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Structure-Activity Correlations in DDT Analogs

Mohamed A. H. Fahmy, T. Roy Fukuto,* Robert L. Metcalf,! and Roy L. Holmstead?

The relationship between the structure of a series
of DDT analogs and the insecticidal activity to
houseflies and mosquito larvae was examined by
means of multiple regression analysis using the
substituent constants Eg, 7, ¢* F, and R. The

steric substituent constant E; was the single
most important parameter for the correlation of
insecticidal activity when substituents are varied
on the aromatic ring and on the «-carbon atom.

In connection with our continuing efforts to discover
new approaches for the design of selective and biode-
gradable insecticides, the synthesis and evaluation of the
insecticidal activity of a series of silicon-containing ana-
logs of DDT were carried out. The structures of some of
these compounds in which silicon occupies a key position
in the molecule are given below. The rationale behind the
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examination of silicon DDT analogs as biodegradable
insecticides resides in the greater instability of the C-Si
bond compared to the C-C bond to ionic and radical reac-
tions.

g Tt GO °'©@©°'

|
CHy CCH3 cl-c-cl CHySI=CH,
T 1 1

CHy H CHy
I 1 th v
To our disappointment, virtually all of the approxi-
mately 20 silicon analogs, including I-1V, were ineffective

against houseflies, showing little or no toxicity at 500
pg/g, alone or in combination with the synergist piperonyl
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butoxide. The inactivity of these silicon DDT analogs was
somewhat surprising, particularly since many of the com-
pounds were direct isosteres of active compounds. Fur-
ther, it appeared unlikely that these compounds were in-
effective because of poor penetrating ability into the house-
fly, since silicon-containing carbamate esters have been
shown to be as active as their carbon analogs (Metcalf and
Fukuto, 1965).

There are several possible explanations for the poor
insecticidal activity of the silicon DDT analogs. One pos-
sibility is that these compounds are too unstable in bio-
logical systems and are degraded before they reach the
target site, even though they appear to be chemically
quite stable and are distillable at elevated temperatures.

Another explanation for the ineffectiveness of the silicon
analogs may be that these compounds are inherently inac-
tive owing to poor fit at the site of action. Silicon is ap-
proximately 50% larger in size than carbon, and the Si-C
bond (1.86 A) is considerably longer than the C-C bond
(1.48 A). The effect of the increase in bond length may be
seen by comparing the average van der Waal’s radii of
2.79 and 3.3 A for the tert-butyl and trimethylsilyl
moieties, respectively (Charton, 1969). Therefore, the sub-
stitution of a silicon atom in a central position in the
DDT analog would cause an increase in the overall size of
the molecule in all tetrahedral directions and it is possible
that this increase in size prevents interaction of the mole-
cule with the DDT receptor site. Although this may be a
plausible explanation for the inactivity of silicon DDT an-
alogs, actually there is little theoretical basis for its sup-
port. For this reason, it was decided that an analysis of
the relationship between the structure of DDT analogs
and insecticidal activity was needed for purposes of corre-
lation and prediction of activity.

In spite of the fact that it has been over three decades
since the discovery of the insecticidal properties of DDT,
relatively little has been published concerning structure—
activity relationships among DDT analogs. This is in fact
attributable to the absence of a satisfactory account of the
mode of action of DDT at the molecular level. The bulk of
the published work on DDT structure-activity relations
has been based on the use of molecular models and at-
tempts have been made to correlate the size and shape of
the model with interaction at a hypothetical DDT recep-
tor site (Holan, 1969; Mullins, 1956; Rogers et al., 1953).
This kind of approach has been useful in providing quali-
tative insight to the DDT structure-activity relationship
but has failed to provide quantitative relationships.

Theory. The working model that we have adopted for
the mode of action of DDT and related compounds is es-
sentially a modification of the model proposed by Holan
(1969). The basic premise is that DDT and its analogs fit
in a receptor site of a macromolecule, possibly a protein or
lipoprotein in a nerve membrane. The receptor site may
be visualized as a cavity or a pouch with a limited
amount of flexibility and is by no means a rigid structure.
Maximum effect occurs when there is maximum interac-
tion between the DDT molecule and the receptor site,
particularly with respect to the four key substituents X,
Y, L, and Z (structure below) through van der Waal’s

|
A=
Z

forces (Gunther et al., 1954). For maximum interaction
the overall size of the DDT molecule, i.e., summation of
the size of X, Y, L, and Z, is critical and any deviation
from this size results in reduced interaction, hence re-
duced activity. The concept of maximum overall size is
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illustrated in Figure 1. M is a substituent approximately
the size of Cl, S is smaller than the M, and L is larger
than M. The point to be made is that good fit with the
receptor site is not restricted to symmetrical molecules
but also may be obtained with unsymmetrical analogs, as
long as the overall size of the molecule remains within the
flexible framework of the receptor site. This concept dif-

Iy
Veae

Figure 1. Hypothetical models showing the fit of DDT analogs
containing different size ring substituents with the DDT receptor
site.

fers from the model of Holan (1969), where the size of
each substituent is assumed to be independent of each
other and greater reliance is placed on shape symmetry.

Basically, our model informs us that, as the summation
of the size of X, Y, L, and Z increases, interaction with
the receptor increases, eventually reaching a maximum
from which point increase in substituent size results in
decreased interaction. Assuming that interaction or fit
with the hypothetical receptor site is directly related to
insect toxicity, it is possible now to correlate insecticidal
activity with free energy parameters on a quantitative
basis.

Although several different parameters may be used to
estimate the size of a substituent, e.g., van der Waal’s
radii, etc., we chose to use Taft’s steric substituent pa-
rameter E; (Taft, 1956) owing to the belief that fit at the
receptor site should be governed primarily by steric ef-
fects. Keeping in mind that receptor interaction should
approach a maximum and then decrease with increase in
the steric parameter E5, the most reasonable approxima-
tion between toxicity and E; should be parabolic in na-
ture. Therefore, the mathematical model to express toxic-
ity in terms of Fs with change in a single substituent X
may be expressed by the following equation where «, 3,

log LD;y = a + ﬂEsX + }/[Esx]z (L

and vy are constants. A generalized equation for changes in
more than one substituent would be represented by eq 2,
where «’, 8’, and v’ are a new set of constants and { de-
notes substituent X, Y, L, and Z.

log LDy, = o + B'2E, + yZ[E? (2)

METHODS

Free Energy Parameters. E; values used in this study
are different from those normally reported (Kutter and
Hansch, 1969; Taft, 1956) in that all values were convert-
ed to the same scale as those of other free energy parame-
ters, i.e., to a scale relative to H (E; for H is zero). This
was accomplished simply by subtracting the value 1.24
(Es for H relative to methyl) from all Eg values. E; for
OCHj; and SCHj3 was calculated from the estimated van
der Waal’s radii of 1.81 and 1.92, respectively, for these
groups (Charton, 1969; Pauling, 1960) using the equation
provided by Kutter and Hansch (1969). Es for ring halo-
gens also was calculated from the same equation using
values for maximum van der Waal’s radii for ¥, Cl, Br,
and I (Pauling, 1960). E; for CoHs0 was estimated by
adding to the value calculated for CH30 (—1.08) the value
of —0.09, i.e., the difference between Es of CaHsO and
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Table I. Effect of Variation in the X and Y Positions on the Insecticidal Activity of DDT Analogs

CCl LD, ng/g LCso,
—————  ppm,
Com- Housefly Housefly Culex
pound X Y EsX EY X TY RX RY FX FY (alone) (+P.B.) fatigans
1 H H 0 0 0 0 0 0 0 0 2900 575 1.1
2 F F —0.46 —0.46 0.15 0.15 —0.34 —0.34 0.71 0.71 30.5 17.0 0.074
3 Ci Cl —1.16 -—1.16 0.70 0.70 —0.16 —0.16 0.69 0.69 14 5.5 0.07
4 Br Br —1.36 —1.36 1.02 1.02 —0.18 —0.18 0.73 0.73 27 10.5 0.074
5 | | —1.72 —=1.72 1,27 1.27 —0.20 —0.20 0.67 0.67 35 14 1.4
6 CH; CH; —-1.24 -—-1.24 0.52 0.52 —0.14 —-0.14 —0.05 —0.05 100 17.5 0.081
7 CiHs CoHs —1.62 -—1.62 1.00 1.00 —0.11 —-0.11 —0.06 —0.06 70 29.0 0.18
8 OCH; OCH; —1.08 —1.08 —0.04 —0.04 —0.50 —0.50 0.41 0.41 45 3.5 0.067
9 OCyH: OC.H; —-1.17 -1.17 0.50 0.50 —0.44 —0.44 0.36 0.36 7.0 1.75 0.04
10 CH; H —1.24 0 0.52 0 —0.14 0 —0.05 0 >500 33.0 0.51
11 CI CH; —1.16 -—1.24 0.70 0.52 —0.16 —0.14 0.69 -—0.05 62.5 6.5 0.031
12 F CH; —0.46 —1.24 0.15 0.52 —0.34 —0.14 0.71 —0.05 250 25 0.059
13  Br CHs; —1.36 —1.34 1.02 0.52 —0.18 —-0.14 0.73 —0.05 32.5 1.75 0.04
14 | CHs; -1.72 —=1.24 1.27 0.52 —0.20 —0.14 0.67 —0.05 120 22,2 0.044
15 F OCH; —0.46 ~—1.08 0.15 —0.04 —0.34 —0.50 0.71 0.41 47 11.5 0.47
16 Cl OCH; —1.16 -—1.08 0.70 —0.04 —0.16 —0.50 0.69 0.41 41.5 7.0 0.058
17 CH; OCH; -1.24 —1.08 0.52 —0.04 -0.14 —0.50 —0.05 0.41 23.5 4.9 0.085
18 CH; OCyH; —1.24 —-1.17 0.52 0.50 —0.14 —0.44 —0.05 0.36 9 1.7 0.13
19 OCH; OC:Hs —-1.08 -1.17 -—0.04 0.50 —0.50 —0.44 0.41 0.36 16 3.7 0.039
20 SCH; SCH;s —-1.29 -—-1.29 0.62 0.62 —0.19 —0.19 0.33 0.33 225 17.0 0.25
21  SCH; OCH; —1.29 —-1.08 0.62 —0.04 —0.19 —0.50 0.33 0.41 32 4.0 0.11
22 SCH; OC;Hs —1.29 -1.17 0.62 0.50 —0.19 —0.44 0.33 0.36 32 2.8 0.7
23 CH; CoHs —1.24 —-1.62 0.52 1.00 —0.14 —0.11 —0.05 —0.06 11 3.0 0.08
24 OCH; CH(CHy, -—1.08 —2.32 —0.04 1.30 —0.50 —0.14 0.41 —0.10 160 61.5 0.32
25 Cl CH(CHy., -—1.16 —2.32 0.70 1.30 —0.16 —0.14 0.69 —0.10 215 93.5 0.15

CH3z0O for the alcohol moiety of carboxylic acid esters
(Taft, 1956). Es values determined by Hancock et al.
(1961) were used for alkyl substituents on the phenyl ring,
since theyv represent true steric effects, separated from hy-
perconjugation. These values also were used by Kutter
and Hansch (1969) in their analysis of monoamine oxidase
inhibitors. Except for substituents of the type CHAB, all
Es values for groups in the L and Z positions are those re-
ported by Taft (1956) after normalizing them to H. For
substituents of the CHAB type (compounds 30, 33, 34, 36,
and 37), where A and B are different moieties, the Ej
values were approximated by taking the mean Eg values
of the respective CHAA and CHBB substituents. A priori,
Es for CHAB is expected to be intermediate between E,
for CHAA and CHBB. Support for the use of the mean
value to represent Es for CHAB is found in data provided
by Taft (1956). For example, the values of E reported for
(CH3)2CH, (C2Hs)2CH, and (CH3)(C2H5)CH are —0.47,
—1.98, and —1.13, respectively. The value calculated for
(CH3)(CyHs5)CH by taking the mean of Eg for (CH3).CH
and (C2H5)2CH is —1.23. Similarly, Es reported for (neo-
pentyl)2CH is —3.18 and that for (CHjs)(neopentyl)CH is
—1.85. The value calculated for (CHj3) (neopentyl)CH by
taking the mean of Eg for (CH3)2CH and (neopentyl):CH
is —1.83. These examples demonstrate that the calculated
mean is reasonably close to the experimental value. Since
Es for several of the CHAB-type substituents was not
available in the literature (e.g., CHFCI), it was necessary
to estimate these values in the manner described.

Toxicity Data. Toxicity data against the housefly
(Musca domestica), with and without the synergist piper-
onyl butoxide, and against the mosquito larvae (Culex fa-
tigans), were obtained in the laboratories at the Universi-
ty of California, Riverside (Metcalf and Fukuto, 1968) and

at the University of Illinois (Metcalf et al., 1971). The
data were divided into two categories: the effect of varia-
tions in groups X and Y on toxicity, keeping L. and Z con-
stant (Table I) and the effect of variations in groups L
and Z on toxicity, restricting X and Y to chlorine (Table II).

Multiple regression analyses were performed by using
the IBM 360/50 computer, Computing Center, University
of California, Riverside, Calif.

Synthesis of Silicon DDT Analogs. The silicon ana-
logs (I-IV) of DDT were prepared by conventional meth-
ods using the appropriate alkyl and aryl Grignard or lithi-
um reagents with a chlorosilane (Petrov et al., 1964). Pro-
cedures are indicated below. All pmr spectra were ob-
tained with a Varian T-60 spectrometer in deuterochloro-
form using TMS as a standard unless otherwise indicated.

Bis-(p-chlorophenyl)-tert-butylsilane (I). Bis-(p-chlo-
rophenyl)chlorosilane was prepared according to Barry
(1949). This was reacted with tert-butyllithium in pen-
tane to give I: bp 132-135° (0.3 mm); n2%p 1.5737; pmr 9
H singlet at 6 1.0 for tert-butyl protons, 1 H singlet at 4.6
for SiH, 8 H multiplet at 7.2-7.6 for aromatic protons.
Anal. Caled for C16H18SiCls: C, 62.13; H, 5.83. Found: C,
62.27; H, 6.42.

Bis-(p-chlorophenyl)dichloromethylsilane (II). This
compound was prepared by reacting bis-(p-chlorophenyl)-
chlorosilane with dichloromethyllithium (Kébrich et al.,
1964) in tetrahydrofuran at —70°. The product, bp 152-
154 (0.2 mm) after several redistillations, was judged to
be about 80% II from analysis of its pmr spectrum and
based on the relative integrals of SiH and CHC]l; protons.
Pmr spectrum gave a doublet at § 5.3 (J = 1 Hz) for SiH
proton, a doublet at 5.8 (J = 1 Hz) for CHCl, proton, and
a multiplet at 7.3-7.8 for aromatic protons.

Bis-(p-chlorophenyl)trimethylsilylmethane (IIT). This
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Table I1. Effect of Variation in the L and Z Positions on the Insecticidal Activity of DDT Analogs

a | 8
Cl (‘j Cl
Z
LCs, ppm,

Com- LDz, ng/g, Culex
pound L Z EsL EsZ L rZ o*L o*Z houseflies fatigans
3 H CCls 0 -3.30 0 1.70 0 1.00 2.0 0.070

26 H CBr; 0 —3.67 0 2.32 0 1.00 >500 0.550

27 H CFs 0 —2.40 0 0 0 0.92 >500 0.250

28 H CHCI, 0 —2.78 0 1.32 0 0.70 20 0.038

29 H CHF. 0 -1.91 0 0.18 0 0.70 >500 0.950

30 H CHCIF 0 ~2.35 0 0.85 0 0.70 155 0.120

31 F CCl; -0.46 ~3.30 —0.17 1.70 1.10 1.00 125 0.092

32 F CHCl, —0.46 —2.78 —0.17 1.32 1.10 0.70 4.1 0.024

33 F CHCIBr —0.46 -2.94 —0.17 1.52 1.10 0.70 2.8 0.021

34 F CHCIF —0.46 —2.34 —0.17 0.85 1.10 0.70 220 0.110

35 F CHBr, —0.46 —3.00 —0.17 1.72 1.10 0.70 7.0 0.022

36 F CHBrF —0.46 —2.51 —-0.17 0.93 1.10 0.70 70 0.085

37 F CHBrCH; —0.46 ~2.41 —0.17 1.64 1.10 0.30 9.0 0.070

38 F CHF, —0.46 —1.91 —0.17 0.18 1.10 0.70 >500 0.810

compound was prepared by adding 1 equiv of p,p’-dichlo-
robenzhydryl chloride to a mixture of equivalent amounts
of trimethylchlorosilane and magnesium in ether at room
temperature. The product (III), after distillation, was
crystallized from ethanol, mp 69-72°. Pmr spectrum
showed a 1 H singlet at § 3.4 for benzylic proton, an 8 H
multiplet at 7.1-7.35 for aromatic protons, and a 9 H sin-
glet at O for trimethylsilyl protons (TMS was not used as
the standard and all signals are related to the internal tri-
methylsilyl absorption). Anal. Caled for C16H1sSiClo: C,
62.13; H, 5.83. Found: C, 62.86; H, 6.40.

Bis-(p-chlorophenyl)tetramethylenesilane (IV).
Dichlorotetramethylenesilane was prepared according to
West (1954). This was treated with 2 equiv of p-chloro-
phenyllithium to give IV: bp 142-146 (0.025 mm); n2%p
1.5897. Pmr spectrum showed a 4 H multiplet at 6 1.05-
1.2 for SiCH; protons, a 4 H multiplet at 1.6-1.85 for
methylene protons, and an 8 H multiplet at 7.2-7.5 for
aromatic protons. Anal. Calcd for C16H16SiCla: C, 62.54;
H, 5.21. Found: C, 62.66; H, 6.16.

RESULTS

The data presented in Tables I and II were subjected to
multiple regression analysis. In accordance with our
model, the variables ZE; and IE¢2 were forced into the
regression equation and other variables (¢f. Tables I and
II) which might contribute significantly to the regression
sums of squares at the 0.05-level of probability were en-
tered into the analysis. The data also were analyzed by a
program which allowed the stepwise addition of signifi-
cant variables, but in no case did any variable or appro-
priate combination contribute more significantly to the
regression equation than IE, + ZE2, as anticipated by
the model.

Effect of Variation in X and Y Positions. For the se-
ries of 25 symmetrical and unsymmetrical DDT analogs in
which X and Y are varied (Table I), the following equa-
tions relating toxicity (LDso) against houseflies, with and
without the synergist piperonyl butoxide, with E; were
formulated. Without synergist

log LD, = 3.24 (+£0.35) + 1.52 (£0.31) T E, +

0.65 (+£0.14) Z E? (3)
24; r = 0.736; s = 041

n
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with synergist

log LDy, = 2.69 (£0.25) + 1.85 (+£0.22)ZE  +

0.85 (+0.11)TE> (4)
25, r = 0.874; s = 0.31

n =
n is the number of compounds in the analysis, r is the cor-
relation coefficient, and s is the standard error.

Comparison of eq 3 and 4 shows that the use of pipero-
nyl butoxide significantly improves the correlation be-
tween housefly toxicity and the steric substituent constant
Es. Since piperonyl butoxide is regarded as an inhibitor of
microsomal mixed function oxidase (Metcalf et al., 1971),
the improved correlation between synergized toxicity and
Es serves to point out the importance of the effect of oxi-
dative metabolism on the insecticidal activity of DDT an-
alogs. The relationship between synergized housefly toxic-
ity and Es is presented graphically (Figure 2) by plotting
log LDsp observed against log LDso calculated according
to eq 4. Several of the compounds, notably 6, 7, 12, 14,
and 20, appear to be considerably less toxic than expected
from the equation, while a few (9, 13, and 18) are more
toxic. Since enzvmatic dehydrochlorination of DDT and
related compounds is not blocked by piperonyl butoxide,
it is possible that these compounds deviate from the cal-
culated fit because of differences in their susceptibility to
dehydrochlorination by DDT dehvdrochlorinase. However,
it should be pointed out that the deviation of these points
from the line is not as serious as may appear from casual
observation of the figure, since most of the deviations are
in the region where high toxicity is expected. For exam-
ple, the largest deviation occurs with compounds with a
calculated LDsg in the range of 4-6.5 ug/g (log LDso 0.6-
0.8), whereas the actual observed LDs5g is in the range of
2-16 ug/g (log LDse 0.3-1.2). Considering the inherent
variability usually found in toxicity data and the number
of compounds in the analysis, the fit of the points to the
regression line is quite good.

A composite of data developed in two different labora-
tories over a period of about 15 years (Metcalf and Fuku-
to, 1968: Metcalf et al., 1971) was used in the analysis of
mosquito toxicity. For the 25 compounds in Table I, step-
wise selection of variables by significance did not provide
any significant correlation between toxicity and any of the
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Figure 2. Correlation between observed synergized housefly tox-
icity and toxicity calculated according to eq 4 for variation in X
and Y positions of DDT analogs.

parameters. Forcing TE; and ZE2 in the regression anal-
ysis resulted in eq 5. However, when the analysis was re-

log LC,, = 0.99 (£0.29) ZE, + 0.46 (+0.14) ZE}?
50 s

n =25 r = 0595 s = 04 (5)

stricted to the compounds evaluated in the early study
(Metcalf and Fukuto, 1968), i.e., compounds 1-11 and the
compound where X is Cl and Y is H, a satisfactory corre-
lation was obtained (eq 6). In both eq 5 and 6 the con-

log LCy = 1.63 (£0.21) ZE, + 0.93 (£0.12) ZE}?

n = 12;r = 0.933; s = 0.21 (6)

stant for the intercept was nonsignificant and was effec-
tively zero. The relationship between observed LCs¢ and
LCso calculated according to eq 6 is shown graphically in
Figure 3.

On the other hand, analysis of the mosquito toxicity
data provided in the more recent study of DDT analogs
(Metcalf et al., 1971), i.e., compounds 12-25, gave poor
correlation between toxicity and Eg (r = 0.433). The basis
for the poor correlation, in light of the highly satisfactory
correlation obtained for the other compounds, is not
known. It is noteworthy that 1-9 are symmetrical com-
pounds while the remaining, except for 20, are unsymme-
trical DDT analogs. Whether asymmetry in the molecule
is responsible for the poor correlation is conjectural at this
time. It should be pointed out, however, that asymmetry
did not affect the correlation on houseflies.

In general, correlation of toxicity with the steric substit-
uent constant E; was reasonably satisfactory with varia-
tion in the X and Y positions when oxidative metabolism
was minimized by piperonyl butoxide. The successful use
of the sum of the steric effects in the X and Y position in
correlating insecticidal activity suggests that the DDT re-
ceptor site is quite flexible and is not as rigid as depicted
by Holan (1969). This model adequately explains why
DDT analogs which contain a substituent smaller than
chlorine in the X position and a substituent larger than
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Figure 3. Correlation between observed mosquito larvae toxicity
and toxicity calculated according to eq 6 for variation in X and
Y positions in DDT analogs.
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Figure 4. Relationship between observed synergized housefly
foxicity and Eg for substituent X for 1,1,1-trichioro-p-methyl-p’-
X-diphenylethanes.

chlorine in the Y position are toxic. Evidently, the degree
of interaction between the substituents X and Y with the
receptor site largely depends upon the sum of the steric
effects produced by both X and Y, as suggested in Figure
1. A graphic illustration of this concept is presented in
Figure 4, where synergized log LDso against houseflies is
plotted against F. for different substituents in one posi-
tion (X) and the rest of the molecule is held constant (Y
= methyl). With the exception of the point representing
the symmetrical dimethyl analog (X = Y = methyl), the
plot is strikingly similar to the well known potential ener-
gy diagram for diatomic molecules. The figure shows that
there is a region where maximum interaction occurs be-
tween the compound and the receptor site and interaction
decreases as the sum of E5 for X and Y is above or below
this region.

The failure of the resonance substituent constant R to
appear in the regression equations indicates that van der
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Figure 5. Correlation between observed mosquito larvae toxicity
and toxicity calculated according to eq 9 for variation in L and Z
positions of DDT analogs.

Waal’s interaction forces are primarily responsible for
DDT-receptor interaction (Gunther et al., 1954).

Effect of Variation in L. and Z Positions. The impor-
tance of the size of the downward group Z on the insecti-
cidal activity of DDT analogs is well known. Holan (1969)
has indicated that the downward projection of DDT and
the corresponding dichlorocyclopropane analogs are simi-
lar and of optimum size (6.0-6.3 A). Although downward
projection into a membrane cavity to account for the ef-
fect of Z on toxicity has been useful in correlating struc-
ture with insecticidal activity, this type of projection
analysis has ignored the effect of the simultaneous pres-
ence of the group in the L position. To illustrate this
point, the replacement of the benzylic hydrogen in DDT
by fluorine (31) does not effectively change the downward
projection of the trichloromethyl moiety; however, house-
fly toxicity drops by a factor of about 63. On the other
hand, replacement of the benzylic hydrogen in DDD (28)
with fluorine resulted in a compound (32) which was only
twofold less toxic than DDT. From these examples, it is
evident that the effect of substituents on the «-carbon
should be examined together and not separately.

Toxicological properties and the various parameters for
DDT analogs where L and Z are varied are given in Table
II. Analysis of the data provided eq 7 for unsynergized
housefly toxicity.

log LDy, = 14.14 (£4.0) + 9.36 (£3.0) E, +

112 (£047)ZE? + 4.31 (£1.37)20* (T)
n =29, r = 0856;s = 031
For mosquito larvae, eq 8 and 9 were obtained.
log LCsp = 5.29 (£1.06) + 4.90 (£0.92) ZE, +
0.76 (+0.16)ZE2 + 1.76 (+0.43) Zg* (8)
n = 14; r = 0.889; s = 0.29

log LCy, = 7.27 (£0.72) + 6.03 (£0.57) Z&, +

0.76 (£0.09) ZESZ + 227 (£0.26) Zc* +
0.37 (£0.08) T (9)
n =14;r = 0970; s = 0.16
The relationship represented by eq 9 is presented graphi-
cally in Figure 5.
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While significant correlation was not obtained when
each of the parameters was used alone, the combination of
Es and o* was highly significant and indicated that steric
and polar effects contributed to the interaction of L and Z
with the receptor site in both houseflies and mosquito lar-
vae. Against mosquito larvae, significant improvement in
correlation was obtained by the introduction of a 72 term
(eq 9). Although the coefficient for this term (0.37) is
small, it does point out the importance of the lipophilic
character of L and Z on toxicity to mosquito larvae.

For groups on the a-carbon atom, eq 7-9 predict that
higher log LDjg or log LCs¢ (lower toxicity) will be ob-
tained for substituents with approximately equal Eg
values but larger ¢* values. This is quite surprising since
virtually all of the more toxic DDT analogs contain polar
groups in the Z (or L) position; i.e., groups with reason-
ably large positive ¢* constants. However, of the com-
pounds examined, ¢* for the Z substituent resides in a
rather narrow range compared to the corresponding FEs
values and, therefore, any conclusions concerning the ef-
fect of o* on toxicity must be tempered with caution. It is
possible that there is also a value of ¢* where maximum
toxicity effects would be observed, similar to that for Ej.
Unfortunately, however, data were not available for DDT
analogs with a diverse range of ¢* values for the Z substit-
uent, particularly those with negative values.

The general absence of w, except for 72 in eq 9, in the
different regression equations deserves comment. For the
various substituents X, Y, L, and Z examined in this
analysis, the values of Es were more or less in parallel to
the corresponding = values. By forcing = and =2 into the
regression analysis, equations were obtained which gave
good fit to the data, but this fit was not as satisfactory as
that obtained with Es and E42. For example, for the 12
compounds represented by Figure 4, Zr and Z=2 pro-
duced an equation with correlation coefficient r of 0.738,
while ZEs and ZE¢2 gave an r value of 0.933. This indi-
cates that the effect of 7 is related to Es but the latter is a
more useful parameter for correlation studies with DDT
analogs.

DISCUSSION

Overall, the steric substituent constant Eg appears to be
the single most important parameter for the correlation of
housefly and mosquito larvae toxicity when substituents
are varied in the X, Y, L, and Z positions in DDT ana-
logs. The successful use of £FEs and ZE¢? in correlating
insecticidal activity with structure strongly indicates that
there is a reasonable amount of flexibility in the DDT re-
ceptor site. The receptor site may be visualized as a flexi-
ble cavity which can accommodate DDT analogs of vary-
ing dimensions as long as the overall size of the molecule
does not deviate substantially from that of DDT. Com-
pounds possessing the same geometry as that of DDT but
which fall outside the range of maximum interaction be-
cause of their overall size, i.e., smaller or larger, therefore
are not expected to be toxic. The organosilicon analogs
(1-4) of DDT probably fall into this category.

It was not possible to examine the effect of simulta-
neous variation in all four positions (X, Y, L, and Z) on
insecticidal activity, owing to an insufficient number of
compounds for analysis. However, there is evidence to in-
dicate that the effect of ring substituents is not indepen-
dent of that of substituents on the «-carbon atom. For ex-
ample, the toxicity of Perthane [1,1-dichloro-2,2-bis-(p-
ethylphenyl)ethane] to houseflies synergized with pipero-
nyl butoxide is approximately twice that of synergized
DDT. In comparison, the toxicity of synergized 1,1,1-tri-
chloro-2,2-bis-(p-ethylphenyl)ethane, the p-ethyl analog of
DDT, is only one-sixth that of synergized DDT. This
suggests that when group X or Y or both are altered,
insecticidal activity may be maintained by appropriate



alteration of L. or Z. The E; values for the chloro and
ethyl moieties are —~1.16 and —1.62, respectively. Chang-
ing the ring substituent from chloro to ethyl, therefore,
can be compensated for by substituting dichloromethyl
(Es = —2.78) for trichloromethyl (Es = —3.30) in the «
position.

From the preceding discussion, it is obvious that a large
number of new DDT analogs still remain to be synthe-
sized and examined for insecticidal activity. The model
that we have developed in predicting the insecticidal ac-
tivity of DDT analogs is by no means infallible but it pro-
vides a more systematic approach to the design of new
compounds. The synthesis of new DDT analogs with pre-
dictable activity from our analysis is currently in progress.
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The p-Value Approach to Quantitative Liquid-Liquid Extraction of Pesticides and
Herbicides from Water. 3. Liquid-Liquid Extraction of Phenoxy Acid Herbicides from

Water

Irwin H. Suffet

The goal of aqueous herbicide analysis is the re-
covery of 100% of an herbicide for qualitative and
quantitative analysis. Liquid-liquid extraction is
the method of choice for quantitative recovery
from water. The p-value concept is useful in de-
veloping an understanding of the liquid-liquid
extraction process in order to select optimum ex-
perimental conditions to approach 100% herbi-
cide recovery. The best solvents for extraction of
phenoxy acid herbicides are ethyl acetate and
ether. The best solvents for simultaneous extrac-
tion of 2,4-D or 2,4,5-T and their n-butyl and iso-
propyl esters are ether and ethyl acetate (2,4-D
and esters) and benzene (2,4,5-T and esters).
Possible variation of the p-value caused by alter:
ation of natural water characteristics was tested.
The apparent p-values for 2,4-D obtained with

waters from different sources and the p-value
found in distilled water were found to be consis-
tent. Adsorption characteristics of herbicide es-
ters were changed upon adjustment of turbid
water to the aqueous characteristics of the p-
value method. Therefore the aqueous sample
should be filtered before adjustment of aqueous
conditions for liquid-liquid extraction. The p-
value gives a theoretical guide (an F, value) for
development of an aqueous residue procedure.
Recovery data from the literature and a recovery
study at high concentration confirmed the cal-
culated F, value. A two-step serial extraction
with 200 and 50 ml of ethyl acetate under p-value
conditions is the choice for extracting 99% of
2,4-D from 1 1. of aqueous solution.

The first step of aqueous residue analysis consists of lig-
uid-liquid extraction (LLE). It is critical to know the effi-
ciency of the LLE step if the data are to be valid as “ac-
tual” aqueous concentration data for interpreting ecologi-
cal problems such as persistence and transport of herbi-
cides in aquatic environments (Faust and Suffet, 1966,
1969, 1972; Suffet and Faust, 1972a). In fact, at low herbi-
cide levels (ng/l.), the efficiency of the LLE step can set
the lower limit of detectability of the analytical method.
Similar emphasis on the initial extraction step of residues

Department of Chemistry, Environmental Studies Insti-
tute, Drexel University, Philadelphia, Pennsylvania 19104.

from plant and soil material has been stated by Wheeler
and Frear (1966) and Chiba and Morley (1968), respec-
tively.

At the pH of natural waters (pH 5 to 9), chlorinated
phenoxy acid herbicides can exist as ionized salts, amine
salts, or esters. Since phenoxy acid herbicides are primar-
ily applied as ester derivatives, it appears important to
know the concentration of both ester and anion of the free
acid to assess herbicide fate. Therefore analytical proce-
dures should individually determine both the free acid
herbicide and its ester forms.

A “standard method” of aqueous herbicidal analysis has
not been developed which meets the criterion of analytical
acceptability of less than 50% total error (McFarren et al.,

J. Agr. Food Chem., Vol. 21, No. 4, 1973 591



