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Special techniques for estimating the dosage-response curves of some allylic and acety-
lenic halides using larvae of the citrus nematode, Tylenchulus semipenetrans Cobb, have
been developed. The toxicities of these halides, as measured by the concentrations
required to produce 50% inhibition of mobility, were found to be related to their reac-
tivities in the Sy2 reaction with potassium iodide in acetone.
for these halides is suggested.

ORGANIC HALIDES are currently being
used extensively as soil fumigants
for the control of plant parasitic nema-
todes and other pathogenic soil organ-
isms (22). The two most common types
are the saturated aliphatic halides such
as methyl bromide, ethylene dibromide,
and 1,2-dibromo-3-chloropropane, and
the 2,3-unsaturated alkyl halides such as
1,3-dichloropropene.

Although some of these have been
utilized as nematocides for almost 15
years, very little is known concerning
their mode of action. It has been sug-
gested that these compounds act as
narcotics and that physical properties
such as vapor pressure, water solubility,
and ability to dissolve wax are most
important (5, 27). However, toxicolog-
ical data were recently obtained which
suggested that reactivity was involved
(29). 1In a series of halides RX, where
R was constant, the order of toxicity
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was RI>RBr>RCl.  ¢s-1,3-Dichloro-
propene was more toxic than frans-1,3-
dichloropropene and 2,3-unsaturated
alkyl halides were more toxic than the
corresponding saturated derivatives. In
each case, nematocidal activity parallels
the rate of reactivity of the halide in
bimolecular nucleophilic displacement—
Sy2—reactions. The present investi-
gation was undertaken to study this re-
lationship in more detail.

This report summarizes the techniques
that were developed for the estimation of
dosage-mortality curves using citrus
nematode larvae and compounds which
are toxicants at concentrations less
than their solubilities in water. Results
are also indicated for a number of allylic
and acetylenic halides, and the relation-
ship between the toxicities of these
halides and their reactivities in the
Sy2 reaction with potassium iodide in
acetone.

AGRICULTURAL AND FOOD CHEMISTRY

A possible mode of action

Apparatus

ViaLs. 25-ml. capacity with plastic
snap-on caps (Merck, Sharpe and
Dohme, Nos. 3352 and 6301). Drill a
27/32 inch diameter hole in half the
caps.

Firter CroTas. 11/s inches in diam-
eter. Drill from plastic cloth (Style
PM-2711-C Polymax), 176 X 73 fila-
ments per inch and a nominal diameter
of 0.006 inch.

ViaL Horpers. Cut 3/ X 3 X 311/,
inch hardwood lumber lengthwise, drill
twelve 1!/4inch diameter holes on
21/¢-inch centers 4!/15 inches from each
end, and line each hole with !/is-inch
felt. Combine the two halves and
through the 3%/4inch side, drill three
1/4+inch diameter holes, in the center
and 1!/, inches from each end. Secure
the two halves with 3/ ¢-inch stove bolts
and wing nuts.

Petri dish holder and counting grid
(Figure 1). Drill a 2!/s-inch diameter
hole in the center and four !/s-inch diam-
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in subsequent tests with the halides.

Allylicand Acetylenic Halides. Eight
halides were tested in eight separate ex-
periments. The results, using propargyl
chloride, propargyl bromide, and cis-1,3-
dichloropropene are presented in Figure
8.

Although the variation between repli-
cates was fairly large, as illustrated with
propargyl chloride in Figure 9, it is
much less than that previously noted
with D-D in a 48-hour exposure at 20° C.
using a mixed population of RAabditis sp.
and Panagrellus sp. in moist sand (33).
The greater variability in the latter case
may be due to the use of a mixed popu-
lation or to the relatively low numbers
of larvae. Both the LD (31.2 p.p.m.)
and slope (5.18 =+ 1.29) calculated,
using the method of Finney (74) and
assuming a total number of 200 larvae,
are somewhat different from those found
in the present investigation. The EDj

¥ 4
o Figure 9. Dosage-response
curve for propargyl chloride

for ¢is- and trans-1,3-dichloropropene are
3.62 and 8.58 p.p.m., respectively (Table
I). The slopes in the eight experiments
ranged from 0.97 & 0.13 t0 1.35 = 0.22.

The toxicities of the halides to citrus
nematode larvae are summarized in
Table I and were based on a weighted
mean for the standard, cis-1,3-dichloro-
propene (75). The other halides were
spaced at distances from it based on
their M values. When possible, weighted
means were also used to obtain improved
estimates of these log relative toxicities.

The relative reaction rates of the
halides with potassium iodide in an-
hydrous acetone, and in 509, ethyl
alcohol-509; dioxane, and water are
also shown in Table I. The toxicities
of the halides are related to their reac-
tivities in the §,2 reaction with iodide
ion-—as the reactivity increases, the
toxicity also increases. The most toxic
compound is propargyl bromide, and the
least toxic is allyl chloride. Their reac-
tivities differ by about 900 and their tox-
icities by 300. This relationship is pre-
sented graphically in Figure 10, which
shows a plot of the log of the relative
toxicities, M, against the log of the
relative rate constants for the reaction
of the halides with iodide ion in acetone.

This relationship between toxicity
and reactivity suggests that the mode
of action of these halides is, perhaps,
a displacement reaction with some
required nucleophilic center in the
nematode, such as a sulfhydryl or
amino group present in one or more of
the essential enzyme systems or in
some protein or peptide of biological
importance:

}:R+:X

E
N
4+ R:X—->Tor Z}
Y| (1)
M
E

———

Il
|

J

Z=m0w
S

M2 <N

Z=mHo R

The pronounced toxicity of other com-
pounds such as a-haloketones, a-halo-
esters, isothiocyanates, and 1,2-epoxides
adds additional support to this mode of
action, because they are also reactive
in Sy2 reactions.

Two compounds that do not fit the
curvilinear relationship are allyl bro-
mide and 2,3-dichloro-1-propene. Based
on their reactivities, the former is much

YOL

7, NO.

Probit of Inhibition

PR R B

a1

T
42 40 38 36 34 32 30
—Log Molar Concentration

less toxic than expected, while the latter
is somewhat more toxic. This would in-
dicate that either the mode of action on
nucleophilic centers in the nematode
is inadequately represented by the iodide
ion displacement reaction, or that other
factors besides §y2 reactivity, such as the
rate of solvolysis of the halide in water
and the toxicity of the alcohol resulting
from solvelysis, are also involved.

The allylic and acetylenic halides
tested differ markedly in their relative
reactivities toward water (Table I).
Some, like allyl bromide, solvolyze rapidly,
while others, such as propargyl bromide,
are relatively inert. Therefore, the
larvae will be subjected either to a
rapidly decreasing or to a relatively
steady-state concentration of halide.
Allyl bromide has a specific rate constant
in water at 25° C. of 1.66 X 1075 sec.™!
(70). This corresponds to a half life
of only 11.6 hours.  As the exposure time
was 96 hours, 99.79, of the halide had
disappeared at the conclusion of the test
because of reaction with water alone.
Propargyl bromide, on the other hand,

has a very low rate of solvolysis: 1.59
X 1077 sec.™t (70). After 96 hours,
94,79, of the halide is still left. Pro-

pargyl chloride has an even lower rate of
solvolysis, as bromides react much faster
than chlorides in both unimolecular and
bimolecular reactions (32). This is
illustrated in Table I by its low rate of
solvolysis in 509 ethyl alcohol. The
remaining allylic halides solvolyze at
rates intermediate between those of allyl
bromide and propargyl chloride. If
their relative solvolysis rates in 509
ethyl alcohol and in 509 dioxane
(Table I) can be used as an index of their
rates in water, the most reactive would
be 3-chloro-2-methyl-1-propene. About
57% of this compound is still left after
96 hours at 25° C. Allyl chloride solvo-
lyzes less rapidly and about 689 is still
left at the end of this exposure time.

The other factor which will influence
the nematocidal activity of a 2,3-un-
saturated alkyl halide is the toxicity of
the alcohol resulting from the solvolysis.
Allylic and acetylenic alcohols were
previously shown to be very effective
nematocides, with some of them possess-
ing toxicities in the same range as the
halides (29). Allyl and propargyl al-
cohols, ¢is- and trans-3-chloropropen-
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Table I.

Relative Reaction Rates and Relative Toxicities of Some Allylic

and Acetylenic Halides for Larvae of the Cifrus Nematode

EDso,

Compound Molar Concn.
CH,=CHCH,Cl 1.52 X 1073
CH,=C(C1)CH,Cl 2.59 X 1074
CH,=C(CH;)CH,Cl 2.84 X 10+
CH=CCH.(Cl 2.05 X 107¢
trans-CICH=CHCH,C] 7.73 X 10
¢is-CICH=CHCH,C] 3,27 X 1078
CH~=CHCH,Br 7.49 X 1075
CH=CCH;Br 4.53 X 106

@ Vernon (38). b Pourrat et al. (37).

50%
Ethyl 50%,

Kl-Acetone, Alcohol,  Dioxane, Water,
20° C. 44.6° C.¢ 30°C.? 25°C.
1.00¢¢ 1.00 1.00 1.00¢
0.72¢ 0.83
1.58¢ 1.52 1.33 1.467
1.784 0.049 C
2.9¢ 0.98 L
8.58¢ 0.98 0.71

5064 s 21 15.0¢

9094 . RN 0.143¢

¢ Hatch e al. (20). ¢ Fierens et al. (72); extrap-

olated from 25° C. using Arrhenius energy of activation and frequency factor, ¢ Fierens

etal. (77).
kSO%CzHBOH/kHEO =573 (7)

/ Extrapolated from 45° C. (8) assuming E* equal to that of allyl chloride and
¢ Fierens et al. (70).
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Figure 10. Relation between log molar
dosage valys, relative to cis-1,3-di-
chloropropene for larvae of citrus
nematode and log bimolecular rate
constant for reaction RX + I- — Rl 4
X~ relative to allyl chloride

1. CHy=CHCH,CI

2. CHo=C{CH3)CH,Cl

3. CH;=C(Cl}CH.C!

4, CH=CCH.Cl

5. trans-CICH=CHCH,CI

6. cis-CICH=CHCH,CI

7. CHy=CHCH,Br

8. CH=CCH.Br
Lines indicate standard errors

2-0l-1, the solvolysis products of cis-
and ¢rans-1,3-dichloropropene, all gave 95
to 1009 control of the citrus nematode
insoil testsat 25 p.p.m. The exceptional
nematocidal activity of these alcohols is
vet to be explained.

The toxicity of a 2,3-unsaturated
alkyl halide is probably due to an inte-
grated effect: its reactivity in Sy2
reactions (potassium iodide in acetone
being used as an index), its rate of solvol-
ysis, and the toxicity of the resulting
alcohol. The relative importance of
these three factors will determine the
toxic dose.

Application of Structure-Toxicity
Relationship to Other Halides. This
relationship can be used for predicting
the toxicites of substituted allylic and
acetylenic halides, because the effect of
substituents, in these systems, on their
reactivities in Sy1 and Sy2 reactions is
well established (9, 32). 3,3-Dimethyl-
allyl chloride reacts 28 times faster than
allyl chloride with iodide ion in acetone
(79) but would probably be a poor nem-
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. CHy=CHCH,C!

CH,=CICH;)CH:CI

CH;3;CHyCHoCH,Br

CH.=C(CI)CH:Cl

CICH=CHCH.C!

CICH,COOCH:CH,

CICH.CN

CH;=CHCH.Br

PN B LN~

atocide. This compound has a half life
of approximately 3.2 sec. in 509 ethyl
alcohol at 44.6° C. (39). If used in
moist soil, most of it would have disap-
peared before coming in contact with
the nematodes.

Substituted allylic halides with elec-
tron-withdrawing substituents such as
halogen in the y-position, would be ex-
pected to be active nematocides. They
are very reactive in Sy2 reactions and
possess relatively low rates of solvolysis
(38). 3,3-Dichloro-2-methylallyl chlo-
ride reacts more than 33 times faster
than allyl chloride with potassium iodide
in acetone (20), and. reactive allylic
chlorides when tested in a cuprous chlo-
ride-catalyzed hydrolysis (77). The
bromo analog of this compound, 3,3-
dibromo-2-methylallyl bromide, was only
recently patented for use as a nematocide
and fungicide (26).

Although the acetylenic halides are
usually only slightly more reactive in Sy2
reactions than the corresponding allylic
halides (3, 72, 73, 76, 18, 23, 30, 39),

AGRICULTURAL AND FOOD CHEMISTRY

Table [l. Relative Displacement
Rates and Toxicities of Some
Halides for Larvae of Oriental Fruit

Fly
1D, KI-
Molar Acefone,
Compound Concn.® 20° C.
CH,=CHCH,-

Cl 9.15 X 10—+ 1.00%
CH,—=C(Cl)-

CH.CI 1.04 X 10— 0.78b
CH ==C(CHj;)

CH.Cl 3.20 X 10~ 1,580
CH;CH,CH,-

CH;Br 3.43 X 104 2.57e
CICH=CH-

CH.Cl 5.41 X 105 5.74b4
CICH,COOCH,

CH; 1.14 X 10-5 23 ,6¢
CICH,CN 1.72 X 10— 41,4/
CH;==CHCH»-

Br 1.49 X 10—5 506

s Balock et al. (7).

® From Table I.

¢ Extrapolated from 25° C., using E* =
16.55 kcal./mole (35) and # for allyl chlo-
ride from (72).

4 Average of cis and trans isomers.

¢ McBee et al. (28).

7 Conant et al. (6). QCalculated from
extrapolated value of allyl chloride to
20° C.,, using 4 = 4000 in the equation
Iogw(kl/kz) = A(I/Tz - 1/T1)

their greater toxicity, as found in these
experiments, is best explained by their
exceptional stability in water. Allyl
bromide reacts with water 104 times
faster than propargyl bromide at 25° C.
Even the corresponding saturated halide,
n-propyl bromide, reacts almost twice
as fast as propargyl bromide (70).
Two acetylenic halides, propargyl bro-
mide and 3 - chloro - 1 - iodo - 1-
propyne, were recently patented as
nematocides (2, 24).

Application of Structure-Toxicity
Relationship to Other Organisms. If
the mode of action of 2,3-unsaturated
alkyl halides, with citrus nematode
larvae, involves a displacement reaction
with essential nucleophilic centers, Equa-
tion 1, then the toxicities of these com-
pounds to other organisms which are
dependent upon intact nucleophilic cen-
ters should also be related to their reac-
tivities, although the amount and types
of these centers may vary in the dif-
ferent organisms. The toxicities—LD;o
and LDg—of a number of allylic and
other type halides have been reported
using both the eggs and larvae of the
oriental fruit fly, Dacus dorsalis Hendel
(7). A summary of the LDy of some
of the halides tested and their relative
reactivities in the iodide ion displace-
ment reaction are shown in Table II
As the reactivity increases there is a
corresponding increase in toxicity (Figure
11). The coordinates are the same as
those in Figure 10, except that the
relative toxicities are based on both
¢is- and trans-1,3-dichloropropene, in-
stead of only on the cis isomer. Not



only are the toxicites of the allylic hal-
ides related to their reactivities, but also
those of the saturated halide, n-butyl
bromide, and the two a-substituted
halides, chloroacetonitrile and? ethyl
chloroacetate.

A similar plet can be obtained with
the eggs of this insect, which suggests
that the mode of action of these halides
is the same with the two different stages
in the life cvcle of the oriental fruit fly
and also with the two different organ-
isms.
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Methods and Materials in
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start of feeding, 3 weeks after feeding,
and at the end of the feeding period
(Table I).

Breeds of Cattle and
Experimental Design in 1950 Tests

Five Holstein and five Brown Swiss cows
were chosen from the regular dairy herd
and one cow of each breed was assigned
to each insecticide and the untreated
check. The cows were then assigned in
a completely randomized order to the
stalls they were to occupy during the
experiment. Each stall was so built that
no cow could steal feed from her neigh-
bor. This arrangement made it possible
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