARIOUS ALKYL SUBSTITUENTS ON EFFECTIVENESS OF DDT ANALOGUES

R,

CI - C CI
R2- -C-R4

R3

R, R2 R3 R4

-H -H _H -H
-H -Cl -Cl -Cl

-H -Br -Br -Br
-H -F -F -F
-H -H -Cl -Cl

-H -H -Cl -Br
-H -H -Cl -F
-H -H -Br -Br
-H -H -Br -F
-H -H -F -F
-F Cl -Cl -Cl

-F -H -Cl -Cl

-F -H -Cl -Br
-F -H -Cl -F
-F -H -Br -Br
-F -H -Br -F
-F -H -F -F
-F -H -Br -CH3
-Cl -Cl -Cl -Cl

-Cl -H -Cl -Cl

-Cl -H -Cl -Br
-Cl -H -Cl -F
-Cl -H -Br -Br
-Cl -H -Br -F
-Cl -H -F -F
-H -H -H -Cl

-H -H -H -CH3
-H -Cl -Cl -CN
-H -CH3 -CH3 -CH3
-Br -H -Cl -Cl

-Br -H -Cl -Br
-Br -H -Cl -F
-Br -H -Br -Br
-Br -H -Br -F
-Br -H -F -F
-OCH3 -H -Cl -Cl

-OCH3 -H -Cl -Br
-OCH3 -H -Cl -F
-OCH3 -H -Br -Br
-OCH3 -H -Br -F
-OCH3 -H -F -F
-OCH3 -H -Cl -CH3
-OCH3 -H -Br -CH3
-OH -Cl -Cl -Cl

-OH -H -Cl -Cl

-OOH -H -Cl -Cl

-OH -H -Br -Br
-OH -CH3 -CH3 -CH3

-OH cyclopropyl

Musca domestica
(topical LD5o ig3y)

S-NAIDM| R-sp R-SC

>10
0.04 >100 >100

>10 >10 >10
>10 >10 >10

0.395 >100 >100
1.4 >10 >10
3.1 >10 >10

>10 >10 >10
2.0 >10 >10

>10 >10 >10
2.5 >10 >10
0.082 0.31 0.14
0.056 0.24 0.10
4.4 >10 >10
0.14 0.62 0.36
1.4 4.8 3.0

>10 >10 >10
0.18 0.45 1.1

>10 >10 >10
0.37 >10 >10

>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10
>10

0.05 >10 >10
0.60 1.9
1.1 >10 >10

>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
10 >10 >10
1.2 >10 >10

>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10
>10 >10 >10

1.2 >10 >10
>10
>10

>10

Culex fatigans Anopheles albimanus

Larvae Adults Larvae Adults
(LC5o ppm) (LDso Mg/cm2) (LC5o ppm) (LD5o Mg/cm2)

1.2
0.07
0.55
2.2
0.038
0.22
0.12
0.074
0.21
0.95
0.092
0.024
0.021
0.11
0.022
0.085
0.80
0.069

>1
0.24

>1

6.8
>1
>1
>1
9.2
3.4
0.046
0.39
0.19

>1
6.4

>1
>1
>1

0.24
0.23
2.4
0.17
1.4
4.0
0.43
0.56
5.8

>1
0.60

>1

>10

>10

6.9

>16
>16
>16
>16
>16
>16
>16

2.36
2.71

>16
>16

7.2
>16

3.3
>16
>16
>16
>16
>16
>16
>16

8.1

>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16

0.015
0.50
2.2
0.01
0.17
0.15
0.049

>1
1.1
0.025
0.0059
0.0042
0.15
0.0036
0.03
0.45
0.064

>1
0.043

>1

>1
>1
>1
>1

0.010

0.062
>1
>1
>1
>1
>1
0.17
0.22
10
0.23
1

>10
0.29
0.46

>1
>1

0.51
>1

0.23

1.4
>16

6.2

r>16
>16
>16
>16

1.70
2.4

>16
>16

6.2
>16

3.5
>16

9.0
>16
>16
>16
>16
>16

0.35

>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
>16
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Compound

LXX
LXXI (DDT)
LXXII
LXXIII
LXXIV (TDE)
LXXV
LXXVI
LXXVII
LXXVIII
LXXIX
LXXX
LXXXI
LXXXII
LXXXIII
LXXXIV
LXXXV
LXXXVI
LXXXVII
LXXXVIII
LXXXIX
LXXXX
LXXXXI
LXXXXI I
LXXXXIII
LXXXXIV
LXXXXV
LXXXXVI
LXXXXVII
LXXXXVI II
LXXXXIX
C
CI
CIl
CIll
CIV
CV
CVI
CVII
CVIII
CIX
CX
CXI
CXII
CXIII
CXIV
CXV
CXVI
CXVII

CXVIII
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rapidly detoxified by DDT-ase. This is also true of
the a-CH3O-3-Br- analogue of TDE (compound
CVI) which although measurably toxic to S-NAIDM
flies, has no toxicity to R-sp and R-sc flies, but was

appreciably toxic to larval mosquitos.
More substantial changes can be made in the tri-

chloromethyl moiety of DDT without changing the
basic character on DDT-type toxicity. Moreover,
such alterations often result in compounds which
are not suitable substrates for DDT-ase and hence
are effective against DDT-resistant strains of flies
and mosquitos. This is shown in Table 4 by the
effects of the substitution of the -C(CH3)3 group for
-CC13 in DDT. This compound (LXXXXVIII)
was originally stated by Skerrett & Woodcock (1952)
to be non-toxic to Calandra granaria but is evidently
highly effective against flies and mosquitos with an

activity about 0.1 times that of DDT. This com-
pound with a RR of 3.2 is not readily attacked by
DDT-ase as has been discussed previously. The
corresponding -C(CH3)3 analogue of methoxychlor,
dianisylneopentane or DANP (compound XLIV) was
shown to be active by Brown & Rogers (1956), and
in the evaluation shown in Table 2 had an activity
of 0.2-0.3 that of methoxychlor to S-flies and to
mosquito larvae. In addition, it was also highly
effective against R-flies with RR values of 3-5.6.

Lauger et al. (1944) ascribe DDT-like activity to
compounds incorporating the cyclopropane ring.
Biro et al. (1954) on the basis of Petri-dish tests with

Musca domestica state that 1,1-bis-(p-chlorophenyl)-
cyclopropylmethane (compound CXXII) was highly
insecticidal and the corresponding 1,1-bis-(p-chloro-
phenyl)-cyclopropylmethanol (compound CXVIII)
was as insecticidal as DDT. As shown in Tables 4
and 5, neither compound was appreciably toxic by
topical application to the S-NAIDM houseflies or to
Culex larvae at dosages of 200 times greater than the
median dosage for DDT. These results suggest in
comparison with the activities of the trimethyl deri-
vative (compound LXXXXVIII) that the rigid cyclo-
propane ring prevents the methylene groups from
assuming the proper configuration to interact with
the DDT receptor.
The related compound 1,1-bis-(p-chlorophenyl)-

cyclopropane (compound CXXI) was also inactive
against houseflies but was about 0.05 as active as
DDT to Culex larvae. Its dichloro- derivative, 1,1-
bis-(p-chlorophenyl)-2,2-dichlorocyclopropane (com-
pound CXXIII), a recent product of carbene chemis-
try (Wiles, 1965) which is an obvious structural
analogue of TDE, was of the same order of toxicity
as TDE to S-flies and to mosquito larvae. It was
also effective against R-flies with RR values of
2.2-8.7, indicating that it is not a good substrate
for DDT-ase. This must be largely due to its sta-
bility since it did not dehydrochlorinate in the pre-
sence of OH- (Table 6).
The nitroparaffin analogue of DDT, Prolan (com-

pound LXVIII), is a TDE analogue in which -CH8

TABLE 5
EFFECTS OF DDT ANALOGUES WITH ALTERED ALIPHATIC GROUPS

R.~ O -R3- R2

Musca domestica Culex fatigans Anopheles albimanus
Compound R{ Rt R3 (topical LD5o ||g/a
_________ __ ____ _____ ________ S-N IDM~ R-5p

~Larvae Adult Larva)e AdultsS-NAIDM| R-spR|__ (LCso ppm) (LDso Mg/cm2) (LCs, ppm) (LDso Mg/cm2)

CXIX -Cl -CI >CHCH2CCI3 >10 >10

CXX -Cl -Cl >CHCCI = CCI2 >10 >10

CXXI -CI -Cl -cyclopropyl >10 1.0

CXXII -Cl -CI >CH2-cyclopropyl >10 >10

CXXIII -Cl -Cl -cyclopropyl-Cl2 0.24 2.1 0.53 0.042 320 0.014 70

CXXIV -Cl -CI >CHN(CH3)2 >10 >10

CXXV -CI -CI > CHSCH3 2.3 10 0.29

CXXVI -CI -Cl >CHCH= CC12 >10 >10
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TABLE 6
COMPARISON OF DEHYDROCHLORINATION RATES OF DDT ANALOGUES

WITH RESISTANCE RATIOS

H

R-- / /)-R2
CI

/ \ R6
R3 R5

R4

l-| [ kxk 0' aa RR
RiR2 R3 ~~~~R4 RsRG (Imin-' mole-' [foR____ R2__ values_

at 30.1 OC) (o eR) vle

-NOt -NO2 -Cl -Cl -Cl -H 6.9 x 1OO +1.556

-_ -l -Cl -Cl -Cl -H 1.04x 104 +0.552

-Br -Br -CI -Cl -Cl -H 8.9 X 103 +0.464 515

-Cl -Cl -Cl -Cl -Cl -H (DDT) 6.1 x103 +0.454 276

-F -F -Cl -Cl -Cl -H 1.03 x 103 +0.124 24

-SCH3 -SCH3 -Cl -CI -Cl -H 6.1 x 102 0.0

-H -H -Cl -CI -Cl -H 1.22 x10 0.0

-CH3 -CH3 -CI -CI -CI -H 36.2 -0.34 1.65

-C2Hs -C2Hs -Cl -Cl -CI -H 27.0 -0.302 4.0

-CH(CH3)2 -CH(CHa)2 -Cl -Cl -Cl -H 34.8 -0.30

-OCH3 -OCH3 -CI -Cl -Cl -H 29.5 -0.536 5.0

-OC2Hs -OC2H5 -CI -CI -CI -H 24.9 -0.54

-Cl -H -CI -Cl -Cl -H 9.90 x 102 +0.227

-CH3 -H -Cl -Cl -Cl -H 66.0 -0.170

-CI -CH3 -Cl -Cl -Cl -H 5.31 x102 +0.057

-CI -CH(CH3)2 -Cl -Cl -Cl -H 1.80 x 102 -0.322

-CI -Cl -CI -Cl -Cl -Cl (o-CI-DDT) 1.07 x 10'

-CI -CH3 -Cl -Cl -Cl -CH3 3.98 x 102

-CI -H -Cl -Cl -Cl -Cl (o,p'-DDT) 1.1Ox 102

a-deutero-DDT 8.9 x 102

-CI -Cl -Cl -Cl -H -H (TDE) 2.98x103 460

-CH3 -CH3 -CI -Cl -H -H 16.8

-C2H5 -C2H5 -Cl -Cl -H -H 16.7

-CH(CH3)2 -CH(CH3)2 -Cl -Cl -H -H 16.6

-CH3 -H -Cl -Cl -H -H 27.9

-Cl -CH3 -Cl -Cl -H -H 1.83 x 102

2,2-bis-(p-chlorophenyl)-1,1-dichlorocyclopropane no reaction

a Summations of Hammett sigma values.
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and -NO2 have replaced two chlorine atoms. As
shown in Table 3, Prolan is about as effective as TDE
against S-flies and mosquitos but is also one of the
most active compounds evaluated against the R-flies
with RR values of 1.7-5.3. Prolan is obviously not
readily attacked by DDT-ase. The compound 2,2-bis-
(p-chlorophenyl)-1,1-dichloro-1-cyanoethane (com-
pound LXXXXVII) has an extraordinary toxicity
to S-flies (equal to DDT) but is inactive against the
R strains.
The propane derivatives 3,3-bis-(p-chlorophenyl)-

1,1,1-trichloropropane (compound CXIX) and 3,3-
bis-(p-chlorophenyl)-2,1,1-trichloropropene (com-
pound CXX) showed no insecticidal activity at the
maximum dosages used in this evaluation although
Muller (1946) has described the latter as showing
strong insecticidal activity in residual tests in Petri
dishes. The compound 3,3-bis-(p-chlorophenyl)-
1,1-dichloropropene (compound CXXVII) was inef-
fective against the housefly and slightly active against
Culex larvae.

SUMMARY AND CONCLUSIONS

The intoxication process with DDT involves an
optimum orientation of aryl rings and the trichloro-
methyl group with some as yet unidentified lipo-
protein receptor, perhaps in the insect nerve axon
as postulated by Mullins (1956). DDT-like activity
is found in many analogues, as shown in Tables 1-5,
in which there are exacting requirements for stereo-
specificity. It appears that this biological activity is
influenced by the collective properties of substituents
in the 6 key positions:

R DR6

5

Activity is optimal when R1 and R2 are substituted
by small relatively non-polar groups such as -F,
-Cl, -Br, -CH3, -CH30, -C2H5 and -C2H50.

RItS

En ddpit d'une utilisation massive dans la lutte contre
les insectes et de vingt annees de recherches incessantes,
le mode exact d'action du DDT reste une enigme. Le
developpement d'une resistance a cet insecticide chez un

A larger degree of variation is allowable in groups
R3, R4, R5 and R6 which may be various combina-
tions of -H, -F, -Cl, -Br, -CH3, -CH30, -NO2 and
-CN. The steric influence of these groups on one
another is very critical and seems to represent an
optimum configuration for the fit of the entire mole-
cule at a critical biological site as expressed by
Gunther et al. (1954). This has been demonstrated
by the new fluoro- analogues of TDE where the sum
of the logarithms of the Van der Waals' attractive
forces for R1 + R2 + R4+ R5+ R6 gives a linear rela-
tionship with the logarithm of the LC50 values to
Culex quinquefasciatus larvae in agreement with data
for the chloro- and methyl-isosteres of DDT
(Gunther et al., 1954).
The detoxication process for DDT-type com-

pounds is also of critical importance to the insecti-
cidal performance in both susceptible and resistant
insects. Detoxication by DDT-ase can be blocked
effectively by four general mechanisms: (1) total
replacement of aliphatic halogens by substituents
such as -CH3 (DANP) or -CH3 and -NO2 (Prolan)
which not only must conform to the steric require-
ments for toxicity but should be electron-donating
(-a* values) so that they increase the electron density
about the benzylic or a-H attacked by the DDT-ase;
(2) steric hindrance to interaction with DDT-ase by
introduction of an ortho-group of proper size as in
o-Cl-DDT; (3) by changing the bond strength at the
benzylic hydrogen atom by introduction of a-deu-
terium or a-F; or (4) by changing the bond character
of the chloromethyl moiety as in the dichlorocyclo-
propyl derivative.
Compounds with blocked detoxication mecha-

nisms such as a-F-TDE, o-Cl-DDT, and 1,1-bis-
(p-chlorophenyl)-2,2-dichlorocyclopropane, appear
to have practical importance as substitute insecti-
cides for the control of DDT-resistant flies and mos-
quitos. However, it must be emphasized, as shown
by Kimura & Brown (1964) and Perry et al. (1967),
that resistant races of insects may have a variety of
protective mechanisms and therefore generalizations
about common biochemical factors involved in
resistance are not always applicable.

UMti

certain nombre de vecteurs de maladies continue par
ailleurs a poser un sdrieux probleme.
Dans le cadre d'un programme de recherches patronne

par l'Organisation mondiale de la Sante, le Centre
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international OMS de reference pour les insecticides k
Riverside, Calif., Etats-Unis d'Amrrique, a procede
durant 6 ans a 1'etude de la toxicite comparee de plus de
120 analogues du DDT. L'experimentation a porte sur
des souches sensibles et resistantes de Musca domestica
et sur des moustiques (Culex pipiensfatigans et Anopheles
albimanus). On constate que 1'efficacite relative des pro-
duits etudies depend de la vulnerabilite de leur mol6cule,
au niveau de l'hydrogene benzylique, a l'action de
l'enzyme de detoxication (" DDT-ase "). On peut obtenir
des composes tres actifs contre les mouches et les mous-
tiques resistants au DDT en inhibant le mecanisme de

detoxication par chloration en ortho, a-fluoration ou
modification de la fraction aliphatique de la molecule,
comme dans les derives du nitropropyle, du n6opentyle,
du dichlorocyclopropyle et du trichlorobenzanilide.
Ces composes offrent des possibilites pratiques d'utili-

sation pour la lutte contre les insectes r6sistants au DDT.
L'analyse des donnees obtenues au cours de cette exp6ri-
mentation, qui a comporte notamment 1'etablissement de
plus de 900 courbes dose-mortalite, permettra de jeter
une lumiere nouvelle sur les relations entre la structure
chimique, le mode d'action du DDT et le mecanisme de
la r6sistance a ce produit.
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