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Structure-Activity Relationships
for Insecticidal Carbamates*

ROBERT L. METCALF 1

Carbamate insecticides are biologically active because of their structural complemen-
tarity to the active site of acetylcholinesterase (AChE) and their consequent action as
substrates with very low turnover numbers. Carbamates behave as synthetic neurohor-
mones that produce their toxic action by interrupting the normal action ofAChE so that
acetylcholine accumulates at synaptic junctions. The necessary properties for a suitable
insecticidal carbamate are lipid solubility, suitable structural complementarity to AChE,
and sufficient stability to multifunction-oxidase detoxification. The relationships between
the structure and the activity of a large number of synthetic carbamates are analysed in
detail, with particular attention to the second of these properties.

Carbamate insecticides have their roots in the
witchcraft of West Africa, where the Calabar bean,
Physostigma venenosum (BaIlf.), was used as an
ordeal poison. Extracts of the bean containing the
alkaloid physostigmine or eserine were found to be
miotic as early as 1862 and Robertson (1863)
suggested the use of the drug in ophthalmology.
The pioneering researches of Stedman & Barger
(1925) led to the elucidation of the structure of
physostigmine as the methylcarbamate of a substi-
tuted indole derivative. Physostigmine appears to be
the only natural product with the N-methylcarba-
moyl group and Stedman (1926) prepared a number
of synthetic analogues with strong cholinergic
activity, of which m-trimethylammoniumphenyl
methylcarbamate was outstanding and had obvious
usefulness in medicine for the treatment of glaucoma
and myasthenia gravis. However, this compound
was unstable in aqueous solution, which interfered
with its medicinal use, and the corresponding
dimethylcarbamate (neostigmine) was prepared by
Aeschlimann & Reinert (1931) and found to be not
only an effective miotic but much more stable. It has
had substantial medical use. Thousands of related
carbamates have been investigated for pharmacolo-
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gical properties (for a review, see Stemple & Aeschli-
mann, 1956).

Gysin (1954) announced the results of a compre-
hensive study of the insecticidal properties of di-
methylcarbamates of a series of alcohols such as 5,5-
dimethyldihydroresorcinol (Dimetan t) and 1-iso-
propyl-3-methylpyrazole (Isolan t), and these, toge-
ther with Dimetilan,t have undergone considerable
evaluation and have been used to some extent as
commercial insecticides (see Annex Table 1). All of
the compounds discussed in this important work
were N,N-disubstituted carbamates. The lack of
critical quantitative data on toxicity for insects and
on anticholinesterase activity precludes a detailed
discussion of the relationships between structure and
activity of these compounds. However, all of them
are potent anticholinesterase agents, and Roan
& Maeda (1954) have determined the I50 values for
AChE from three species of fruit fly (Dacus dorsalis,
Dacus cucurbitae, and Ceratitis capitata) for a
number of them. The values obtained were very
constant among the three species and ranged from
5-6 x 10-7 M for Dimetant to 7-10 x 10-8 M for
Isolan.t The most active inhibitor was 1-phenyl-3-
methylpyrazolyl dimethylcarbamate (I50 = 2-8 x
10-8 M).
Our laboratory began investigations of carbamate

insecticides in order to determine why physostigmine
and other charged compounds, such as the dimethyl-

t Names against which this symbol appears are identified
in the Glossary on pages 445-446.
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Fig. 1
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carbamic acid ester of 3-hydroxy-2-pyridylmethyl
dimethylamine, which inhibited fly AChE at 10-8 M,
were totally inactive as contact insecticides (Metcalf
& March, 1950). We decided to modify the struc-
tures of simple phenyl methylcarbamates to increase
their lipid solubility and found (Kolbezen et al., 1954)
that phenyl methylcarbamate was insecticidal and
that substitution in the ortho or the meta position
with an alkyl group or a halogen increased both
anticholinesterase and insecticidal activity. Maxi-
mum activity was found with m-tert-butylphenyl
methylcarbamate, which is the uncharged isostere
of Stedman's original m-trimethylammoniumphenyl
methylcarbamate (Fig. 1). This work focused atten-
tion on the importance of structural complementarity
to the active surface of AChE for producing highly
active enzyme inhibitors and on the necessity for
uncharged lipid-partitioning molecules to penetrate
to the site of action in the insect nerve. The impor-
tance of molecular complementarity has been further
emphasized by investigation of the three isomeric
trimethylsilylphenyl methylcarbamates (Metcalf &
Fukuto, 1965a). The m-isomer ('50 = 7 x 10-7 M),
whose structural resemblance to the m-tert-butyl-
phenyl methylcarbamate is obvious, was almost as
effective as an insecticide and anticholinesterase
agent as the latter, and was much more active than
the o-isomer (I50 = 1.3 x 10-5 M) or the p-isomer
(I50 = 1.55 x 10-5 M).
During the past 20 years thousands of carbamates

have been investigated as insecticides and a sub-
stantial number have emerged as commercial
products. Annex Table 1 includes nearly all of the
compounds that have been used commercially or
have undergone wide-scale investigation. The
quantitative data on their insecticidal behaviour have
been obtained in our laboratory under the WHO
Programme for Evaluating and Testing New Insec-

ticides. Most of the mammalian toxicity data were
obtained during the course of this Programme.' It is
evident that the different carbamate insecticides vary
considerably in their toxicity to insects and to the
rat or mouse. The mammalian selectivity ratios, or
LD50 rat/LD50 housefly, range from > 100 for
butacarb to about 0.2 for aldicarb. An interesting
comparison can be made between the low toxicity
of carbaryl to the rat and the 100-fold higher toxicity
of carbofuran; both of these compounds have
approximately the same selectivity ratio of about 1.0.

Since 1950 our laboratory has synthesized and
evaluated quantitatively the anticholinesterase and
insecticidal activity of more than 600 carbamates.
These compounds can be thought of not only as
candidate insecticides but also as highly precise
" tools " for exploring the microenvironment of the
active site of the AChE molecule. The information
obtained forms the basis of this paper, emphasis
being given to information obtained since the
summary of Metcalf & Fukuto (1965b).

INHIBITION OF CHOLINESTERASE BY CARBAMATES

Carbamate insecticides are synthetic analogues of
the neurohormone acetylcholine (ACh), the synaptic
mediator of nerve impulses in the central nervous
system of insects and in the parasympathetic nervous
system of vertebrates. As such they are attracted
in 1: 1 ratio to the active site of the enzyme acetyl-
cholinesterase (AChE), where they act as substrates
for the enzymes that have very low turnover num-
bers. Thus, Goldstein & Hamlesch (1952) showed
that the rates of hydrolysis of neostigmine and
physostigmine were only about 5.5 x 10-7 and 1.2 x
10-7, respectively, that of ACh. At the active site of

' World Health Organization (1968) Evaluation of
insecticides for vector control, part I, Geneva (mimeographed
document WHO/VBC/68.66).
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AChE carbamate insecticides mimic the normal Using t = 10 min for the time of reaction of the
hydrolysis of ACh (Eq. 1). carbamate with AChE, we find reasonable agreement

ki k2 k3
E+ I El El' --E+ P; Ka = k ,/k, (1)

Ki

However, the carbamylated enzyme El' is perhaps
a million-fold more stable than the acetylated enzyme
transitorily produced during the hydrolysis of ACh,
and step 3 becomes rate-limiting. The resulting
inhibition of AChE produces an accumulation of
ACh at the synaptic junctions (Booth & Metcalf,
1970) resulting in the typical cholinergic responses to
intoxication-synaptic facilitation and eventually
synaptic block. These are manifested at the organ-
ismic level by the sequence of symptoms of irri-
tability, tremors, inco-ordination, convulsions, para-
lysis, and death.

This brief resume of carbamate intoxication
suggests that the active carbamate molecules should
have some structural resemblance to ACh both in
stereochemistry and in reactivity, and should be
complementary in structure to the surface features
of AChE, so as to facilitate formation of the El
complex and subsequent carbamylation of the
serine hydroxyl at the active site. Careful attention
to these features has been rewarding in the discovery
of active molecules. The very important feature of
selective action against insects and safety to higher
animals is not so well understood. Insecticidal selec-
tivity depends upon three general processes: (a)
selective absorption through the lipophilic insect
cuticle, (b) selective detoxification by the multi-
function oxidases of the vertebrate liver, and (c)
selective inhibition of insect AChE as the result of
better structural complementarity to insect than to
vertebrate enzymes. This paper surveys our present
understanding of the design of carbamate insecticides
and of their detailed mode of action.
The measure of anticholinesterase activity em-

ployed in this discussion is the I,0 value as determined
on housefly-head AChE by the Warburg manometric
method at 37.5°C. The I50 value represents the molar
concentration of carbamate inhibitor necessary to
reduce the rate of hydrolysis of acetylcholine to 50%
of the normal value. As pointed out by O'Brien
(1960), 150 values can be converted to K1 values (see
Eq. 1) by the relationship:

Ki = 0.695/I10t (2)

between Ki values calculated from '50 and those
measured directly (see the accompanying table).

Comparison of calculated and measured Ki values

Kj (litre-mol-I min-) for:

Methylcarbamate bovine AChE b
fly AChEa

value reference c

phenyl 3.4 x 102 5.4 x 102 1

2.9 x102 2

m-isopropylphenyl 2 x 105 4.56 x 105 2

5.4 x 105 3

3,5-diisopropylphenyl 2 x 106 4.07 x 105 1

1-naphthyl 7.7 x 104 1.25 x 105 1

2.18 x 104 2

2.06 x 104 4

m-trimethylammonium-
phenyl 3.8 x 106 2.8 x 107 3

9 x 106 5

m-tert-butylphenyl 1.7 x 105 3.51 x 105 2

o-isopropoxyphenyl 1 x 105 1.06 x 105 1

4.9 x 104 3

physostigmine 1.9 x 106 3.25 x 106 4

2.03 x 106 4

a Calculated from 150 values.
b Direct measurements taken from the literature.
c References: 1, O'Brien et al. (1966); 2, Hastings et al. (1970);

3, Reiner & Aldridge (1967); 4, Winteringham & Fowler (1966);
5, Wilson et al. (1961).

The Ki values for fly-head AChE calculated from
I50 data are in substantial agreement with the limited
data in the literature for bovine AChE and appear
to be at least as reliable as values for the same
compound reported by different laboratories.
For individual determinations of 150, the repro-

ducibility is satisfactory. Repeat determinations in
our laboratory of the 150 for m-isopropylphenyl
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methylcarbamate gave 3.4 (± 0.28) x 10-7 M. The
comparability of the results obtained by different
laboratories is also surprisingly good, as shown in
Annex Table 2. This is particularly reassuring in
view of the widely divergent Ka and Ki values
(Eq. 1) obtained by such investigators as O'Brien et
al. (1966) and Hastings et al. (1970). It may be
concluded that quantitative judgements of structure-
activity relationships can be made by means of the
easily determined and reproducible I50 values.

Several investigators have used the kinetic scheme
(Eq. 1) to calculate values for Ka and ki for various
carbamates. Because of experimental difficulties,
determinations in the presence or absence of sub-
strate, etc., there is a considerable range of values.
For example, with carbaryl and bovine erythrocyte
AChE, k2 was given as 1.33 min-' (O'Brien et al.,
1966), 0.16 and 12.2 min-1 (O'Brien, 1968), and
20 min-' (Hastings et al., 1970). Hellenbrand (1967)
gives a k2 value of 0.80 min-' for carbaryl and
fly-head AChE.

O'Brien et al. (1966) calculated k2 values for a
series of substituted-phenyl methylcarbamates with
bovine erythrocyte AChE and found a very narrow
range of variation, from 1.05 min-' (o-iPr) to 3.00
min-' (m-CF3) at 38°C. It was concluded that
" virtually all the differences in anticholinesterase
activity among the 13 carbamates studied were due
to differences in complexing ability "-i.e., affinity.
Hastings et al. (1970), using the same AChE at 250C,
measured k2 values for the substituted-phenyl methyl-
carbamates ranging from 0.45 min-1 (m-NO2) to
80.7 min-1 (m-iPr). It was concluded that " inhibi-
tory power was as much dependent on variations
in carbamylation rates as it was on initial binding ".
Winteringham & Fowler (1966) ignored the affinity

step and calculated the k2 for carbaryl and bovine
erythrocyte AChE as 2.06 x 104 litre-mol-1 min-1.
Reiner & Aldridge (1967) measured Ki values for
several carbamates with bovine erythrocyte AChE
and concluded that there was no indication of a
reversible complex between carbamate and enzyme.

Dimethylcarbamates are less effective as inhibitors
of AChE than are methylcarbamates. O'Brien et al.
(1966) calculated k2 values for a series of substituted-
phenyl dimethylcarbamates with bovine erythrocyte
AChE ranging from 0.13 min-1 (p-CH3O) to 2.03 min-'
(p-F) at 38°C, while Hastings et al. (1970) found
values for the same enzyme at 25°C ranging from
0.14 min-' (p-NO2) to 7.25 min-' (o-NO2). Where
comparisons could be made of the k2 values for
methylcarbamates and dimethylcarbamates with

identical leaving groups, they showed ratios of 2-10
(O'Brien et al., 1966) and 3-30 (Hastings et al., 1970).

Active site of AChE
The generally accepted view of the active site of

AChE is that of Wilson (1960), indicating an
esteratic site where acetylation occurs during the
hydrolysis of ACh. This has been shown to contain
a serine -OH incorporated in the peptide sequence
glycyl-aspartyl-seryl-glycine, and is the atom of the
enzyme that forms a covalent bond with the electro-
philic carbon atom of the carbamate. Situated at a
distance of about 0.5 nm from the esteratic site is the
negatively charged anionic site, which is probably
the COO- of aspartic or glutamic acid (Wilson &
Quan, 1958; Foldes et al., 1958).

Additional investigations of AChE have blurred
the details of the structure of the enzyme. Not only
is there impressive evidence that AChE enzymes from
different species react somewhat differently to various
inhibitors, but also there appear to be supplementary
binding sites to which various substituents of the
inhibitory molecule may be bound. O'Brien (1969)
used the N-(2-chloroethyl)-N-methyl-2-phenylaziri-
dinium ion as an alkylating agent to define three
sites-the a or anionic site; the f site, which may
be an adjacent or hydrophobic patch; and the y site,
less precisely defined. Hellenbrand & Krupka (1970)
compared the reactions of purified fly-head AChE
and bovine erythrocyte AChE with acetylcholine and
phenylacetate and found differences that led them to
believe that the fly-head enzyme differs in having a
second anionic site, making it possible to bind two
substrate molecules simultaneously. Much addi-
tional work is necessary to improve our under-
standing of the active site of AChE and of its
variations in different species.

Model of the inhibitory process
Krupka (1964) and Krupka & Laidler (1961) have

proposed a mechanism for the hydrolysis of ACh
by AChE that accounts logically for the function
of the various groups believed to be involved at the
active site. This model has been applied to the
inhibition of AChE by carbamates by Fukuto et al.
(1967), who proposed the mechanism shown in Fig. 2.
Carbamylation of the serine hydroxyl results from
the attack of the proton from the acidic group on
the electrophilic carbonyl carbon. The carbamylated
serine hydroxyl is blocked from analogous reaction
with the normal substrate ACh and regeneration of
the decarbamylated enzyme is relatively slow because
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Fig. 2
Mechanism of the carbamylation of the active site of AChE. B is the basic group (imidazole N),
HA the acidic group (probably of aspartic or glutamic acid), HO the serine hydroxyl group,

and S the anionic site.*
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* After Fukuto et al. (1967), with slight modification. Reproduced by permission.

of the stability of the aliphatic methylcarbamate to
hydrolysis by water (ethyl methylcarbamate has a

KOH of 3.4 x 10-4 litre-mol'1 min-l-Dittert &
Higouchi, 1963).

Effects offormal positive charge
The pioneering research of Stedman (1926) with

synthetic moieties demonstrated that of the isomeric
trimethylammoniumphenyl methylcarbamates the
mneta-compound had maximum cholinergic activity
(see Annex Table 3) and was much more toxic to
mammals. The exceptional cholinergic activity of
this compound stimulated the investigation of qua-
ternary substituted aryl esters of monomethyl-
carbamates as pharmaceuticals (Aeschlimann &
Reinert, 1931; Stevens & Beutel, 1941) and as toxic
agents (Elder et al., 1945; Haworth et al., 1947).
Compounds for which comparative data are available

are listed in Annex Table 3.1 Itis apparent'that
quatemization of the meta- or para-dimethylamino
groups increases the affinity for both insect and
mammalian AChE by a factor of about 50-100, and
such compounds substituted in the meta-position
with isopropyl groups are among the most toxic
compounds known for vertebrates. However, these
and other quaternary compounds, although highly
active as inhibitors of insect AChE, are totally
ineffective as toxicants against insects (Metcalf
& March, 1950; Kolbezen et al., 1954; Metcalf &
Fukuto, 1967). On the other hand, many of the
tertiary amino compounds are highly insecticidal
although they have decreased anticholinesterase
activity. It seems clear that the meta- or para-
substituted quaternary group is strongly attracted to
the negatively charged anionic site of AChE. The
maximum anticholinesterase activity obtainable

47



R. L. METCALF

with the quaternary ammonium carbamates occurs
at 150 values of 6 x 10-i M to 2 x 10-8 M, or in the
same range as m-trimethylammoniumphenyl methyl-
carbamate (150 = 1.8 x 10-8 M). This suggests that
in all these compounds the positively charged tri-
methylammonium group, which acts through cou-
lombic attraction over a longer range than do Van
der Waals' forces, is preferentially attracted to the
negatively charged anionic site of AChE. This
orients the carbamate so that other groups are less
important in interaction with the enzyme surface.
Thus, the addition of m-isopropyl to m-trimethylam-
monium increased affinity only 2.5 times, while the
addition of m-trimethylammonium to m-isopropyl-
phenyl (150 = 3.4 x 10-7M) increased affinity 68 times.
Conversely, the better the complementarity of the
uncharged carbamate to AChE, the less the enhance-
ment of affinity by quaternization. Thus, the addi-
tion of the p-trimethylammonium group to the
3-isopropyl-6-methylphenyl methylcarbamate (I50 =
2.0 x 10-6 M) increased affinity 21 times, while the
addition of the same group to 2-isopropyl-5-methyl-
phenyl methylcarbamate ('50 = 1.4 x 10-6 M)
increased affinity 130 times.
The more than 100-fold increase in the activity of

p-trimethylammoniumphenyl methylcarbamate re-
sulting from addition of the m-isopropyl group
suggests that the optimally placed alkyl group (see
Annex Table 3) provides maximum interaction with
the hydrophobic area surrounding the anionic site.
The overall influence of the quaternary ammonium
group is completely to abolish insecticidal activity.
This, together with the extreme toxicity of some of
these quaternary compounds for mammals, gives
them selective action against the latter-exactly the
converse of what is desired! The inactivity of the
quaternary compounds against insects extends to
the cellular level, and m-trimethylammoniumphenyl
methylcarbamate applied directly to the cockroach
ganglion has only slight activity. Thus, quaterniza-
tion of carbamates has the same effect as in acetyl-
choline in preventing the compound from penetrating
through the lipid barriers of the insect nerve sheath
(Roeder, 1948; Winton et al., 1958).

Sulfonium and phosphonium groups in the proper
orientation on the phenyl methylcarbamate moiety
also enhance affinity to AChE, as shown in Annex
Table 3. The S atom behaves like N, with a charged
atom decreasing activity in the ortho-position,
strongly increasing it in the meta-position, and
increasing it somewhat in the para-position. The
effects of quaternization, however, are not as dra-

matic with S as with N. The meta-phosphonium
group also provides a strong increase in affinity.
None of the charged compounds showed insecticidal
activity.

ACTIVITY OF ALKYLPHENYL CARBAMATES

In 1949 our laboratory became interested in
producing insecticidal carbamates from the simple
quaternary ammonium carbamate anticholinester-
ases, which we found to be highly active against
insect AChE (150 circa 10-8 M) but completely devoid
of toxicity for insects (Metcalf & March, 1950). It
seemed reasonable that the inactivity of compounds
such as m-trimethylammoniumphenyl methylcarba-
mate resulted from their failure to penetrate to the
site of action, and we sought to modify this water-
soluble compound to a lipid-partitioning analogue
with similar stereochemistry and chemical properties.
The isostere m-tert-butylphenyl methylcarbamate
was a logical choice and proved to be both an active
anticholinesterase and an insecticide (Kolbezen et
al., 1954). At the same time, it was demonstrated
that the phenyl methylcarbamate moiety was
activated most strongly when substituted with tert-
butyl in the meta-position and that methyl and iso-
propyl substitution also produced active insecticides
(Annex Table 4).
From the results of this and subsequent study

(Metcalf et al., 1962b), the data of Annex Table 4
were developed. These show, for simple alkyl substi-
tution, that the anticholinesterase activity is corre-
lated with ring position (meta > ortho > para) and
that activity increases progressively with the addition
of methyl groups: CH3 < C2H5 < i-C3H7 = tert-
C4H, < sec-C4H9. Toxicity for insects closely paral-
lels this order. These data are in agreement with
those that are available on the isomeric quaternary
ammonium phenyl methylcarbamates (Annex Table
3) and indicate the necessity for spatial complemen-
tarity to acetylcholine. Wilson (1952) has shown that
progressive methylation of aminoethanol to choline
increases binding strength to AChE, 4-fold for the
first CH3 group and 14-fold for the second; however,
there is no increase upon addition of a third group,
which-because of the tetrahedral nature of the
quatemary nitrogen atom-projects away from the
enzyme surface. An almost identical effect was
shown with the carbamates, where the increase was
3-fold for the first CH3 and 13-fold for the second,
with no further increase for the third (Metcalf
& Fukuto, 1962b). It seems likely that Van der
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Waals' forces are responsible for the increasing
affinity of interaction with the lipophilic area (hydro-
phobic patch) around the anionic site of AChE. The
increased activity of the m-sec-butylphenyl methyl-
carbamate over the isopropyl and tert-butylphenyl
analogues must result from the additional methylene
group of the sec-butyl chain, which lies in the direc-
tion of the enzyme surface and not away from it as
with tert-butyl.

This increased attractivity is also demonstrable in
the quaternary ammonium phenyl methylcarba-
mates, where the m-dimethyl-ethyl ammonium
isostere of m-sec-butylphenyl was twice as toxic
to mice as the m-trimethylammonium isostere of
rn-tert-butylphenyl (Elder et al., 1945).
Kohn et al. (1965) have examined the anticholin-

esterase activity of longer-branched-chain m-alkyl-
phenyl methylcarbamates and found, as shown in
Fig. 3, that activity reaches a maximum in the m-sec-
alkyl series at 1-methylbutyl [-CH(CH3)-CH2CH2-
CH3] and decreases with longer chains. In the
m-tert-alkyl series activity was maximum at tert-
hexyl [C(CH3)2CH2CH2CH3]. Calculation of the
change in free energy of binding per -CH2- gives an
average of about 475 cal/mol, which is well within
the range associated with enzyme-substrate inter-
actions through Van der Waals' dispersion forces
and hydrophobic bonding. The regular decrease in
interaction shown at chain lengths of C4-C5 can be
interpreted as resulting from hydrophobic interac-
tions with a lipophilic pool of limited dimensions
(Mahfouz et al., 1969).

In general, m-isopropylphenyl or m-sec-butyl-
phenyl methylcarbamates have been most active
insecticidally, although the m-(1-methylbutyl) or
sec-amyl compound (BUX t) has been used as a
soil insecticide. However, the o-isopropylphenyl and
o-sec-butylphenyl methylcarbamates have also been
used commercially as insecticides and provide a
higher margin of safety to mammals (Annex Table 4).
Meltzer & Welle (1969) found o-isopropylphenyl
methylcarbamate to be more toxic to Aphis fabae
than the m-isomer, although the two compounds
were almost equally toxic to Leptinotarsa decem-
lineata. These discrepancies may reflect structural
differences in specific insect acetylcholinesterases.

Incorporation of cyclopentyl and cyclohexyl sub-
stituents into the phenyl methylcarbamate nucleus
(Annex Table 4) resulted in less activity than was
shown by the most active alkyl substituents. These
ring structures are clearly less specific in their
interaction with the surface of AChE than are the

Fig. 3
Relationship of 150 for AChE to number of carbon atoms
in side chains of substituted-phenyl methylcarbamates.
Solid circles: m-sec-alkylphenyl methylcarbamates
with fly AChE; half-solid circles: m-sec-alkylphenyl
methylcarbamates with bovine AChE; squares:
p-alkylthiophenyl methylcarbamates with fly AChE.*
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alkyl groups, and it appears that carbamates sub-
stituted with cyclopentyl or cyclohexyl in the o-posi-
tion are slightly more active than those substituted
in the m-position. The o-cyclopentenylphenyl me-
thylcarbamate is substantially insecticidal but has
very low toxicity for mammals (Annex Table 1).
Some effects of dialkyl substitution of phenyl

methylcarbamates are shown in Annex Table 5.
Incorporation of two alkyl groups in the proper
position leads to substantial enhancement of anti-
cholinesterase activity. The greatest activity is
shown by di-meta- (3,5-) substituted compounds,
which, in comparison with m-substituted com-
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pounds, showed increases in affinity of 2.4-fold for
di-CH3, 10-fold for di-iso-C3H7, and 5.1-fold for
di-tert-C4H9. For other positions of substitution, at
least one meta-substituent is required for high
activity-e.g., 2,3- or 2,5-dialkyl and 2,6-dialkyl
substitution almost completely abolishes interaction
with AChE, probably through steric interference
with the carbamylation step. In the phenyl methyl-
carbamates, the aryl ring is freely rotatable about the
ester oxygen, and it has been suggested (Metcalf
& Fukuto, 1967) that the presence of two optimally
placed alkyl groups-i.e., 3,5-dialkyl substitution-
should enable the carbamate to interact with the
lipophilic pool around the anionic site of AChE with
equal probability on either edge of the aromatic
ring. However, from Annex Table 5 it is clear that
the disubstituted carbamates are substantially better
inhibitors of AChE than can be accounted for by a
doubled probability of interaction. The enhance-
ment of activity is small with substituents of low
affinity but increases materially with substituents of
high affinity such as isopropyl and tert-butyl. It has
been suggested that this results from an " umbrella "
effect so that the aryl ring becomes complementarily
substituted on all sides because of the overlap of
methyl groups. The interaction of these disubsti-
tuted carbamates with AChE is obviously complex
and further investigation is needed.

Several commercial insecticides have come from
the dialkyl series, including 3,4-dimethylphenyl me-
thylcarbamate (Meobal t), 3-methyl-5-isopropyl-
phenyl methylcarbamate (promecarb) and 3,5-di-
tert-butylphenyl methylcarbamate (butacarb), whose
properties are listed in Annex Table 1. Butacarb has
the lowest mammalian toxicity of all the carbamates
and has been applied to sheep for the control of
the sheep blowfly (Fraser et al., 1967).

Effects of asymmetry

The critical influence of the size and shape of the
phenyl substituent (Annex Tables 3 and 4) suggested
that an asymmetric centre in the alkyl side chain
might yield additional information about the nature
of the interaction with AChE. White & Stedman
(1937) found that the toxicity of (-)-miotine,
m-[(-)-dimethylaminoethyl] phenyl methylcarba-
mate, for laboratory animals was 2-10 times that of
the (+)-isomer and that the former was a better
anticholinesterase. Fukuto et al. (1964) investigated
the D- and L-o-sec-butylphenyl methylcarbamates
and the corresponding thioethers, (+)- and (-)-o-
sec-butylthiophenyl methylcarbamates (Annex Ta-

ble 6). The L-sec-butylphenyl methylcarbamate was
substantially more active as an anticholinesterase and
was more toxic to flies and mosquitos than was the
D-isomer. However, when a sulfur atom was
interposed (as a thioether) between the phenyl ring
and the optically active side chain, the differences
between the (+) and (-) side chains were much
smaller (Annex Table 6), although the (-)-isomer
was consistently more active.

These results emphasize the critical nature of the
spatial interaction between the active site of AChE
and the phenyl methylcarbamate substituent. The
pronounced differences in the activity of the D- and
L-o-sec-butylphenyl methylcarbamates can be ex-
plained only in terms of the classical theory of three-
point attachment between enzyme and inhibitor and
support the idea that at the active site there is a two-
point interaction with a third point, at the esteratic
site about 0.5 nm away (Metcalf et al., 1962b).

Stereospecificity in the inhibition of AChE appears
to be associated with an asymmetric centre adjacent
to the phenyl nucleus, since both miotine and the
o-sec-butylphenyl methylcarbamate have asymmetric
carbon atoms directly bonded to the benzene ring.
These differences in side chain geometry can affect
interaction with AChE only through the anionic
site, as there is no difference in the lipophilic nature
or in the intrinsic carbamylating ability of the D- and
L-isomers. Therefore, the notably higher activity
of the L-isomer must result from a more favourable
effect on Ka (Eq. 1). The greatly decreased effects of
stereospecificity between (+)- and (-)-sec-butyl-
thiophenyl methylcarbamates suggests either that
free rotation of the asymmetric carbon about the
sulfur atom between the ring and the side chain
permits a fluctuation in the critical distances of the
lipophilic interactants that nullifies the effects of
asymmetry or that the polarizability effects of the
sulfur atom, and consequent interaction with the
negatively charged COO group of the anionic site,
are of overriding influence in affecting Ka (see below).

ACTIVITY OF ALKOXYPHENYL CARBAMATES

The alkoxyphenyl methylcarbamates were the first
group of substituted phenyl carbamates to be syste-
matically investigated (Metcalf et al., 1960; Fukuto
et al., 1962). It is clear from the data in Annex
Table 7 that the interaction of these compounds with
AChE is governed by the same rules of complemen-
tarity that apply to the alkylphenyl methylcarba-
mates-i.e., anticholinesterase activity and toxicity

so
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for insects increase progressively with the size and
branching of the phenyl substituent, reaching a
maximum at the isopropyl and sec-butyl groups,
which are essentially isosteric with the trimethylam-
monium portion of acetylcholine. In the alkoxy-
phenyl series, however, in order to preserve the
critical distance between the electrophilic C=O
carbon and the centre of the anionic interactant,
allowance must be made for the offsetting of the
phenyl substituent by the distance of the C-0 bond
length (0.142 nm, compared with 0.139 nm for the
C-C bond). Thus, maximum activity is found in the
o-isopropoxyphenyl and o-sec-butoxyphenyl methyl-
carbamates (Annex Table 7), compared with the
m-isopropylphenyl and m-sec-butylphenyl methyl-
carbamates (Annex Table 4). When the log 150 is
plotted against the approximate distance from C= 0
to the centre of the isopropyl group for the two
series of compounds, as measured on Fisher-
Taylor-Herschfelder molecular models (Metcalf
et al., 1962b), activity is maximum at about 0.53 nm,
as shown in Fig. 4. A plot of toxicity for houseflies
or mosquitos gives the same pattern. These data are
in complete agreement with the suggestion of
Foldes et al. (1958) and Wilson & Quan (1958) that
maximum anticholinesterase activity of neostigmine
derivatives occurs when the C = 0 to N+ distance
is 0.47-0.53 nm. The most active compound studied
was (o-hydroxybenzyl)trimethylammonium dime-
thylcarbamate, which has the same spatial relation-
ship to neostigmine as o-isopropoxyphenyl methyl-
carbamate has to m-isopropylphenyl methylcarb-
amate.
The methoxy group (radius 0.338 nm) is com-

parable with the methyl group (radius 0.2 nm) and
it is not surprising that the activity of the di- and
tri-methoxyphenyl methylcarbamates is roughly
equivalent to that of the corresponding methyl com-
pounds (compare Annex Tables 5 and 7). In general,
the alkoxyphenyl carbamates are more specifically
detoxified by MFO enzymes, the LD50 and LC50
values cover a substantially larger range, and the SR
values are higher after synergism with piperonyl
butoxide.

Several of the alkyl- and alkoxy-substituted o-iso-
propoxyphenyl methylcarbamates (Annex Table 7)
were of very high activity: 2-iso-C3H70, 5-iso-
C3H7 (I50 4.3 x 10-7, LD50 48.5); 2-iso-C3H70, 5-CH3
(150 2.8 x 10-7, LD50 40.0); and 2-iso-C3H70,
5-CH30 (I50 5.6 x 10-7, LD50 6.5). The latter was
the most toxic compound to the housefly of the
entire series and its low SR value suggests that

Fig. 4
Relationship between 150 for housefly AChE of
substituted-phenyl methylcarbamates and approximate
distance (nm) from carbonyl oxygen to centre of
isopropyl group. (1) o-isopropyl, (2) o-isopropoxy,
(3) 2,3-dihydro-2,2-dimethyl-7-benzofuranyl (carbo-
furan), (4) m-isopropyl, (5) m-isopropoxy, (6) p-iso-

propyl, (7) p-isopropoxy *

4.0h

0
- 5.C

0
-a

6.0H

7.4hi
A.0 .50 .60

C-O to i-Pr (nm)

* Based on data in Metcalf et al. (1962).

detoxification is blocked as compared with its
isomer 3-iso-C3H70, 6-CH30 (h50 = 1.5 x 10-5,
LD50 = 150 ,tg/g), whose structure is clearly less
complementary to that of AChE.

ACTIVITY OF HALOPHENYL CARBAMATES

The concept that structural complementarity to
the active site of AChE is important for high activity
of phenyl carbamate insecticides can be tested
effectively by consideration of the activities of the
simple monohalo-substituted phenyl methylcarba-
mates listed in Annex Table 8. The halogen atoms
provide a series of simple atomic substitutents with
relatively constant inductive and electromeric pro-
perties whose Van der Waals' radii increase pro-
gressively: F = 0.135 nm, Cl = 0.180 nm, Br =

0.195 nm, and I = 0.215 nm. The substantial

I.
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changes in affinity for AChE shown by the different
halogen isomers (Annex Table 8) must represent
almost entirely the degree of complementarity to the
active site of AChE. The p-isomers show little, if
any, significant difference from the unsubstituted
phenyl methylcarbamate and we picture the p-sub-
stituent as directed away from the enzyme surface
and falling outside the confines of the lipophilic
area around the anionic site. However, with m- and
o-isomers, affinity increases substantially with
increasing size of the substituent (F <Cl <Br <I), as
shown in Fig. 5. The o-isomers are clearly better
placed for interaction than are the m-isomers.
Insecticidal activity against the housefly parallels
the I,0 to a remarkable degree. However, the
electron-withdrawing properties of the halo-substi-
tuents produce a substantial degree of hydrolytic
instability (the rate of hydrolysis of m-Cl is about 103
times that of m-tert-C4H9), so that the halogen-
substituted phenyl methylcarbamates are ineffective
against Culex larvae.

Fig. 5
Relationship between 150 for housefly AChE of
o-, m-, and p-halophenyl methylcarbamates and

Van der Waals' radii of halogen atoms *
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The chloro-substituted phenyl methylcarbamates
provide an interesting comparison with the isosteric
methyl-substituted carbamates (Van der Waals'
radii Cl = 0.185 nm, CH3 = 0.20 nm). Their struc-
ture-activity relationships have been investigated by
Metcalf et al. (1963). The substitution of Cl for CH3
generally decreased anticholinesterase activity as
well as insecticidal activity by a factor of approxi-
mately 0.2. In the disubstituted phenyl methylcar-
bamates the 3,5-isomers were most active and the
2,6-isomers least active for both di-Cl and di-CH3
substituents, other isomers having intermediate
activity.

Addition of a single o-Cl to m-isopropylphenyl
methylcarbamate (I50 = 3.4 x 10-7) increased the
anticholinesterase activity more than 4-fold (I,o =
7.8 x 10-8) and more than doubled toxicity for the
housefly. Bromine had the same effect, but o-F was
much less active (Metcalf & Fukuto, 1967). These
authors suggested that the more bulky o-Cl or o-Br
substituent may restrict free rotation of the carba-
moyl moiety, thus forcing the carbonyl carbon into
greater complementarity with the esteratic site of
AChE.
The only halogen-substituted carbamate to have

been developed as a commercial insecticide is
o-chlorophenyl methylcarbamate, which has been
marketed in both Japan and the USA.

EFFECTS OF A SULFUR ATOM

o° pa ra The alkylthiophenyl methylcarbamates are inte-
resting insecticides, as substitution of the phenyl

° nucleus with a thioether moiety markedly enhances
both the affinity of the carbamate for housefly
AChE and its toxicity for insects (Metcalf et al.,

* ° 1965; Mahfouz et al., 1969). Some of the results are
Ometa shown in Annex Table 9, which (with Annex Table 7)

* presents comparisons of the activity of pairs of
methylcarbamates containing 0- or S-ether side

* chains. A summary of Annex Table 9 reveals the
general enhancement of affinity for AChE that

ortho results from incorporation of the thioether group in
place of the isoelectronic oxygen ether. For ali-
phatic thioethers this difference ranges from about
10-fold to about 200-fold for o-C4H9S.
This study has been extended to longer-chain o-,

e IX I inm-, and p-alkylthiophenyl methylcarbamates by
H F Cl Br I Mahfouz et al. (1969). Activity was maximum with

0 .1 5 .20 .25 o-isomers, remaining almost constant from C4HqS
RADIUS (nm) to CgHlgS (with 15 values of 2-4 x 10-7 M) and then

decreasing at C10H215. The rn-isomers were less
r Metcalf et al. (1 962b), with slight modification. Repro- eecteand t Ctivity The p-isomers was ly
permission. effective and the activity of the p-isomers was only
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about 0.01 times that of the m-isomers. Terminal
branching of the aliphatic chains had very little
effect. However, with the p-isomers the chain
length was dominant and activity reached a maxi-
mum at C5 and then decreased to C1o (Fig. 3). The
change in free energy with each -CH2- group was
calculated at 370 cal per mole, suggesting hydro-
phobic bonding with a lipophilic pool of limited
dimensions (Mahfouz et al., 1969).
The thiolane-substituted phenyl methylcarba-

mates, in which one or two S-atoms are incorporated
in a cyclic 5- or 6-membered ring, have been investi-
gated extensively by Durden & Weiden (1969) and
by Nikles (1969). The data summarized in Annex
Table 9 again show that the S-compounds have, in
general, 5-10 times the anticholinesterase activity of
the corresponding 0-compounds. This is true for
the three types of ChE investigated-namely, fly,
bovine-erythrocyte, and human-plasma. Compari-
son of the heterocyclic S- or 0-containing rings with
their cyclopentyl and cyclohexyl carbon analogues
shows that there is little difference between the
carbon heterocyclic rings and their 0-analogues,
but that the S-rings show a unique increase in
activity. There is little difference in activity between
5- and 6-membered S-containing rings substituted
in the same position in the phenyl methylcarbamate.
However, all substitutions in the o-position were
substantially more active than those in the m-posi-
tion. This was also true of the simple mercaptals
and acetals. Examples of the effect on '50 values for
fly-head AChE are: o-dithiolane 2 x 10-8 M, m-dithio-
lane 7 x 10-7 M, p-dithiolane 5 x 10-6 M.
The results of these investigations with mercaptals

and acetals support the conclusion, drawn from the
study of aliphatic thioether and other carbamates,
that incorporation of a sulfur atom leads to an
approximately 10-fold increase in anticholinesterase
activity. It appears that the structural requirements
for good interaction with the region of the anionic
site are substantially less rigid with mercaptals than
with acetals. The effects of the S atom appear to be
an enhancement of the formation of the reversible
complex-i.e., a decrease in Ka (Eq. 1). This is
supported by the finding of Durden & Weiden (1969)
that 2-(2-hydroxyphenyl)-1,3-dithiolane, with an I50
for fly ChE of 5 x 10-5 M, was the most inhibitory
phenol as compared with dimethylethyl-(3-hydroxy-
phenyl)ammonium chloride, 15o = 7.5 x 10-4 M;
(3-hydroxyphenyl)trimethylammonium iodide, 150 =
4.3 x 10-4 M; and 2-cyclohexylphenol, I50 = 1 x
10-3 M.

The most reasonable explanation of the enhance-
ment of anticholinesterase activity associated with
S-containing phenyl substituents is that it results
from the polarizability of the S atom, whose attrac-
tion to the negatively charged anionic site is in-
creased by its assuming a partial positive charge. The
dominant attraction of the optimally placed (o-posi-
tion) S atom explains the essentially constant ISO
values for the o-CH3S to o-CgHlS series and the
lack of effect of terminal branching of the aliphatic
chain. For the S compounds the secondary inter-
actions of the methylene groups and hydrophobic
bonding, which produce interactions with alkoxy
and alkyl compounds, are of minor importance.
The relative effects of polarizability of the S atom

in the thioether phenyl methylcarbamates have been
demonstrated with substituted benzylthiophenyl
methylcarbamates (Mahfouz et al., 1969). In these
compounds the polarization of the S atom can be
quantified by Hammett's sigma values for the p-sub-
stituents of the benzyl groups, as shown in Fig. 6.
The electron-withdrawing p-NO2 group, by its
induction of a partial positive charge on the S atom
(+I M effect), conveyed 20-fold greater activity
(I50 = 2.0 x 10-7 M) than did the electron-donating
p-CH30 group (I50 = 4.4 x 10-6 M), and similar
results were obtained with o- and m-isomers.

Despite their enhanced anticholinesterase activity,
the insecticidal effects of the thioether phenyl
methylcarbamates are not proportionately greater
than those of the corresponding oxygen ethers
(Annex Table 9). The sulfur compounds are more
active with short alkyl chains, but the o-isopropylthio
and o-isopropoxyphenyl (propoxur) compounds are
almost equivalent in activity. Although the longer-
chain alkylthiophenyl carbamates have equally
good anticholinesterase activity, the insecticidal
activity decreases rapidly at C,H13S (Mahfouz et al.,
1969). In the cyclic thioacetal substituents the
o-dithiolane phenyl methylcarbamate was of gene-
rally higher insecticidal activity than the correspond-
ing dioxalane (Annex Table 9) and was more toxic to
the rat. Nuclear substitution of the phenyl ring in
these substituted thiolanes and oxalanes, with CH3,
CH30, Cl, or N02 groups in various positions,
generally decreased insecticidal activity (Durden
& Weiden, 1969; Nikles, 1969).

Nikles (1969) concluded that the most generally
useful insecticide in this series is the 2-(1,3-dioxo-
lan-2-yl) phenyl methylcarbamate, rather than the
corresponding dithiolane. It seems probable that
ready in vivo oxidation of the S atom to sulfoxide
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Fig. 6
Relationship between 15o for fly-head AChE and Hammett's sigma values for o-, m-, and

p-benzylthiophenyl methylcarbamates substituted in the p' position with electron-donating
and electron-withdrawing substituents *
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*After Mahfouz et al. (1969), with slight modification. Reproduced by permission.

and sulfone may be responsible for the disappointing
overall insecticidal activity of the thio-substituted
phenyl methylcarbamates. In the cases that have
been studied (Annex Table 9) such oxidations
resulted in compounds that had inferior anticholin-
esterase activity. In the mercaptal series the presence
of two S atoms increases the vulnerability to oxi-
dation.

ACTIVITY OF NITROPHENYL CARBAMATES

In analogy with the phenyl dialkylphosphates,
where a ring nitro group enhances the anticholin-
esterase activity and toxicity thousands of fold, it
might be expected that nitrophenyl methylcarba-
mates would be very active carbamylating agents.
As shown in Annex Table 10, this is not the case,
and of a substantial number of nitrophenyl methyl-
carbamates and dimethylcarbamates, none was of
outstanding activity either as an anticholinesterase
agent or as a toxicant (Fukuto et al., 1967). The two
compounds that were substantially toxic to the
housefly were o-nitrophenyl methylcarbamate (I5e =
5 x 10-3 M) and 2-nitro-3-methylphenyl methylcar-

bamate (155 = 2.0 x 10-4 M). None of the p-nitro-
phenyl carbamates was as toxic as the p-nitrophenyl
dialkylphosphates, although several-e.g., 3-iso-
propyl-4-nitrophenyl methylcarbamate (I15 = 2.8 x
10-6 M) and the corresponding dimethylcarbamate
(Ie0 = 3.0 X 10-6 M)-were good anticholinesterases.
There is clearly a structural complementarity
between AChE and the o-nitrophenyl carbamates
that favours interaction with the latter.
The presence of alkyl groups on the phenyl ring

enhances activity because of greater initial binding
between alkyl-substituted nitrophenyl carbamates
and AChE. This is shown in Annex Table 10 by the
values for the 4-nitro-3-alkylphenyl methylcarba-
mates: 3-CH3 (I,0 = 3.2 x 10-4 M), 3-C2H5 (I50 = 2.0
X 10-4 M), and 3-iso-C3H, (I50 = 2.8 x 10-6 M). The
increasing size of the 3-alkyl group increases binding
to the enzyme, as with the monoalkylphenyl methyl-
carbamates. However, despite the increased reac-
tivity conveyed by the 4-NO2 group, the '50 value for
m-isopropylphenyl methylcarbamate (3.4 x 10-7 M)
is about 10-fold greater than that for its 4-NO.
analogue.
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Although nitrophenyl carbamates are generally
highly reactive to OH- hydrolysis and this may be a
partial factor in their low anticholinesterase activity,
destructive hydrolysis is not the critical factor in
their lack of activity, as the sensitivity of p-nitro-
phenyl methylcarbamate to OH- hydrolysis is about
107 times that of p-nitrophenyl dimethylcarbamate,
yet the 150 values differ by a factor of only 5 (Annex
Table 10). These findings of Fukuto et al. (1967)
were generally corroborated by the carbamylation
and affinity studies of Hastings et al. (1970), which
showed that although the Ka value (Eq. 1) for
o-nitrophenyl dimethylcarbamate was about equi-
valent to those of the m- and p-isomers, the k2
(carbamylating) value was about 50-fold greater
for the o-isomer. For the corresponding nitro-
phenyl diethylphosphates, the k2 (phosphorylating)
value was about 15-fold greater for the p-isomer
than for the o-isomer. There is clearly a significant
difference in the way in which the two series of
compounds approach AChE.

ACTIVITY OF MULTI-RING CARBAMATES

The structure-activity relationships of multi-ring
carbamates are of particular interest because of the
practical significance of 1-naphthyl methylcarba-
mate (carbaryl) as an insecticide. As shown in
Annex Table 11, this is the result not of outstanding
anticholinesterase or insecticidal activity but of a
favourable combination of physical properties,
biodegradability, and low toxicity for mammals.
Carbaryl can be thought of as a 2,3-disubstituted
phenyl methylcarbamate, electronically similar to
2,3-dimethoxyphenyl methylcarbamate (Fukuto et
al., 1962). The reaction with AChE is highly stereo-
specific and the 1-naphthyl methylcarbamate (a) has
an affinity for the enzyme of 222, compared with
14 for the 2-naphthyl (,B) compound. Similar spatial
relationships exist with the tetrahydro 1- and 2-
naphthyl (a and f) and 4- and 5-indanyl (a and P)
methylcarbamates (Annex Table 11). The greatly
decreased affinity for AChE associated with the P-car-
bamoyl structure can be related to decreased oppor-
tunity to interact with the lipophilic patch surround-
ing the anionic site. As pictured by Metcalf& Fukuto
(1965b), the heteronuclear ring of the 2-naphthyl
methylcarbamate is essentially a meta-para sub-
stituent and extends away from the enzyme surface
rather than interacting with it.
The benzothienyl methylcarbamates are isosteric

with the naphthyl methylcarbamates because of the

aromatic character imparted to the 5-membered
S-containing ring by the formation of r molecular
orbitals from conjugation of the p orbitals of the
carbon atoms with the 3 d orbitals of the S atom.
There are 6 stereoisomers of benzothienyl methyl-
carbamates and changing the relative positions of
ring, S atom, and carbamoyl group results in large
changes in affinity for AChE (Kilsheimer et al.,
1969; Mahfouz et al., 1969). The 4- and 7-isomers
are of the highest activity (affinity 800 and 667,
respectively) and insecticidal activity, while the
3-isomer, in which the carbamoyl group is on the
homonuclear ring, has greatly reduced activity
(affinity 83). The 5- and 6-benzothienyl methyl-
carbamates, whose I0 values are about 0.1 times
those of the 4- and 7-analogues (Kilsheimer et al.,
1969) are steric analogues of the 2-naphthyl methyl-
carbamates and the decreased affinity of the 5- and
6-compounds must result from the disadvantageous
position of the heteronuclear ring for interaction with
the enzyme surface. The anticholinesterase activity
in this series is highest when the carbamoyl moiety
is attached to the fully aromatic ring rather than the
pseudo-aromatic thiophene ring as in 3-benzothienyl
methylcarbamate. The presence of the S atom
results in a 3-3.6-fold greater affinity for AChE
than is shown by the isosteric naphthyl compounds
(Mahfouz et al., 1969). The toxicity of the benzo-
thienyl carbamates for insects parallels their anti-
cholinesterase activity, and the 3-benzothienyl
compound resembles carbaryl in its complete lack of
activity against the housefly and in its high SR
value, indicating rapid detoxification, while the
4-derivative has high toxicity and a low SR value.
This suggests that an important route of in vivo
detoxification is hydroxylation of the heteronuclear
ring (opposite to the carbamoyl moiety) and that the
pseudo-aromatic thiophene ring is less readily
attacked by the hydroxylating -OH moiety than is
the aromatic phenyl ring (Mahfouz et al., 1969).

Carbofuran, 2,3 -dihydro-2,2-dimethyl-7-benzo-
furanyl methylcarbamate, is one of the most effective
of all the carbamate insecticides and also has one
of the lowest LD50 values for the rat (Annex Table 1).
This compound represents a spatial analogue of o-
isopropoxyphenyl methylcarbamate (propoxur) (Fig.
7). The fusion of the isopropoxy moiety into the
benzofuran ring enhances affinity for AChE and
decreases the in vitro detoxification in insects, as
shown by the comparative SR values of 7 for
propoxur and 2.8 for carbofuran. The related 2,3-
dihydro-2-methyl-7-benzofuranyl methylcarbamate
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Fig. 7
Structural formulae of carbofuran and propoxur
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carbofuran propoxur

(Annex Table 11) is of lower affinity to AChE,
probably because of lower Van der Waals' inter-
action, but is highly insecticidal and has less than
0.1 times the toxicity of carbofuran for the rat.

Nuclear substitution of these multi-ring carba-
mates is shown in Annex Table 11 for carbaryl
and carbofuran. The 3-OH and 3-C= 0 derivatives
of carbofuran show greatly reduced affinity, while the
3-COCH3, 4-Cl, and 4-CH3 derivatives are essentially
unaffected (Metcalf et al., 1968). Substitution on
either the homonuclear or the heteronuclear ring of
carbaryl has little effect on affinity for AChE, but it
generally leads to a substantial reduction in toxicity
for insects. The increased toxicity of the 5,8-dihydro
analogue of carbaryl to the test insects is noteworthy,
suggesting again that the detoxifying -OH moiety
does not readily attack non-aromatic rings.

Larger ring compounds, such as the 1-fluorenyl
(150 = 7.7 x 10-6 M) and 3-fluorenyl (150 = 8.1 x
10-6 M) methylcarbamates, clearly interact with
AChE but have proved to be nontoxic to insects
(Metcalf, unpublished data). It would appear that
the presence of two aromatic rings provides greatly
enhanced opportunity for detoxification.

EFFECTS OF N-SUBSTITUENTS

The earliest investigations of synthetic carbamates
were made with methylcarbamates patterned after
physostigmine. However, the dimethylcarbamates
became preferred for pharmacological use in aqueous
media because of their greater stability to OH--
catalysed hydrolysis (see below). Thus, neostig-
mine (m-trimethylammoniumphenyl dimethylcar-
bamate) became the preferred drug for the treatment
of glaucoma and myasthenia gravis. This influenced
subsequent investigators and the important and
extensive study of Gysin (1954) on heterocyclic
carbamates such as Isolan t and Pyrolan t makes no

mention of methylcarbamates. However, for the
aryl carbamate esters, the methylcarbamates were
found to be far superior to the dimethylcarbamates
both as anticholinesterases and as insect toxicants
(Metcalf et al., 1962a). The activities ofsome of these
materials are compared in Annex Table 12. All the
methylcarbamates showed 5-10 times the anti-
cholinesterase activity of the corresponding dimethyl-
carbamates, and correspondingly greater toxicity for
insects. As shown in Annex Table 12, the insecti-
cidal specificity of the individual carbamates is al-
most entirely a function of the phenyl moiety, indi-
cating that it is a function of the detoxification
mechanisms attacking the aryl portion of the
molecule.
The rate of hydrolysis ofp-nitrophenyl methylcar-

bamate (kb = 5.4 x 105) is about 107 times greater
than that of the corresponding dimethylcarbamate
(kb = 3.4 x 10-2 litre-mol-1 min-'). Similar diffe-
rences in hydrolytic stability are found with other
aryl groups and it appears that under basic condi-
tions the rates of hydrolysis of methylcarbamates
are 105-107 times those of dimethylcarbamates
(Metcalf et al., 1962a; Fukuto et al., 1967). These
large differences in reactivity cannot be accounted
for by electronic or steric effects imposed on the
carbamoyl moiety by an additional methyl group
on the nitrogen atom. They must indicate differences
in mechanisms of reaction, and Fukuto et al. (1967)
suggest that dimethylcarbamates react through a
nucleophilic attack on the C =0 carbon with direct
displacement of the aryl group, while methylcarba-
mates may react through nucleophilic attack on the
N-proton.

O'Brien et al. (1966) determined Ka (affinity) and
k2 (carbamylation) values for a series of substituted-
phenyl methylcarbamates and dimethylcarbamates
for bovine erythrocyte AChE. The Ka values were
similar for methyl and dimethyl compounds with
identical aryl groups, but the k2 values for the
former were generally 3-10 times those for the latter.
Hastings et al. (1970) determined that phenyl methyl-
carbamate and phenyl dimethylcarbamate had
similar Ka values for bovine AChE, but the k2 value
for the methylcarbamate was about 30 times that
for the dimethylcarbamate. However, for the m-iso-
propylphenyl carbamates, both the l/Ka and the k.,
values for the methylcarbamate were 15 times those
for the dimethylcarbamate. It was concluded that
the presence of the second N-methyl group lowered
k2 values dramatically and that there was no close
relationship between k2 and Ka.
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A large range of other groups can be incorporated
in the N-substituted carbamoyl moiety. The '50
values for fly AChE for a series of m-tert-butyl-
phenyl N-alkylcarbamates were as follows: methyl,
4 x 10-7 M; ethyl, 2 x 10-5 M; benzyl, 1 x 10-3 M;
and phenyl, > 10-3 M. The N-propyl, N-butyl, and
N-hexyl carbamates of m-tert-butylphenol have also
been investigated but none of these compounds
was appreciably active (unpublished data, this
laboratory).
For the m-isopropylphenyl alkylcarbamates, the

following '50 values for fly AChE have been deter-
mined: unsubstituted, 4 x 10-7 M; methyl, 3.4 x
10-7 M; dimethyl, 5 x 10-4 M; and diethyl, > 1 x
10-7 M (unpublished data, this laboratory). The
only group other than N-methyl to show some
insecticidal activity is N-ethyl, but its activity is
substantially decreased. Thus, the LD50 of carbo-
furan N-ethyl for the SNAIDM housefly was 185 jtg/g,
compared with 6.7 tLg/g for carbofuran N-methyl;
similarly, m-propynyloxyphenyl ethylcarbamate had
an LD50 of 48.5 ,ug/g, compared with one of 7.5 ,tg/g
for the methylcarbamate (unpublished data, this
laboratory).

N-ACYL AND OTHER CARBAMATE DERIVATIVES

Much interest was stimulated by the discovery
of Fraser et al. (1968) that substitution of various
acyl groups for the proton of the N-methylcarba-
mates produced N-acyl carbamates that retained high
insecticidal value but had substantially reduced
toxicity for mammals. A selection of results from
our laboratory is shown in Annex Table 13. As
these derivatives show substantially less anticholin-
esterase activity than the parent N-methyl com-
pounds (Fahmy et al., 1966), it appears that they are
deacylated in vivo to the parent carbamate. Lewis
(1967) found that the activity of carbaryl against bee
AChE was about 100 times that of its N-acetyl
derivative, although it was only about twice as toxic
and both compounds markedly inhibited bee AChE
in vivo. Miskus et al (1969) found that N-acetyl
Zectran,t 4-(dimethylamino)-3,5-xylyl acetylmethyl-
carbamate, is metabolized by the spruce budworm
to give the parent carbamate but is metabolized in
mice by hydrolysis to 4-dimethylamino-3,5-xylenol.
Fahmy et al. (1970) have widened the interest of

this area by synthesizing the N-(O,O-dialkylphos-
phoryl) derivatives of these carbamates. These deri-
vatives were found to have insecticidal activity but
greatly reduced toxicity for mammals and lowered
anticholinesterase activity (Annex Table 13).

Hundreds of other carbamate derivatives have
been evaluated, with results similar to those in
Annex Table 13 (Fraser et al., 1967, 1968). However,
the N-acyl derivatives are generally quite unstable
and this has interfered with their practical use.
Certain derivatives are substantially more effective
as mosquito larvicides (Annex Table 13) and m-sec-
butylphenyl phenythio(methyl)carbamate, with a
topical LD50 for Musca of 100 ,ug/g and an LC50 for
Culex fatigans of 0.006 ppm, is the most effective
carbamate larvicide evaluated in the WHO pro-
gramme. Schaeffer & Wilder (1970) found this
compound to be highly effective against mosquitos
that were resistant to organophosphorus compounds.

ACTIVITY OF THIOCARBAMATES

By analogy with the thiophosphates, the thiocar-
bamates might be expected to have substantial insec-
ticidal properties. In thiocarbamates, the thiol forms
(-SC= 0) could be active carbamylating agents,
while the thio forms, by analogy with parathion and
other thionophosphates, could be activated by
MFO enzyme oxidation to the corresponding carba-
mates. Annex Table 14 reviews the biological pro-
perties of a few thiocarbamates (Metcalf & Fukuto,
unpublished data, 1971). However, none of the
compounds approaches the corresponding carba-
mates in anticholinesterase and insecticidal activity,
and it is clear that the thiocarbamates are very
different from the thiophosphates. The thiol,
thiono, and dithiocarbamate analogues of o-iso-
propylphenyl dimethylcarbamate, a reasonably active
carbamate, show 0.1 - 0.01 times the anticholin-
esterase activity of the latter and are essentially
inactive against the housefly, although the thiono-
carbamate has some toxicity for Culex larvae. The
m-isopropylphenyl dimethylcarbamate is more active
than the o-substituted compound and its thiono-
carbamate analogue is also of substantially lower
activity. We have been unable to prepare the
methylthionocarbamates of these phenols.
The low activity of the thionocarbamates is

probably related to the nearly equal (2.5) electro-
negativities of carbon and sulfur, with the result
that the carbonyl carbon of the thionocarbamates is
much less electrophilic than that of the carbamates:
in the latter, the higher electronegativity of oxygen
(3.5) produces an appreciably electrophilic carbon
atom, which can react with AChE by the mechanism
depicted in Fig. 2. The in vivo desulfuration of C= S
to C= 0 obviously proceeds very slowly and this
may be related to the lack of an electrophilic carbon.
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We are unable to account for the reduced reactivity
of the thiolcarbamates (Annex Table 14).

ACTIVITY OF N-METHYLCARBAMOYL OXIMES

The newest group of insecticidal carbamates are
the methylcarbamates of a variety of oximes.
Oximes formed by reacting aldehydes or ketones
with hydroxylamine are weak pseudo-acids (Ka
10-11), and the variety of their structures is virtually
limitless. Several successful commercial insecticides
have resulted from this type of compound, including
aldicarb and methomyl. These two compounds have
an intriguing structural resemblance to ACh (Fig. 8).

of syn and anti isomers in which the oximino oxygen
is either cis or trans to the aldehyde H. These iso-
mers are not always easily separable, but where
resolution has been achieved there are sometimes
substantial differences in anticholinesterase activity
and toxicity for insects (Annex Tables 15 and 16).
Thus, the syn isomer of methomyl showed 100
times the anticholinesterase activity and 10 times the
toxicity for the housefly of the anti isomer (Felton,
1968). Aldicarb is believed to exist as the syn isomer
(Weiden, 1968) and it appears that this cis configura-
tion permits greater complementarity of the carbonyl
carbon to the esteratic site, and of the methylthio
group to the anionic site.

Fig. 8
Structural formulae of acetylcholine, aldicarb, and methomyl

H3C\ 0 H3C 0 0

H3C- N-CH2 CH2OCCH3 H3CS-C-CH NOCNHCH3 H3CS-C NOCNHCH3

H3C H3C H3C

acetylcholine aldicarb methoinyl

The structure-activity relationships of this group of
compounds have been discussed by Payne & Weiden
(1968), Felton (1968), and Fukuto et al. (1969), and a
few examples are presented in Annex Table 15.
Aldicarb is the most toxic of the insecticidal carba-
mates to mammals, with an oral LD50 for the rat of
0.98 mg/kg. The activity of the oxime methylcar-
bamates is generally superior to that of the oxime
dimethylcarbamates. It has been found that increas-
ing electronegativity of substituents in the 2-position
generally increases anticholinesterase activity and
that the incorporation of a thioether group results in
substantially greater activity than is shown by the
corresponding ether, probably because of enhanced
binding to the anionic site, as discussed above.
Oxidation to the more polar sulfinyl and sulfonyl
groups in the aldicarb molecule resulted in enhanced
anticholinesterase activity (Metcalf et al., 1966;
Weiden, 1968).

Structural rigidity associated with the C=N bond
is the unique feature of the oxime carbamates and
it is suggested that this geometric spacer acts in the
same manner as the aryl ring of the phenyl carba-
mates. However, the oxime carbamates form pairs

Among the vast number of oxime carbamates,
Weiden (1968) has reviewed structure-activity rela-
tionships for methylcarbamoyl oximes of (a) cyclo-
hexanones; (b) cyclohex-2-enones, of which the
2-Cl-3,5,5-tri-CH3 compound was substantially toxic,
with an I50 of 4 x 10-8 M; (c) monocyclic ketones,
whose activity was related to ring size and substi-
tuents; (d) 2-methylcyclopentanones and 2-methyl-
cyclohexanones; (e) 2-methylbutanones; (f) substi-
tuted norboranones, of which the CH3S (150 = 6 x
10-7 M), NCS (150 = 4 x 10-7 M), and NO2 (I1o =

5 x 10-7 M) compounds had good insecticidal and
acaricidal activity; and (g) benzaldehyde and aceto-
phenone. The substituted benzaldehyde oxime
methylcarbamates were also investigated by Fukuto
et al. (1969) (Annex Table 16). Substitution of the
a-carbon with H, CH3, C2H5, and iso-C3H7 pro-
gressively increased anticholinesterase and insecti-
cidal activity, which was maximum with a-CF3
(I,0 = 5.8 x 10-7 M). It appears that in these com-
pounds the a-substituent may interact with the
hydrophobic area around the anionic site through
Van der Waals' forces and hydrogen bonding.
Nuclear substitution of the phenyl ring of benzalde-
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hyde or acetophenone methylcarbamoyl oximes with
a variety of electron donating and withdrawing
groups had only minor effects on '50 values.

RELATIONSHIP OF 150 TO LD50

Most of the previous discussion of structure-
activity relationships has dealt with the interaction
between a carbamate and AChE as measured quan-
titatively by the 1,0 value. From the more practical
viewpoint of insect control we should be concerned
with the relationship between structure and toxicity
for insects. The LD50 values for Musca and the
LC50 values for Culex in the annex tables give highly
precise estimates of this relationship. One would
expect, ceteris paribus, that if inhibition of AChE
is the critical site of action (Booth & Metcalf, 1970)
there should be a substantial correlation between
150 and LD50. It was obvious from the first experi-
ments with carbamates that there were complica-
tions in defining such a relationship. Compounds
such as m-tert-butylphenyl methylcarbamate (I50 =
4 x 10-7 M) and carbaryl ('50 = 9 x 10-7 M) were of
highly variable toxicity to the housefly, despite
their high activity as enzyme inhibitors. Moorefield's
(1958) demonstration of the dramatic synergizing
effect of piperonyl butoxide with carbaryl provided
the basis for understanding and it was shown
(Metcalf et al., 1960) that by using piperonyl but-
oxide or other methylenedioxyphenyl synergists with
the carbamate to obtain a synergized LD5i0, the
intrinsic activity of the carbamate was revealed.
Fukuto et al. (1962) investigated a large number of
synergized carbamates and found that great differ-
ences in in vivo detoxification were the obvious cause
of the lack of correlation between anticholinesterase
activity (I10) and toxicity (LD50). When synergized
LD50 was plotted against Jso, a substantial degree of
correlation became apparent. Synergized LD50
values are provided for nearly all the compounds
listed in the annex tables and these show that varia-
tions in detoxification adequately explain the
seeming discrepancies such as those that exist
between 3,4-dimethoxyphenyl (15 = 1.9 x 10-5 M,
LD50 = 400 ,tg/g) and 3,5-dimethoxyphenyl (I50 =
8.0 x 10-6 M, LD50 = 11 ,g/g) methylcarbamates;
and between carbaryl (I1, = 9 x 10-7 M, LD50 = 900
,ug/g) and 4-benzothienyl methylcarbamate (I10 = 2.5
X 10-7 M, LD50 = 18.5 ,ug/g). Further discussion
of the role of multifunction oxidases in the detoxifi-
cation of carbamates and of synergists as inhibitors of
these enzymes is beyond the scope of this paper

(see Metcalf et al., 1966; Metcalf, 1967). However,
when the synergized LD50 values are plotted against
I,, values for a very wide range of carbamates
(Fig. 9) it is clear that a reasonable relationship
exists. The synergized LD50, therefore, provides a
quantitative estimate of the relative activity of each
individual carbamate, and virtually any conclusions
about the relationship between structure and AChE
inhibition are equally valid for the relationship
between structure and synergized insecticidal activity.

ACTION AT SYNAPTIC LEVEL

The injection of 100 ,ug of physostigmine into
Periplaneta americana produced an increase in the
ACh level of the ventral nerve cord from about 40 to
140 ,tg per gram of nerve tissue over a 20-hour
period (Tobias et al., 1946) and it is this accumula-
tion of the synaptic mediator ACh that apparently
accounts for the symptoms of carbamate poisoning.
When physostigmine was applied to the ventral
nerve cord of Periplaneta, a concentration of 5 x
10-5 M caused a presynaptic volley of nerve impulses
from the sixth abdominal ganglion, followed by an
after-discharge, and a concentration of 10-4 M caused
synaptic block (Roeder et al., 1947). These nervous
disturbances are well correlated with inhibition
of AChE, as Chadwick & Hill (1947) found that the
application of physostigmine at concentrations
ranging from 5 x 10-5 M to 10-4 M produced 96-99%
inactivation of AChE.

Similar experiments have been conducted with
the insecticidal carbamates by Metcalf, Gruhn &
Fukuto (1968). Application of a paraffin block con-
taining carbamate insecticide at a concentration of
10-4 to 10-2 M directly to the fifth abdominal ganglion
of Periplaneta produced an almost immediate re-
sponse, the appearance of trains of low-potential im-
pulses ( <70 ItV). After about 30 seconds there was a
spontaneous discharge of neurones of potentials of
70-250 ,uV and the rate of discharge increased expo-
nentially over about 5-20 seconds, reaching a
prolonged high-frequency volley of 500-1 000 im-
pulses per second. This declined rapidly and was
followed by complete block after 3-4 minutes. The
block could be completely reversed by washing with
saline. The electrical effects in the ganglion were less
rapid than those produced by nicotine and more
rapid than those produced by dimethyl p-nitrophenyl
phosphate, at equal molarities.
The data in Annex Table 17 compare the action

of a few simple substituted phenyl carbamates at the
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Fig. 9
Relationship between Iso for fly-head AChE and LDso of carbamates synergized with piperonyl butoxide

for the female housefly. Open circles: alkylphenyl (data from Annex Table 4); solid circles:
halophenyl (data from Annex Table 8); half-solid circles: dimethylaminophenyl (data from Annex Table 3);

shaded circles: commercial insecticides (data from Annex Table 1)
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ganglionic level, applied as described above. Diffe-
rent structures show striking differences in gangli-
onic effects, in good agreement with toxicological
data discussed elsewhere in this paper. Thus,
m-isopropylphenyl methylcarbamate showed pro-
nounced activity, whereas the o-isomer showed much
less and the p-isomer none. Increasing the size of
the m-substituent resulted in increasing activity, in
the order CH3 < C2H5 < iso-C3H7 = sec-C4H9.
The o-iso-C3H70 and m-iso-C3H7S compounds were
slightly less active than m-iso-C3H7. Alteration of
N-carbamoyl groups produced compounds with the
following order of activity: NHCH3 >NH2> N(CH3)2
> N(C2H5)2 = N-acyl = inactive. Although the
m-(CH3)2N compound was very active, quaterniza-
tion to give m-(CH3)3N+ greatly decreased activity,
indicating failure to penetrate the lipid nerve sheath.
The rates of ganglionic response were directly pro-
portional to the anticholinesterase activity of each
compound and demonstrate the pronounced effects
of structural complementarity to AChE.

CONCLUSIONS

The relatively large number of quantitative data
reviewed in this paper lead to certain firm conclu-
sions about the structure-activity relationships for
insecticidal carbamates. It seems clear that toxicity
for insects is directly correlated with anticholin-
esterase action, when the compound is protected
against in vivo detoxification. The active carbamates
are ideally complementary in structure to the surface
of AChE and act as substrates with low turnover
numbers. For the greatest insecticidal action, the
carbamates should be lipophilic and uncharged so
that they readily penetrate to the site of action.

It is particularly interesting to evaluate the effects
of physical chemical parameters of structure on the
activity of carbamates and to contrast these with the
analogous organophosphorus esters (Kolbezen et al.,
1954, Metcalf et al., 1964). The simple phenyl
dialkyl phosphate esters behave substantially as
phosphorylating agents, whose anticholinesterase
activity is quantitatively predictable by the magni-
tude of the electron-withdrawing properties of the
aryl substituent. The phenyl carbamates appear to
be much less responsive to electronic effects and
show an inverse response, activity being increased by
electron-donating substituents (Hastings et al.,
1970).
With both organophosphorus and methylcarba-

mate insecticides, topical LD50 values for the house-

fly and I50 values for fly AChE have been correlated
with linear free-energy parameters by multiple
regression analysis (Jones et al., 1969). For 15 p-sub-
stituted phenyl diethyl phosphates the computed
equation was:

log 1/150 = 3.451 u + 4.461 (r = 0.957) (3)
Inclusion of a 7r term to measure hydrophobic
bonding did not significantly improve the correla-
tion. However, for an analogous series of 23 p-sub-
stituted phenyl methylcarbamates, the computed
equation was:
log 1/150 = 0.714 7r - 0.868 U + 3.486 (r = 0.839) (4)
Correlation in the p-substituted carbamates was
improved by replacing Hammett's U value with
field (F) and resonance (R) values to give:
log 1/1,0 = 0.457 7r- 1.180 R - 0.853 F + 3.784

(r = 0.91) (5)
For 15 m-substituted phenyl methylcarbamates, the
computed equation was:

log 1/Io = 1.031 7r - 1.015 F + 4.394
(r = 0.855) (6)

and inclusion of R values increased r only to 0.88,
as would be expected, since m-substituents do not
produce substantial resonance effects (Jones et al.,
1969).

It appears, therefore, that as much as 60% of the
variation in AChE inhibition by phenyl methylcar-
bamates is accounted for by lipophilic bonding in
the area about the anionic site (positive 7r term),
through formation of the reversible complex
(k-1/k1 = Ka of Eq. 1), while the remainder is
accounted for by the intrinsic reactivity of the carba-
mate at the esteratic site to form the carbamylated
AChE. This conclusion is supported by a wide
variety of data presented in this paper, including the
10-fold greater activity of L- than of D-o-sec-butyl-
phenyl methylcarbamate, the much greater affinity
of m-isopropylphenyl methylcarbamate than of the
ortho and para isomers, the increasing affinity shown
by the series of F <Cl <Br <I phenyl methylcar-
bamates, and the pronounced influence of position
of ring attachment in naphthyl or benzothienyl
methylcarbamates. Kitz et al. (1967) concluded
from kinetic studies that " the structure of the
leavingg roup is very important in determining the
activity of carbamate anticholinesterase agents and
the pKa of the leaving group is relatively unimpor-
tant. This conclusion is just the opposite reached for
diethylphosphoryl anticholinesterases ". Hastings
et al. (1970) concluded that "the substrate and
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carbamate reactions evidently were more closely
related than were those of the organophosphates.
This suggested that the phosphorylation reaction
may occur at a different region of the anionic site
than did acylation ".

Similar multiple regression analyses have been
made of the acetophenone O-(methylcarbamoyl)
oximes (Annex Table 17) (Fukuto et al., 1969).
For six p-substituted compounds, the computed
equation was:

log 1/150 = 4.189 + 0.65 F + 1.06 R
(r = 0.993) (7)

and for four m-compounds the computed equation
was:

log 1/150 = 4.33 + 0.952 F (r = 0.97) (8)

Inclusion of a vr term in either equation did not
significantly improve correlation. However, for the

corresponding a-substituted benzaldehyde O-(methyl-
carbamoyl) oximes, seven compounds (Annex
Table 17) gave the following computed equation:

log 1/Io = 3.16 + 1.62 7r + 1.66 F
(r = 0.98) (9)

The lipophilic bonding (7r term) accounted for about
50% of the variance, suggesting that, with this series
of compounds, steric interaction between the
a-substituent and the hydrophobic patch surrounding
the anionic site plays an important role in the
inhibitory process.

It is evident that after 40 years of intensive study
we have only an elementary understanding of the
forces and reactions involved in the inhibition of
AChE by both carbamates and organophosphates.
Improved understanding of these problems will
certainly lead to the design of interesting new
insecticides.
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DISCUSSION

REINER: What is the definition of the term " affinity "
used in some of the illustrations? I do not think that
150 is a good measure of inhibitory properties. If the time
of inhibition is long, spontaneous reactivation must be
taken into account; if it is short (and the concentration
of inhibitor is high), the concentration of the Michaelis
complex between enzyme and inhibitor must be taken
into account.

METCALF: The " affinity " term used in the illustrations
is the ratio of the 150 for the unsubstituted phenyl methyl-
carbamate to that for the substituted phenyl methylcarba-
mate. This term provides a simple index of the effects of
any substituent of a phenyl methylcarbamate.
The use of '50 values is at present the only satisfactory

way in which to compare the structure-activity relation-

ships for a large number of carbamates. Precise I50 values
are available for about 1 000 different insecticidal carba-
mates. I50 values are directly proportional to bimole-
cular rate constants and can be converted to give values
that agree with the rate constant determined directly.
Published data on kc (carbamylation) and Ka values
do not permit deductions about structure-activity rela-
tionships, since these values have been measured directly
for fewer than 20 compounds and the data of different
investigators vary substantially.
For carbamates, I50 values are measures of " steady

state" conditions and are more precisely and reprodu-
cibly definable than are kc values. This is demonstrated
by the satisfactory correlation between I,O and synergized
LD50 for the housefly and the correlation between I5o
and various physicochemical parameters.



Annex Table 1
Lethal doses and concentrations of methylcarbamates and dimethylcarbamates*

Musca Culex fatigans
domestica
topical LC5o for LC5o for
LD5o larvae adults
(Mg/g) (ppm) (pg/cm2)

Anopheles albimanus
Rattus

LC5o for LC50 for oral LD5o
larvae adults (mg/kg)
(ppm) (Ag/cm2)

Substituted-phenyl methylcarbamates

o-CI (Hopcidet)

m-CH3

o-(CH3)2CH

m- (CH3)2CH

o-CH3CH2CH(CH3) (Bassat)

m-CH3CH2CH (CH3)

m-CH3CH2CH2CH(CH3) (Buxt)

3-(CH3)2CH, 5-CH3 (promecarb)

3,5-di-(CH3)2CH

3,5-di-(CH3)3C (butacarb)

3,4-di-CH3 (Meobalt)

3,4,5-tri-CH3 (Landrint)

o-(CH3)2CHO (propoxur)

3,4-di-CH3, 6-Cl (carbanolate)

3-(CH3)2CH, 6-Cl

3-CH3, 4-(CH3)2N (aminocarb)

3,5-di-CH3, 4-(CH3)2N (Zectrant)

3,5-di-CH3, 4-CH3S (methiocarb)

m-(CH3)2N-CH=N-HCI (formetanate)

o-cyclopentyl

o-cyclopentenyl

o- (1 ,3-dioxolan-2-yl)

Other methylcarbamates

1 -naphthyl (carbaryl)

4-benzothienyl (Mobamt)

2,3-dihydro-2,2-dimethyl-7-benzofuranyl
(carbofuran)

2-methyl-2- (methylthio)propionaldehyde oximyl
(ald icarb)

a-methylthioacetaldoximyl (methomyl)

2-oxo-1 ,3-dithiolaneoximyl

METHYLCARBAMATES

105 -1.0

50 3.3

95 0.55

90 0.038

135 0.27

100 0.035

65 0.042

22 0.01

18 - 1.0

39 1.0

120 0.90

41 0.30

25 0.33

395 1.0

45 0.07

85 .1.0

65 0.50

24 0.23

500 1 .0

100 0.27

195 0.58

6.5 0.89

900 1.0

18.5 0.58

4.6 0.052

5.5 0.16

3.65 0.51

1.15 0.51

DIM ETHYLCAR BAMATES

2.0 1.0 0.8 1 50a

1.1 0.45 0.32 284-375

0.20 0.14 0.18 32

6.4 0.50 0.28 397

0.4 0.22 1.0 101

1.2 0.19 0.80 57-70

0.82 0.30 0.55 140

8.5 1.0 8.5 421-463

,4 000

290-380

11 50 1.1 178

1.7 0.22 0.80 116

3.3 -.1.0 1.8 30

0.90 0.26 1.4 46

-11.0 30-50

9.9 -1.0 6.4 15-63

8.5 0.43 6.1 130-135

19-22

3.4 0.37 1.7 500

5.8 1.0 2.3 1 600

125

16 0.54 16 540

16 0.43 .16 178

2.7 0.16 1.0 4

0.29 0.14 0.30

16 0.67 -16

-16 1.0 1-16

0.96

37

3

1-isopropyl-3-methyl-5-pyrazolyl (Isolant) 75 >1.0

1-(dimethylcarbamoyl)-5-methylpyrazolyl (Dimetilan±) 9.0 1--1.0

a LD50 for mouse.

-16 :--1.0 >16 54

-.16 -1.0 -16 25-64

' Data taken from World Health Organization (1968) Evaluation of insecticides for vector control, part /, Geneva (mimeographed
document WHO/VBC/68.66).

Carbamate



STRUCTURE-ACTIVITY RELATIONSHIPS FOR CARBAMATES

Annex Table 2
Comparison of 150 values (fly AChE) for substituted-phenyl methylcarbamates

Substituent

m-CH3

m-iso-C3H7

m-tert-C4Hs

3,5-di-CH3

3-CH3, 5-iso-C3H7

2-CH3, 5-iso-C3H7

3,5-di-iso-C31-H7

3,5-di -tert- C4H1S

carbaryl

v-iso-C31H-70

150 (M)

Aa

1.4 x 10-5

3.4 x 10-7

4.0 x 10-7

6.0 x 10-6

5.6 x 10-8

2.0 x 10-6

3.3 x 10-8

7.8 x 10-8

9.Qx 10-7

6.7 x 10-7

B b

7.2 x 10-6

4.0 x 10-7

3.0 x 10-7

2.0 x 10-6

6.3 x 10-8

3.2 x 10-6

1.0 x 10-8

2.0 x 10-8

3.5 x 10-7

8.0 x 10-8

Substituent

2-F

2-Cl

2-Br

2-1

4-Cl

3-N(CH3)2

1.6 x 10-5

5.0 x 10-6

2.2 x 10-6

8.0 x 10-7

2.4 x 10-4

8.0 x 10-6

3,5-di-CH3, 4-CH3S 1.2 x 10-6

3,5-di-CH3,4-CH3SO 1.8 x 10-6

3,5-di-CH, 4-CHaSO2 2.1 x 10-5

a Data of Metcalf & Fukuto (1 965b, 1 967).
b Data of Weiden & Moorefield (1 965) and of Moorefield (personal communication).

65

150 (M)

Aa Bb

8.0 x 10-6

5.6 x 10-6

2.0 x 10-6

8.0 x 10-7

2.4 x 10-4

2.0 x 10-6

2.0 x 10-7

2.0 x 10-6

1.0 x 10-5
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Annex Table 3

Effects-of quaternization on the toxicity of dimethylaminophenyl methylcarbamates

GENERAL FORMULA

0

R tOCNHCH3

Musca domestica
150 for

fly AChE LD5o (Ag/g)
( alone with p. b. S

LCso for
- Culex fatigans

larvae
(ppm)

LDso for the mouse
(Ag;/g)

subcuta- oralneous

o-N(CH3)2

o-N 7(CH3)3

m-N(CH3)2

m-N'(CH3)

p-N(CH3)2

p-N (CH3)2

3-N(CH3)2, 5-CH(CH3)2

3-N+(CH3)3, 5-CH(CH3)2

4-N(CH3)2, 3-CH(CH3)2

4-N (CH3)3, 3-CH(CH3)2

3,5-di-N(CH3)2

3-N(CH3)2, 5-N+(CH3)3

3,5-di-N+(CH3)s

4-N(CH3)2, 3-CH(CH3)2, 6-CH3

4-N+(CH3)3, 3-CH(CH3)2, 6-CH3

4-N(CH3)2, 2-CH(CH3)2, 5-CH3

4-N (CH3)2, 2-CH(CH3)2 5-CH3

o-CH3S

o-(CH3)2S+

m-CH3S

m-(CH3)2S+

p-CH3S

p-(CH3)2S+

m-(C2Hs)2P(HCI)

m-(C2Hs)2CH3P+

2.0 x 10-6

1.0 x 10-5

8.0 x 10-6

1.8 x 10-8

2.4 x 10-4

3.5 x 10-6

1.9 x 10-7

7.0 x 10-9

1.5 x 10-7

5.0 x10-9

2.6 x 10-6

37 x 10-8

1.2 x 10-7

3.9 x 10-7

1.1 x 10-8

1.3 x 10-6

1.0 x 10-8

9.0X 10-7

1.5 x 10-5

7.0 x 10-6

6.5 x 10-7

3.4 x 10-5

1.1 x 10-5

7.4 x 10-7

3.6 x10-8

45

500

270

> 500

> 500

> 500

13.5

> 500

29.5

> 500

9.0

- 500

> 500

325

500

115

-- 500

48.5

- 50

8.5

> 50

26.5

> 50

10 4.5 1.6

10

19 14.2 1.7

> 10

85 5.9 > 10

> 10

4.7 2.9 2.3

>10

11.5 2.6 0.32

> 10

8.5 1.1 6.8

10

> 10

16.5 19.7 4.3

> 10

12.5 9.2 > 10

> 10

14.0 3.5 3.9

110

6.5 1.3 1.5

> 10

18.5 1.4 4.3

>10

iOO

430

15

0.27

20

0.120

0.067

55

2.5

2.1

0.09

23

0.22

> 10

; Data of Metcalf & Fukuto (1 965b, 1 967), with the exception of LDso values for the mouse, which are taken from Stevens & Beutel
(1941 ) and Elder et al. (1 945).
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Annex Table 4

Biological activities of some alkylphenyl methylcarbamates *

GENERAL FORMULA

0

0OCN H,

R substituent

H

o-CH3

m-CH3

p-CH3

o-C2Hs

m-C2Hs

p-C2H5

o-iso-C3H7

m-iso-C3H7

p-iso-C3H7

o-tert-C4H9

m-tert-C4H9

p-tert-C4Hs

o-sec-C4H9

m-sec-C4H9

p-sec-C4Hs

m-sec-CsH1-1

o-cyclo-C5H9

m-cyclo-C51H-

p-cyclo-C5H9

o-cyclo-C61H-11

m-cyclo-C6Hll1

p-CyCIO-C6H1 1

o-C3H7

o-CH2CH =CH2

o-CH2 CH(CH3)CH3

o-CH2C(CH3) =CH2

o-CH =C(CH3)CH3

150 for
fly AChE

(M)

2 x 10-4

1.4 x 1 0-4

1.4 x 10-5

1.0 x 10-4

1.3 x 1 0-5

4.8 x 10-6

3.8 x 10-5

6.0 x 10-6

3.4 x 10-7

7.0 x 10-5

6.0 x 10-6

4.0 x 10-7

1.5 x 10-4

1.1 x 10-6

1.6 x 10-7

1.8 x 10-6

1.1 x 10-7

1.1 x 10-6

1.5 x 1 0-6

2.7 x 10-5

1.4 x 10-6

2.0 x 10-6

9.0 x 10-6

5.4 x 1 0-6

3.4 x 10-6

2.3 x 10-6

1.8 x 10-6

1.2 x 10-6

Musca domestica
LC5o for Cu/ex

LD5o (jtg/g) fatigans
SR larvae (3pm)

alone with p. b.

500 38 13.2 410

500 85 5.9 >10

50 27 1.8 3.3

500 120 4.1 8.2

95 75 1.3 5.2

140 24 5.8 0.44

250 80 3.1 >10

95 24 4 0.56

90 9 1 0 0.03

> 500 500 -1 1 >10

> 500

500 8.0 63 0.15

500

1 35

100

500

65

135

400

] 500

> 500

23 5.9

17.5 5.7

35 14.3

15 9.0

1 7 23.5

500 >1

34 >15

50 .10

~00
34.0 8.5

24.3 6

24.5 14.3

24.9 11.2

16.4 9.1

0.35

0.03

0.36

0.042

0.57

0.14

>10

2.3

1.5

>10

10

- 10

1.4

1.1

0.78

* Data of Metcalf et al. (1 962b).
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Annex Table 5
Biological activities of dialkylphenyl methylcarbamates*

GENERAL FORMULA

R 9OCNHCH3

R substituent

2,3-di-CH3

2,4-di-CH3

2,5-di-CH3

2,6-di-CH3

3,4-di-CH3

3,5-di-CH3

3-CH3, 5-C2H5

2-CH3, 5-iso-C3H7

3-CH3, 6-iso-C3H7

3-CH3, 5-iso-C31H-7

3-CH3, 4-iso-C3H7

4-CH3, 2-iso-C3H7

2,4-di-iso-C3H7

3,5-di-iso-C3H17

3-CH3, 6-tert-C4H9

3-CH3, 5-tert-C4Hs

2,5-di-tert-C4H1S

3,5-di-tert-C4H9

Musca domestica
150 for LD50 (Ag/g) LC5o for Culex

fly AChE LDO 6g/)fatigans
(M) with SR larvae (ppm)

alone p b.

8.1 x 10-6

1.3 x 10-4

9.0 x10-6

1.0 x 10-2

2.6 x 10-5

6.0 x 10-6

4.8 x 10-6

2.0 x 10-6

1.4 x 10-6

5.6 x10 -8

1.1 x 10-6

4.4 x 10-6

1.4 x 10-6

3.3 x 10-8

8.0 x 10-4

1.7 x 10-7

>1 x 10-3

7.8 x 10-8

190

260

320

> 500

120

60

36.5

> 500

65

29

46

500

> 500

17.5

-- 500

31

> 500

39

38

100

30

- 500

28.5

16.5

69

18.5

9.0

5.5

8.5

12.0

23.5

5.25

300

4.9

> 500

6.0

5.0

2.6

10.6

1

4.2

3.5

5.3

-27

7.2

5.3

5.4

41

21.2

3.4

2

6.3

6.5

3.3

>10

>10

>10

0.9

3.0

0.48

0.46

3.4

0.072

0.39

2.5

>10

0.082

>10

0.32

>10

>10

* Data of Metcalf et al. (1963) and of Metcalf & Fukuto (1 967).

Annex Table 6
Effects of side-chain asymmetry on toxicity of substituted-phenyl methylcarbamates*

LDso for Musca domestica L for

150 for with piperonyl Culex fatigans larvae
tuent fly AC~hE alone butoxide snritic 9%cniec

(M) | ~~~~~~~~~~~~~synergisti
95% confidence 95% confidence ratio ppm limits

__ +g9/g limits ig/9 limits

515

170

38

37

41 0-765

158-184

35-41

33.5-41

41

23.5

12.0

10.5

37 -44

21.5-26.5

9.5-16

10-11.5

12.5 2.12 1.95-2.3

7.3 0.26 0.25-0.27

3.2 0.21 0.20-0.23

3.5 0.17 0.16-0.19

-* Data of Fukuto et al. (1 964).

Substi

D-o-sec-butyl

L-o-sec- butyl

(+)-o-sec-butyl

(-) -o-sec- butyl

thio

Ithio

6.0 x 10-6

1.0 x 10-6

1.2 x 10-7

8.0 x 10-8
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Annex Table 7
Biological activities of alkoxyphenyl methylcarbamates

GENERAL FORMULA

0
R -

OCNHCH3

Musca domestica
150 for LCso for Culex

R substituent fly AChE LDso (pg/g) fatigans

___atone with SR larvae (ppm)
aoe p. b.

o-CH3O 3.7 x 10-5 92.5 18 5.1 >10
m-CH3O 2.2 x 10-5 90.0 14.5 6.2 10
p-CH30 8.0 x 10-5 >500 38.5 -13.0 20
o-C2HsO 1.6 x 10-5 55 9.5 5.8 2
m-C2HsO-5 6.0 x 10-6 75 14.5 5.2 3
p-C2HsO-! 7.0 x 10-5 -500 90 |>5.6 >10
o-C3H70 8.7 x 10-6 105 13.5 7.8 2
m-C3H70 1.6 x 10-5 95 15.5 6.1 0.9
p-C3H70 1.1 x 10-4 >500 257 -2 -10
o-iso-C3H70 6.9 x 10-7 25.5 7.0 3.6 0.3
m-iso-C3H70 9.2 x 10-6 180 19.5 9.2 3
p-iso-C3H70 8.8 x 10-5 500 340 >1.5 10
o-C4HsO 1.2 x 10-5 175 15.5 11.3 5
m-C4HsO 9.4 x 10-6 280 17.5 16.0 0.3
p-C4HsO 2.0 x 10-5 >500 235 >2 >10
o-sec-C4HsO-| 3.1 x 10-7 50 7.5 6.7 0.28
m-sec-C4HsO 7.0 x 10-6 220 19.5 11.3 1.5
p-sec-C4HsO-| 3.2 x 10-5 >500 430 --1.2 ---10
o-cyclo-CsHsO54.0 x 10-7 90 . 9.0 10 0.7
m-cycto-CsHsO-1 8.0 x 10-6 >-500 175 - 2.9 -10
p-cyclo-C5HsO10 1.7 x 10-5 >-500 240 >2.1 -=10
o-HC - CCH20 2.9 x 10-6 6.5 4.6 1.4 0.8
m-HC = CCH20 4.0 x 10-6 7.5 6.0 1.2 0.54
p-HC - CCH20 6.2 x 100 -500 33.5 15 -10
2,3-di-CH30 1.4 x 10-5 500 16.5 -30 - 10
2,4-di-CH30 , 2.8 x 10-5 155 13.0 11.9 -10
2,5-di-CH30 1.3 x 10-5 13.0 4.9 2.7 -10
2,6-di-CH30 2.1 x 10-3 -500 >500 1 -10
3,4-di-CH30 1.9 x 10-5 400 12.0 33 -10
3,5-di-CH30 8.0 x 10-6 11.0 4.4 2.5 -10
3,5-di-C2H1150 1.1 x 10-5 40.0 ->10
3,4-OCH20 1.3 x 10-4 17.5 20 1 -10
3,4,5-tri-CH30 6.5 x 10-6 32.0 7.0 4.6 -10
3,5-di-CH3, 4-CH30 1.1 x 10-6 35.5 7.8 4.5 0.29
2-CH-(-OCH2CH2O-) 5 x 10-7 6.5 0.89
3-CH3, 5-CH30 1.7 x 10-5 37.5 6
2-CH3, 5-CH30 8.6 x 10-6 47.5 6.5 7.3 -100
2-CH30, 5-iso-C3H7 2.8 x 10-6 105 90 1.2 0.5
2-iso-C3H70, 5-iso-C3H7 4.3 x 10-7 48.5 9.5 5.1 8.8
2-Ch3O, 5-iso-C3H70 1.5 x 10 150 10.0 15.0 >10
2-iso-C3H70, 5-CH30 5.6 x 10-7 6.5 3.0 2.1 -10
2-iso-C3H70, 5-CH3 2.8 x 10- 40.0 6.0 6.7 ->10
3-iso-C3H70, 6-CH30 1.5 x 10-5 150 10 15.0 -10
2-tert-C4Hs, 5-CH30 1.9 x 10-4 >500 -500 1.0 -100
3-tert-C4Hs, 6-CH30 4.2 x 10-6 > 500 14.5 34 3.3

* Data of Metcalf et al. (1960, 1962 b); Metcalf & Fukuto (1967); and Fukuto et al. (1962).
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Annex Table 8
Biological activities of halogenated-phenyl methylcarbamates*

GENERAL FORMULA

OCNHCH3

150 for
R substituent fly ACHE

(Ni) -

H 2.0 x 10-4

o-F 1.6 x 10-5

m-F 8.5 x 100-5

p-F 2.3 x 10-4

o-CI 5.0 x 10-6

m-Cl 5.0 x 10-5

p-CI 2.4 x 100-4

o-Br 2.2 x 10-6

m-Br 1.3 x 10-5

p-Br 1.0x10-4

o-I 8.0x 10-7

rn-I 7.0 x 10-6

p-I 8.8 x 10-5

2,3-di-CI 4.8 x 10-5

2,4-di-CI 1.4 x 10-5

2,5-di-CI 5.0 x 10-5

2,6-di-CI 1.3 x 10-3

3,4-di-CI 1.8 x 1Q0-5

3,5-di-CI 1.2 x 10-5

Musca domestica

topical LD5o (Mg/g)

alone with p. b.

500

250

390

480

75

> 500

- 500

60

170

> 500

90

260

-500

125

> 500

>500

> 500

> 500

> 500

38

40

60

135

24

36

160

1 9

28.5

220

17.5

29

500

50

115

70

500

370

165

LC5o for Cu/ex
fatigans larvae

SR (ppm)

13.2

6.2

6.5

3.7

3.0

> 1 3.9

>3.1

3.1

6.0

5.2

9.0

->1.0

2.5

>4.4

>7.0

I 1.0

> 1.4

-2.1

- 10

>- 1 0

10

>10

>10

>10

>10

>10

>10

>10

>10

>10

-- 1 o

20

32

-100

82

24

40

' Data of Metcalf et al. (1 962b, 1 964).
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Annex Table 9

Biological activities of alkylthiophenyl methylcarbamates*

GENERAL FORMULA

R
0

OCNHCH,

Musca domestica
150 for LDo(i/)LC5o for Culex

R substituent fly AChE LDso (zg/g) fatigans

with SR larvae (ppm)
aoe

p. b.

o-CH3S 9.0 x 10-7 48.5 14.0 3.4 3.9
m-CH3S 7.0 x 10-6 8.5 6.5 1.3 1.5
p-CH3S 3.4 x 10-5 26.5 18.5 1.4 4.3
p-C2HsS 5.6 x 10-5 20.5 7.3 2.8 4.3
o-C3H7S 1.8 x 10-7 20.0 6.8 2.9 0.18
m-C3H7S 1.1 x 10-6 23.5 6.0 3.9 0.096
p-C3H7S 1.2 x 10-5 32.0 8.0 4.0 0.41
o-iso-C3H7S 1.4 x 10-7 23.6 12.3 1.9 0.20
m-iso-C3H7S 1.8 x 10 6 46.5 11.0 4.2 0.13
p-iso-C3H7S 9.0 x 10-6 700 18.5 39 16.5
O-C4H9S 1.6 x 10-7 34.0 7.3 4.6 0.28
m-C4HsS 7.8 x 10-7 25.0 6.3 4.0 0.17
p-C4HsS 3.0 x 10-6 27.0 9.5 2.8 1.35
o-C6H13S 2.0 x 10-7 460 20 2.3 0.54
m-C6H13S 6.0 x 10-4 >500 500 >1.0 >10
p-C6H13S 4.0 x 10-6 210 50 4.2 3.8

o-CsH17S 4.0 x 10-7 >500 >500 1.0 >10

m-CsH17S 1.2 x 10-6 > 500 > 500 1.0 > 10

p-CsH17S 1.3 x 10-5 >500 >500 1.0 >10

o-C1oH21S 5.2 x 10-6 >500 >500 1.0 >10
m-C1oH21S 7.0 x10-6 > 500 > 500 1.0 >10
p-C1oH21S >1 x 10-4 >500 >500 1.0 >10

p-CH3SO 1.6 x 10-5 105 15.5 >10

p-CH3SO2 1.0 x 10-4 >500 >500

3,5-di-CH3, 4-CH3S 1.2 x 10-6 24.0 12.5 1.9 0.23

3,5-di-CH3, 4-CH3SO 1.8 x 10-6 410 16.0 26 4.7

3,5-di-CH3, 4-CH3SO2 2.1 x 10-5 >500 36.5 >14 >10
2-CH3S, 3-iso-C3H7 1.8 x 10-7 155 0.46

4-CH3S, 3-iso-C3H7 1.0 x 10-7 55 0.34

6-CH3S, 3-iso-C3H7 1.8 x 10-7
o- CH( -SCH2CH2S- ) 2 x10-8 > 500 0.25

o-CH2=CHCH2S 2.6 x 10-7 14.0 7.7 1.8 0.16

m-CH2=CHCH2S 3.6 x 10-6 75.0 17.5 4.3 0.19

p-CH2=CHCH2S 6.8 x 10-6 13.0 10.3 1.2 0.14

o-CH CCH2S 3.4 x 10-7 46.0 13.0 3.5 1.3
m-CH CCH2S 2.4 x 10-6 1 2.7 9.5 5.3 0.12

p-CH - CCH2S 1.7x 10-5 15.0 11.0 1.4 0.35

' Except as otherwise noted, the data are from Metcalf et al. (1965) and Mahfouz et al. (1969).
a Data of Durden & Weiden (1969).
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Annex Table 10
Biological activities of some nitrophenyl methylcarbamates

and dimethylcarbamates *

Musca domestica
150 for LD50 (,9/g)

fly AChE

(M) with
alone p. b.

LC5o for Culex
fatigans

SR larvae (ppm)

M ETHYLCAR BAMATES

o-NO2
m-NO2

p-NO2

2-NO2, 3-CH3

2-NO2, 4-CH3

2-NO2, 5-CH3

3-NO2, 4-CH3

4-NO2, 3-CH3

4-NO2, 3-C2H5

4-NO2, 3-iso-C3H7

5 x 10-3

2 x 10-3

3 x 10-3

2 x 10-4

1.3 x 10-4

2.5 x 10-4

1.6 x 10-5

3.2 x 10-4

2.0 x 10-4

2.8 x 10-6

250

> 500

> 500

67.5

> 500

> 500

> 500

> 500

> 500

> 500

47.5 5.3 _

>.500 >10

>500 >10

17.5 3.9 10

215 > 2 .-1,0

39.0 >13 410

190 > 3 > 1 0

,>500 10

86.5 > 5.8 ..10

14.5 34 5.5

DIM ETHYLCAR BAMATES

p-NO2

4-NO2, 3-CH3

4-NO2, 3-C2H5

4-NO2, 3-iso-C3H7

6.3 x 10-4 >500

2.8 x 10-4 >500

2.5 x 10-5 > 500

3.0 x 10-6 >500

* Data of Fukuto et al. (1967).

Ring substituent

200

105

185

28

- 10

>10

10

4.9
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Annex Table 11
Biological activities of polycyclic, heterocyclic, and certain other

ring carbamates *

Musca domestica
150 for LCso for Cu/ex

Methylcarbamate fly AChE topical LD5o (jig/g) fatigans
(M) SR larvae (ppm)

alone with p. b.

1-naphthyl (a) (carbaryl) 9.0 x 10-7 900 12.5 72 1.0

2-naphthyl (3) 1.4 x 10-5 >500 125 >4 >10

4-indanyl (a) 2.4 x 10-6 140 0.4

5-indanyl (/3) 1.8 x 10-5 85 34 2.5 2.0

5,6,7,8-tetrahydro-1-naphthyl 1.4 x 10-6 >500 19.0 26.3 0.12

5,6,7,8-tetrahydro-2-naphthyl 8.4 x 10-6 >500 27.0 -18 >10

5,8-dihydro-1 -naphthyl 2.1 x 10-6 167.5 33 5.1 0.53

3-benzothienyl 2.4 x 10-6 500 27.5 18 4.6

4-benzothienyl 2.5 x 10-7 18.5 8.0 2.3 0.58

7-benzothienyl 3.0 x 10-7 120 1 5 8 1.1

8-quinolinyl 4.3 x 10-5 >500 21.5 23 10

4-quinazolinyl 1.4 x 10-4 >500 500 >1 10

2,3-dihydro-2,2-dimethyl-7-benzofuranyl 2.5 x 10-7 6.7 2.4 2.8 0.054
(carbofuran)

2,3 -dihydro-2- methyl-7-benzofuranyl 2.45 x 10-6 5.5 2.8 2 0.19

3-hydroxycarbofuran 1.4 x 10-6 >500 0.75

3-ketocarbofuran 1.3 x 10-5 500 1.7

3-methoxycarbofuran 6.4 x 10-7 40 0.34

3-acetoxycarbofuran 1.0 x 10-6 >500 0.80

4-chlorocarbofuran 2.8 x 10-7 45 0.182

4-methylcarbofuran 1.6 x 10-7 3.9 0.145

5-chlorocarbofuran 1.0 x 10 500 0.37

4-chlorocarbaryl 1.3 x 10-6 > 500 2.3

4-fluorocarbaryl 10-6 >500 34 >15 1.5

5-fluorocarbaryl 1.5 x 10-6 > 500 16.5 >30 1.0

4-hydroxycarbaryl 5.2 x 10 6 500 > 500 1.0 >10

5-hydroxycarbaryl 5.0 x 10-7 >500 >500 1.0 >10

* Data of Metcalf et al. (1 966, 1 968).
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Annex Table 12
Comparative activities of methylcarbamates and dimethylcarbamates

Musca domestica LC5o for Cu/ex
Carbamate ~~~150 for fatignsCarbamate fly AChE LD5o (,ig/g) larvae()

alone Iwith p. b.
S pm

phenyl methyl 2.0 x 10-4 500 38 13 >10

phenyl dimethyl 8.0 x 10-4 > 500 95 > 5.3 >10

1 -naphthyl methyl 9.0 x 10-7 900 12.5 72 0.5

1 -naphthyl dimethyl 4.5 x 10-6 >500 80 > 6.2 6.8

m-isopropylphenyl methyl 3.4 x 10-7 90 9.0 10 0.03

m-isopropylphenyl dimethyl 5.0 x 1 0-5 450 90 5 0.25

o-isopropoxyphenyl methyl 6.9 x 10-7 25.5 7.0 3.6 0.3

o-isopropoxyphenyl dimethyl 1.3 x 10-6 375 30 12.5 >10

o-isopropylphenyl methyl 6.0 x 10-6 95 24 4 0.56

o-isopropylphenyl dimethyl 1.3 x 10-4 > 500 340 > 1 3.3

2-isopropoxy-5-methoxyphenyl methyl 5.6 x 10-7 6.5 3.0 2.2 >10

2-isopropoxy-5-methoxyphenyl dimethyl 2.0 x 10-6 33 13.0 2.5 >10

3,5-dimethoxyphenyl methyl 8.0 x 10-6 11.0 4.4 2.5 >10

3,5-dimethoxyphenyl dimethyl 5.2 x 10-5 260 25 10.5 >10

4-dimethylamino-3,5-xylyl methyl 3.3 x 10-6 60 13.5 4.4 0.49

4-dimethylamino-3,5-xylyl dimethyl 2.2 x 10-5 500 80 6.3 2.4

p-methylthiophenyl methyl 3.4 x 10-5 26.5 18.5 1.4 4.3

p-methylthiophenyl dimethyl 4.5 x 10-4 170 57 3.0 >10

m-tert-butylphenyl methyl 4.0 x 10-7 > 500 8.0 >63 0.15

m-tert-butylphenyl dimethyl 1.8 x 10-5 > 500 92.5 > 5 3.5

' Data of Metcalf et al. (1 962b).
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Annex Table 13
Biological activities of N-substituted carbamates

GENERAL FORMULA

O H

OCN /
CCH
>/ R

/H\
H3C CH3

Topical LDso
150 for for Musca domestica LCso for Cu/ex Oral LD5o

R substituent fly AChE (Mg/g) fatigans larvae for the mouse
(M) (ppm) (mg/kg)

alone with p. b.

H 3.4 x 10-7 90 9.5 0.038 16

CH3C(O) 4.0 x 10-5 235 21 0.028 600-900

C2HsC(O) 1.1 x 10-4 150 14 0.034 1 000

(CH3)CHC(O) 4.4 x 10-5 85 14 0.018 250-1 000

(CH3)2CHC(O) 75 0.057 250-1 000

C6H5OCH2C(O) >500 0.064 1 000

C12H25C(O) > 500 0.069

CH30CH2C(O) 60 0.17 30-60

CICH2C(O) 185 0.0059 60-250

(C2H5)3N+CH2C(O) > 500 0.26

(CH30)2P(S) 6.6 x 1 0-5 32.5 22.5 760

(C2HsO)2P(S) 2.9 x 10-6 67.5 22.5 400-550

(C2H50)2(0) 1.1 x 10-6 >500 230 >1 000

Data from Fahmy et al. (1966, 1970) and unpublished data from this laboratory.

Annex Table 14
Biological activities of some thiocarbamates and some of their oxygen analogues

Musca domestica LC50
for Cu/ex

Carbamate 150 for fly LDso (sg/g) fatigans
AChE (M) with SR larvae

alone p. b. (ppm)

o-iso-PrC6H4OC(O)N(CH3)2 7.2 x 10s5 >500 340 >1.4 3.3

o-iso-PrC6 14SC(O)N(CH3)2 2.8 x 10-3 > 500 390 >1.3 >10

o-iso- PrC6H4OC(S) N (CH3) 2 8.9 x 1 0-4 > 500 > 500 2.25

o-iso- PrC6H4SC(S) N (CH3) 2 1 x 10-3 > 500 > 500 >10

m-iso-PrC6H40C(O) N (CH3)2 5 x 10-5 450 90 5.0 0.25

m-iso-PrC6H40C(S)N(CH3)2 4 x 10-3 >5 000 1 000 >5 0.48

Metcalf & Fukuto, unpublished data, 1 971.
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Annex Table 15
Biological activities of some oxime methylcarbamates*

GENERAL FORMULA
0
11

R=NOCOCNHCH3

R substituent 150 for fly
AChE (M)

8.4

2.0

1.1

5.0

1.0

CH3SC(CH3)2CH

CH30C(CH3)2CH

CH3SO(CH3)2CH

CH3SO2(CH3)2CH

CH3C(CH3)2CH

02NC(CH3)2CH

CH3SC(CH3)

syn

anti

C2H5SC(CH3)

iso-C3H7SC(CH3)

CH3SC(S2H5)

C2H5SC(C2H5)

CH30C(CH3)

syn

anti

C2H5OC(CH3)

C3H70C(CH3)

C4H9OC(CH3)

iso-C3H70C(CH3)

Musca domestica

LDso (11g/g)
alone with p. b.

x 10-5

x 10-5

x 10-6

x 10-6

X 10-5

5.5

20

20

290

3.35

2.4

9.0

2

2.6 x 10-7

3.0 x 10-5

5.2 x 10-8

1.9 x 10-8

8.7 x 10-8

1.05 x 10-8

3.3 x 10-6

9.5 x 10-5

9.8 x 10-7

1.45 x 10-6

1.2 x 10-6

3.2 x 10-7

10.5

100

10.5

24.0

12.0

20.0

7.0

175

2.5

9.0

60.0

2.6

1.8 5.8 0.51

1 .5

1.35

1.05

1.45

4.05

1.70

1.75

4.8

1.55

* Data of Payne & Weiden (1968), Felton (1 968), and Metcalf et al. (1966).
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SR

1.6

8.3

32

LCso for Culex
fatigans larvae

(ppm)

0.16

0.17

0.55

7.0

17.8

11.5

13.7

1.7

1.5

5.1

12.5

1.7
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Annex Table 16
Biological activity of benzaldehyde and acetophenone oxime methylcarbamates*

GENERAL FORMULA

0

/ C=NOCNHCH3
R2 K

Substituen its

R2

H

3 H

5 H

7 H

-C3H7" H

-C3H7 b H

H3 H

H

H

2N(CH3)2 H

3 o-CH3

3 m-CH3

3 p-CH3

3 m-CH3O

3 p-CH30

3 o-CF3

3 m-CF3

3 p-CF3

3 o-NO2

3 m-NO2

3 p-NO2

3 p-CN

3 p-F

3 p-Cl

3 p-Br

Data of Fukuto et al. (1969).
a M.p. 51 C.

b M.p. 101 C.

Musca domestica

t50 for
Topical LD50 (Ag/g) LC50 for Culex

fly AChE Toia Do(~/)fatigans
(m) with SR larvae (ppm)

alone ' b._b__

9.2 x 10-5

7.1 x 10-5

2.8 x 10-5

1.3 x 10-4

1.0 x 10-5

5.7 x 1 0-6

7.8 x 1 0-6

1.4 x 10-4

5.8 x 10-7

1.5 x 10-5

1.5 x 10-4

3.8 x 10-5

9.0 X 10-5

1.5 x 10-4

1.9 10-4

3.7 x 10-5

1.1 x 10-5

8.0 x 10-5

1.0 x 10-5

4.4 x 10-6

8.0 x 10-6

1.7 x 10-5

1.1 X 10-4

3.5 x 10-5

3.9 x 10-5

3.5 x 10-5

500

-500

500

>500

> 500

>500

-500

->500

30

500

-500

> 500

> 500

>-500

> 500

> 500

>500

> 500

500

> 500

> 500

> 500

> 500

> 500

> 500

> 500

55

200

27

60

33

1 8

8.8

245

9.5

185

105

75

450

135

- 500

38

17.5

500

36.5

> 500

> 500

80

67.5

360

> 500

500

9

> 2

18.5

-8

1 5

28

57

-2

3.1

? 3

5

-7

> 1 0

-10

6.2

-10

2.8

2.4

3.0

-10

0.6

-10

-.1 -10

-3 -10

> 1 0

1 3 - 1 0

28.5 ->10

-10

13.7 2.7

?_ 1 0

6.2 -> 1 0

7.4 -10

-1 -10

10

-10
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C21

C31

iso-

iso-

SCI

CN

CF:

CH

CH

CH

CH

CH

CH

CH
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CH

CH

CH

CH

CH

CH

CH
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Annex Table 17
Neuropharmacological action of phenyl methylcarbamates applied

in paraffin blocks to Periplaneta ganglia *

GENERAL FORMULA

0
'., 11
~' 1X-oc' I<H

Substituents Time (seconds) for the following efferent
neurone responses

R2 R3 threshold maximum block

0-iso-C3H7

M-iso-C3H7

p-iSO-C31-7

m-CH3

m-C2H5

m-tert- C4H1S

m-sec-C4Hq

m-cyclo- C61H

m-CI

m-CH30

o-iso-C3H7O

m-iso- C3H 7S

m-(CH3)2N

m- (CH3)3N+

1 x 10-3 M

1 x 10-4 M

M-iso-C3H7

M-iso-C3H7

m-iso-C3H7

CH3

CH3

CH3

|cH3

cH3

cH3

cH3

cH3

cH3

CH3

CH3

CH3

CH3

CH3

H

CH3

C2Hs

CH3

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

CH3

C2H5

C(O)CH3

64

34

inactive

126

97

43

34

inactive

inactive

inactive

50

70

49

52

inactive

49

91

inactive

inactive

87

53

194

134

48

60

66

175

166

210

139

62

234

218

75

111

116

260

178

235

SER a

84

47

187

111

46

45

60

113

161

80 229

132 265

' Data of Metcalf, Gruhn & Fukuto (1968).
a Time in seconds to produce 1 500 impulses/0.1 min
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