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Abstract

Phosphoramidates are a class of chemical compounds still widely used for insect pest control; therefore, in this
group, there is an underlying need to investigate novel insecticide compounds. This study evaluated the insecticidal
efficacy and physiological selectivity of three novel aminoaryl-phosphoramidate compounds under controlled
laboratory conditions. The biological models were larvae of the phytophagous Spodoptera frugiperda and adult
workers of the predatory Polybia occidentalis. The S. frugiperda larvae used for the bioassays were reared on an
artificial diet, while P. occidentalis adults were collected from field colonies. The acute larvicidal efficacy of the
novel phosphoramidate compounds against S. frugiperda larvae was lower than that of the control treatment
(a commercial product of the same chemical class); however, these same compounds exhibited significant acute
toxicity to workers of P. occidentalis. Following topical application of phosphoramidate compounds, insects
were provided an ad libitum feeding diet, and toxicity associated with potential delayed neurotoxic effects
was assessed under these conditions. The LD, (lethal dose killing 50% of the tested population) of the three
aminoaryl-phosphoramidate compounds ranged from 28.10 to 99.94 pg mg! for S. frugiperda larvae and from
54.86 to 68.71 ng mg' for adult P. occidentalis adults. The synthesized compound exhibits more pronounced
acute and chronic effects on the non-target insect (P. occidentalis) and a less pronounced rapid lethal effect on
S. frugiperda compared to commercial insecticides, indicating undesirable properties. However, its notable delayed
neurotoxic effect to S. frugiperda, which is understudied for compounds of this nature, could be further explored
as an additional tool for pest control.

Keywords: phosphoramidates, insecticides, larvicides, Spodoptera frugiperda, Polybia occidentalis.

Resumo

Fosforamidatos sdo uma classe de compostos quimicos ainda amplamente utilizada no controle de insetos-praga;
portanto, neste grupo, ressalta-se a necessidade de investigar novos compostos inseticidas. Este estudo avaliou
a eficacia inseticida e a seletividade fisiol6gica de trés novos compostos aminoaril-fosforamidato em condigdes
controladas de laboratério. Os modelos biol6gicos foram larvas da espécie fitéfaga Spodoptera frugiperda e operarias
adultas da espécie predadora Polybia occidentalis. As larvas de S. frugiperda utilizadas nos bioensaios foram criadas
em dieta artificial, enquanto os adultos de P. occidentalis foram coletados de colonias de campo. A eficacia larvicida
aguda dos novos compostos fosforamidato contra larvas de S. frugiperda foi menor do que a do tratamento controle
(um produto comercial da mesma classe quimica); no entanto, esses mesmos compostos exibiram toxicidade
aguda significativa para operarias de P. occidentalis. Apés a aplicacdo tépica de compostos de fosforamidato, os
insetos receberam uma dieta alimentar ad libitum, e a toxicidade associada a potenciais efeitos neurotéxicos
tardios foi avaliada nessas condi¢des. A DL50 (dose letal que mata 50% da populacdo testada) dos trés compostos
de aminoaril-fosforamidato variou de 28,10 a 99,94 ug mg-1 para larvas de S. frugiperda e de 54,86 a 68,71 pg mg-1
para adultos de P. occidentalis. O composto sintetizado apresenta efeitos agudos e cronicos mais pronunciados em
insetos nao-alvo (P. occidentalis) e um efeito letal rapido menos pronunciado em S. frugiperda em comparagdo com
inseticidas comerciais, indicando propriedades indesejaveis. No entanto, seu notavel efeito neurotdxico tardio em
S. frugiperda, que é pouco estudado para compostos dessa natureza, pode ser mais explorado como uma ferramenta
adicional para o controle de pragas.
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1. Introduction

Organophosphates are chemical substances synthesized
by the esterification of phosphoric acid with alcohol.
These compounds are primary components of herbicides,
fungicides, and insecticides (Adeyinka et al., 2022).
Organophosphate insecticides, when ingested by insects,
inhibit acetylcholinesterase (AChE), a critical enzyme in the
central and peripheral nervous systems that hydrolyzes
the neurotransmitter acetylcholine. The inhibition of
AChE results in the accumulation of acetylcholine (ACh)
in synaptic clefts, as AChE is responsible for hydrolyzing
ACh into choline and acetate. Consequently, exposure to
these insecticides induces nervous system hyperactivity,
leading to paralysis and death of the insect (Ware, 2000;
Richardson and Makhaeva, 2014).

The primary reason for the efficacy of organophosphate
compounds as insecticides is their high biological
activity (Zhu et al., 2020), combined with their relative
environmental instability, which results in a half-life in
plants ranging from 2 to 10 days (Santos et al., 2007).
Additionally, interest in organophosphates stems from the
ease of synthesizing novel derivatives and the potential to
develop pro-insecticides, which are preferentially activated
in insects rather than in mammals. Organophosphates
exhibit low residual effects, with limited environmental
stability and minimal bioaccumulation.

Organophosphorus compounds are commonly
referred to as organophosphates (Richardson and
Makhaeva, 2014); however, organophosphates are a
specific subset that comprises derivatives of phosphoric
acid. Numerous other derivatives exist, including
phosphorothioates, phosphonates, phosphinates, and
phosphoramidates. Organophosphate insecticides are
typically organophosphates or organophosphorothioates;
examples of organophosphates include fenthion,
fenitrothion, parathion, malathion, chlorpyrifos, while
demeton-S, and examples of organophosphorothioates
include ethion, fonofos, disulfoton, acephate, and dimethoate.

Phosphoramidates are a class of chemical compounds
characterized by a phosphorus atom bonded to at least
one alkyl or aryl amine group (-NR,R,) (Lages, 2016). This
class includes compounds used as insecticidal agents
(Oliveira et al., 2014; Mota et al., 2023), such as acephate,
isocarbophos, amidothioate, and avenin. However, few
compounds in this class have been developed as insecticides
due to synthesis challenges and severe mammalian
toxicity (Lin et al., 2020). Despite these limitations,
phosphoramidate insecticides are widely commercialized
globally (Santos et al., 2007; Lin et al., 2020; Mota et al.,
2023). According to Paula et al. (2008), phosphoramidates
derived from secondary and tertiary amines, which are
weaker AChE inhibitors, have been synthesized based on
research by Hudson et al. (1996) to address these challenges.

Insecticides are characterized not only by the toxicity
of the chemical compound but also by their efficacy at
low concentrations, minimal mammalian toxicity, lack of
phytotoxicity, ease of production, handling, and application,
economic viability, and absence of bioaccumulation
in adipose tissues of humans and domestic animals
(Santos et al., 2007). These characteristics define ideal
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insecticides, which are evidently rare; thus, ongoing efforts
to develop novel insecticidal compounds remain essential.

The three-novel synthetic phosphoramidate compounds
investigated in this study were synthesized via
monophosphorylation of phenylenediamine with
dibutyl phosphite in a solid-liquid biphasic system, using
hexachloroethane as a catalyst, potassium carbonate as a
base, tetrabutylammonium bromide as a phase-transfer
catalyst, and dichloromethane as the solvent.

The biological models used in this study were Spodoptera
frugiperda (Smith, 1797) (Lepidoptera: Noctuidae), a
polyphagous pest commonly known as the fall armyworm
that primarily attacks maize crops, and Polybia occidentalis
(Olivier, 1792) (Hymenoptera: Vespidae), a predatory wasp
widely referred to as the dry-flour wasp or star wasp
(Brasil, 2023; Souza and Zanuncio, 2012).

S. frugiperda is a highly polyphagous species (Xue et al.
2024), native to the Americas, which has emerged as an
invasive pest in Africa since 2016, in Asia since 2018 and
Oceania since 2020 (Wan et al., 2021) and, in southern
Europe in recent years (Geryak et al., 2025). According
to the Food and Agriculture Organization of the United
Nations (FAO), Brazil allocates approximately US$600
million annually to control this pest (Wild, 2017).

Wasps contribute to pollination across a diverse range
of plants and prey on phytophagous insects that cause
significant agricultural damage (Picanco et al., 2010;
Jacques et al., 2018). According to Kohler and Lemes
(2014), P. occidentalis is characterized by a basal spot on
the clypeus and genae with prominent yellow markings
and is primarily distinguished by the absence of a broad
posterior margin of the pronotum. Nests of P. occidentalis
wasps consist of multiple superimposed combs enveloped
by a protective covering, typically exposed on the abaxial
surfaces of leaves (Somavilla et al., 2012).

The ecological function of social wasps is highly
significant, as they contribute to pollination and exhibit
predatory generalist habits, targeting insects harmful to
agriculture (Barbosa et al., 2022). Therefore, they help to
maintain the trophic balance of ecosystems (Resende et al.,
2001; Prezoto et al., 2006; Picango et al., 2010; Jacques et al.,
2018, Barbosa et al., 2022). Human interventions,
particularly the application of insecticides, pose notable
threats to the survival of these insects (Bacci et al., 2000).

This study evaluated the insecticidal efficacy and
physiological selectivity of three novel aminoaryl-
phosphoramidate compounds under controlled laboratory
conditions, using larvae of S. frugiperda and adult workers
of P. occidentalis as biological models.

2. Material and Methods

2.1. Characterization of the three novel aminoaryl-phosphoramidate
compounds

The aminoaryl-phosphoramidate compounds used in the
bioassays were synthesized at the Chemistry Laboratory of the
State University of Goids, Brazil, following the methodology
described by Mascarenhas (2022). The characterization of
these novel aminoaryl-phosphoramidates was based on

Braz. ]. Biol., 2026, vol. 86, 301647



Bioactivity and selectivity of novel aminoaryl-phosphoramidates against Spodoptera frugiperda and Polybia occidentalis

theoretical principles of the electronic properties of aromatic
compounds and comparisons with analogous structures
reported in the literature (Pretsch et al., 2020), as described
inTable 1.

Our work emphasized only the toxicity evaluation
of these compounds to insects; therefore, the detailed
chemical synthesis procedures should be consulted in
Mascarenhas (2022). The following is a generic description
of the methodological process for obtaining these
phosphoramidates and their chemical characterization.

Under atmospheric pressure, in a 125 mL two-
necked flask (ground joint) containing the appropriate
phenylenediamine (0.020 mol; 2.16 g), potassium carbonate
(0.022 mol; 3.0 g), tetrabutylammonium bromide (0.062
mmol; 0.02 g), and dichloromethane (5 mL) under stirring, a
solution containing dibutyl phosphite (0.010 mol; 1.95 mL)
and hexachloroethane (0.015 mol; 3.55 g) in dichloromethane
(10 mL) was slowly added using a funnel. The addition time
of the phosphite solution was approximately 10 minutes, in
an ice bath, and after the addition was completed, stirring
was maintained for an additional 1 hour in an ice bath and
then for an additional 23 hours at room temperature, until
complete consumption of the dibutyl phosphite, which was
monitored by thin-layer chromatography.

Subsequently, the mixture was filtered through filter
paper to remove potassium carbonate and potassium

chloride, which are generated in the reaction and are of
no interest, thus isolating the organic phase. The filtrate
was transferred to a separatory funnel and washed with
0.2% hydrochloric acid (3x10 mL) and water (1x10 mL). The
extraction process with hydrochloric acid was performed
to remove the excess diamine. With the presence of this
acid, the diamine was protonated and transported from
the organic phase to the aqueous phase, an important step
in the reaction isolation process.

Finally, the organic phase was also treated with water to
remove inorganic residues of no interest. In the next step,
the organic phases were combined, and anhydrous sodium
sulfate was used to remove any aqueous residue, and then
the solution was filtered. The solvent was removed using a
rotary evaporator, generating a solid/oil residue. The generated
residue was recrystallized by adding approximately 60 mL of
petroleum ether. The use of petroleum ether is necessary for the
important final recrystallization step of the solids. The system
was kept under stirring for 24 hours. At the end, the decanted
solid was filtered, obtaining a white solid product with a
yield 44% (aminoaryl-phosphoramidate 1), 41% (aminoaryl-
phosphoramidate 2) and 48% (aminoaryl-phosphoramidate 3).
The melting point of the referred compounds was 76, 73, and
81 °C, respectively.

Preliminary analyses, based on the vibrational
absorption spectra in the IR region of dibutyl phosphite

Table 1. Spectral assignments for the three aminoaryl-phosphoramidate tested using nuclear magnetic resonance (NMR) spectroscopy
('H, C, and *'P), infrared (IR) spectrometry and yields (%) obtained during the synthesis process.
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(1)RNM [13 C, (1H)] - 1: [13.6, 0.87 (6H, t, ] = 7.25)], 2: [18.7,
1.34 (4H, sex, ] = 7.45)], 3: [32.2, 1.62 (4H, qui, ] = 7.12)], 4: [66.2,
4,04 (4H, m)], 5: [6.39 (1H, d, ] = 8.5)], 6: [126.6], 7: [127.7, 7.11(1H,
broad d, ] = 8.0)], 8: [119.5, 6.86 (1H, m,)], 9: [120.7, 6.86 (1H, t,
]=7.62],10: [117.1, 6.73 (2H, m)], 11: [137.3], 12: [4.46 (2H, m)];
31 P: 4.45; IR (cm™): 3220 (broad v NH); 2961, 2874 (v CH sp3);
1656 (5 NH); 1589, 1508, 1426 (v C=C); 1292 (v cAr-N); 1204
(v P=0); 980 (v P-0); 749 (y =C-H); Yield: 44%.

(2)RNM [13 C, (1H)] - 1: [13.3,0.87 (6H, t, ] = 7.50)], 2: [18.7,
1.35 (4H, sex, ] = 7.45)], 3: [32.2, 1.62 (4H, qui, ] = 7.0)], 4: [66.2,
4.02 (4H, m)], 5: [6.22 (1H, broad d, ] = 8.50)], 6: [145.2], 7: [109.6,
6.63 (1H, m,)], 8: [130, 7.02 (1H, t)], 9: [105.4], 6.51 (2H, m)], 10:
[140.9, 6.73 (2H, m)], 11: [109.0, 6.52 (2H, m)], 12: [4.81 (2H, broad s)];
31 P: 2.75; IR (cm™): 3354, 3216 (v NH); 2961, 2874 (v CH sp3);
1608 (5 NH); 1495 (v C=C); 1306 (v cAr-N); 1223 (v P=0); 992
(v P-0); 784 (y =C-H), Yield: 41%.

H,N

(3)RNM [13 C, (1H)] - 1: [13.3,0.87 (6H, t, ] = 7.50)], 2: [18.7,
1.35 (4H, sex, ] = 7.45)], 3: [32.2 1.62 (4H, qui, ] = 7.00)], 4: [66.2,
4.02 (4H, m)], 5: [6.28 (1H, broad d, ] = 9.50)], 6: [134.0], 7: [132.1,
6.86 (2H, d, ] = 8.50)], 8: [118.5, 6.66 (2H, d, ] = 8.50)], 9: [139.7],
10: [not observed]; 31 P: 4.10; IR (cm™): 3364 3202(v NH); 2959,
2873 (v CH sp3); 1518, 1479 (v C=C); 1210 (v P=C);

989(v P=0);829 (y =C-H); 780 (y =C-C); Yield: 48%.
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and the obtained products, did not show the stretching
band at approximately 2427 cm! referring to the P-H
bond of the pentavalent form of dibutyl phosphite, which
confirms the consumption of this starting material. The
stretching bands of the P=0 bonds and P-O-C deformation
bands of the phosphoryl group, typical of the expected
organophosphorus compound, were identified between
the regions of 500 and 4500 cm™. The characterization of
the new phosphoramidates is presented in Table 1.

2.2. Environmental conditions for conducting the biological assays

Biological assays were conducted at the Entomology
Laboratory of the State University of Goias, under controlled
conditions: temperature of 25 + 2 °C, relative humidity of
67 £ 10%, and a 12-hour photoperiod.

2.3. Stock rearing of Spodoptera frugiperda

The S. frugiperda larvae used in the bioassays were
obtained from laboratory-maintained artificial rearing.
Upon egg hatching, larvae were transferred to an artificial
bean-based diet, following the methodology of Pinto et al.
(2019), until they reached the third instar, and then
removed from the diet and subjected to treatments with
the insecticidal compounds.

2.4, Field collection of Polybia occidentalis and laboratory housing

P. occidentalis nests were collected from the abaxial
surface of Bismarckia nobilis leaves, a plant commonly used
in urban landscaping in Brazil. Collections were conducted
at night to minimize disturbance to the colonies. The nest
collector, equipped with protective clothing and using a
manual cutting tool, carefully detached the nests from
the plant leaves and immediately placed them in wooden
boxes (40 x 30 x 30 cm), which were transported to the
same laboratory housing the S. frugiperda larvae. One side
of each wooden box was designed as a trapdoor with a
glass lid, and the opposite side featured a mesh fabric that
could be partially opened for the careful insertion of a
collection tube (mouth aspirator) to capture adult workers
of P. occidentalis. A Petri dish containing two cotton wads
soaked in water and a 10% honey-water solution was placed
at the bottom of each box, with the wads periodically
rehydrated using spray bottles to provide sustenance for
the P. occidentalis adults.

2.5. Maize cultivation for feeding treated S. frugiperda larvae

After removal from the artificial diet, S. frugiperda larvae
were exposed to insecticides and then allowed to feed
ad libitum on a natural diet of young fresh maize leaves
cultivated in a greenhouse. Eight-liter pots were filled
with a 2:1:1 mixture of soil, sand, and bovine manure,
each sown with five seeds of the non-transgenic cultivar
AG-1051. Plants were irrigated daily and kept free from
insecticides or other pesticides to prevent interference
with experimental outcomes.

2.6. Treatment applications

Preliminary tests identified a 6:4 acetone-water solution
as a suitable solvent for dissolving solid phosphoramidate
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compounds. This solvent was also used to dissolve acephate
(positive control), a highly soluble insecticide in water,
acetone, or ethanol, according to the Pesticide Properties
DataBase (University of Hertfordshire, 2024).

The aminoaryl-phosphoramidate treatments used
were 3 different products, characterized in the section
above (Aminoaryl-phosphoramidate 1, Aminoaryl-
phosphoramidate 2 and Aminoaryl-phosphoramidate 3).
Preliminary tests also determined effective doses of the
novel phosphoramidates that induced significant mortality
(>95%), specifically 900 ng of insecticide compound per
S. frugiperdalarva and 120 pg per P. occidentalis adult. These
doses were used to establish seven additional, progressively
lower doses to construct the dose-mortality curve.

The insecticidal compound was applied topically by
administering pre-established doses to the notal region
of the larvae or adults using a microsyringe (1.0 pL of
the dissolved compound per application), following the
methodology of Oliveira (2008). Acute toxicity (mortality)
was assessed using a dose of 80 g insect™, equivalent to
11.64 ng mg" for S. frugiperda larvae and 2.67 ng mg' for
P. occidentalis adults. For the purpose of comparing toxicity
over time, the observed dose that expressed acute topical
mortality greater than LD50% in one of the tested insect
populations was chosen (see Figure 1, wasps).

Given the aggressiveness of P. occidentalis, brief
immobilization was required after removal from the
wooden box to facilitate insecticide application. Therefore,
batches of P. occidentalis adults were refrigerated for
60 seconds to immobilize them, with preliminary tests
confirming this refrigeration period caused no observable
mortality or permanent impairment.

Following treatment, insects were housed in transparent
250mL plastic containers with lids, lined with slightly
moistened filter paper. Each container with an individual
S. frugiperda larva represented a sampling unit (each
treatment consisted of five replicates). The larvae were
fed with fragments of young, fresh maize leaves, and
containers were cleaned daily by replacing the filter
paper and removing food remnants from the previous
day. Polybia occidentalis were fed with distilled water and
a 10% honey-water solution, each soaked in separate small
pieces of hydrophilic cotton.

Each 250-mL plastic container with lid, housing
10 P. occidentalis adults from the same colony, constituted
a sampling unit in bioassays (each treatment consisted
of five replicates). P. occidentalis adults from seven nests
were used in the bioassays. A 97% insecticide acephate
formulation was used as the positive control, applied at
the highest dose recommended for controlling S. frugiperda
and P. occidentalis, specifically 900 pg per S. frugiperda
larvae and 120 pg per P. occidentalis adult.

Mortality assessments, defined as visible immobility,
were conducted for P. occidentalis adults 12 hours after
treatment and then daily up to 288 hours, and for
S. frugiperda larvae, following the same procedure, up
to 360 hours. For wasps, the 288-hour time point, in
preliminary tests, was when the first individual death was
recorded in the control treatment, and for S. frugiperda,
also in preliminary tests, when the larvae reached the
pre-pupal stage
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Mortality data for S. frugiperda larvae and P. occidentalis
adults in each treatment were subjected to analysis of
variance, and means were compared using the Scott-Knott
test at a 5% significance level. Dose-mortality data were
fitted to a non-parametric logistic model at a 5% significance
level. Survival curves over time for insecticide-treated
insects were compared using the Log-Rank test (p < 0.05),
and multiple comparisons were conducted using the
Holm-Sidak method (p < 0.05). Statistical analyses were
conducted using R software 4.1.1 (R Core Team, 2022).

3. Results

Acute topical toxicity data comparing the novel
aminoaryl-phosphoramidate compounds and acephate
(commercial insecticide compound) for S. frugiperda
larvae at a dose of 80 g per insect are shown in Table 2.
Given that the mean weight of third-instar larvae was
approximately 6.87 mg, the applied dose corresponded to
11.65 ng mg of insect. The three novel phosphoramidates
tested were significantly less toxic to S. frugiperda larvae
than acephate (Scott-Knott test, p < 0.05).

100 -
80 -
g ® Aminoaryl-phosphoramidate 1 (Y1)
Iy 60 - A Aminoaryl-phosphoramidate 2 (Y2)
Té 4 Aminoaryl-phosphoramidate 3 (Y3)
o
E -1
‘_é’ 40 | Y1 : LDggo, = 99.95 g larva
i Y2 : LDggo, = 28.10 g larva™ '
Y3 : LDggg, = 80.28 pg larva™
20
Y1=150.41/1 + (x/ 353.35)°%; F = 39.710; R® = 0.895; P < 0.001
Y2 =666.37 /1 + (x/ 3651943.38) "%, F = 12.960; R? = 0.696; P < 0.001
5 Y3 =193.66 /1 + (x /1731.0343)°*3, F = 20.649; R? = 0.816; P < 0.0001
T T T T T

0 200 400 600 800 1000

Dose (ng Iarva'1)

Figure 1. Toxicity of three aminoaryl-phosphoramidate compounds to Spodoptera frugiperda larvae, with lethal dose (LD) values estimated
using a logistic regression model based on mortality recorded up to 360 hours after topical application.

Table 2. Mean acute mortality rates (%) of Spodoptera frugiperda larvae and Polybia occidentalis adults following topical application of
three novel aminoaryl-phosphoramidate compounds and acephate (positive control) at a dose of 80 pg per insect.

Mean acute mortality rates (%)

Compound 12 hours 24 hours 48 hours 72 hours
S. frugiperda
Aminoaryl-phosphoramidate 1 0aA 0aA 6.66 aA 6.66 aA
Aminoaryl-phosphoramidate 2 6.66 aA 20.00 aA 20.00 aA 33.33aA
Aminoaryl-phosphoramidate 3 1333 aA 1333 aA 20.00 aA 26.66 aA
Acephato (commercial) 73.33 bA 73.33 bA 80.00 bA 80.00 bA
P. occidentalis
Aminoaryl-phosphoramidate 1 0aA 22 aA 46 aB 58 aB
Aminoaryl-phosphoramidate 2 26 aA 54 aB 64 aB 74 aB
Aminoaryl-phosphoramidate 3 30aA 42 aA 68 aB 72 aB
Acephato (commercial) 100 bA 100 bA 100 bA 100 bA

Means followed by the same lowercase letter in the columns or uppercase letter in the rows are not significantly different from each other by
the Scott-Knott test (p < 0.05).
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The three novel aminoaryl-phosphoramidate compounds
exhibited reduced larvicidal efficacy against S. frugiperda
larvae at 72 hours post-application (Table 2), showing a
non-significant effect compared to the positive control
(mortality < 33.33%). The data were fitted to a logistic statistical
model to define the LD, (the lethal dose that kills 50% of the
tested population) of the insecticide compounds over 360
hours (Figure 1). The LD, of aminoaryl-phosphoramidate
compound 2 demonstrated the highest toxicity (LD, =
28.10 pg larva), followed by compound 3 (LD,, = 80.28 pg
larva) and compound 1 (LD, = 99.95 pg larva™). A dose of
640 g larva of aminoaryl-phosphoramidate compound 2
resulted in 93.99% mortality of S. frugiperda larvae.

Survival data for S. frugiperda larvae following topical
application of insecticidal compounds (Figure 1) showed
that the LD, for the three aminoaryl-phosphoramidate
compounds was reached after 168 hours of exposure,
suggesting a potential delayed cholinergic effect. In contrast,
the positive control treatment (acephate) resulted in
93.99% larval mortality within 12 hours post-application.
The control treatment, using an acetone-water solvent,
recorded a single larval death at 312 hours post-application.
Survival curves for S. frugiperda larvae over time revealed
no significant differences among the three novel aminoaryl-
phosphoramidate compounds (Log-Rank test at p < 0.001,
and Holm-Sidak test at p < 0.05) (Figure 3).

Acute topical toxicity data comparing the novel
aminoaryl-phosphoramidate compounds and acephate

(positive control) for P. occidentalis adults at a dose of 80 g
of the insecticide per insect are shown in Table 2. Given that
the mean weight of adults was approximately 30 mg, the
applied dose corresponded to 2.67 pg mg of P. occidentalis
adults. Mortality of P. occidentalis adults following topical
exposure to the three phosphoramidates, evaluated over
72 hours, ranged from 58% to 74%, consistently lower than
the positive control (acephate) at all times (12, 24, 48,
and 72 hours) (Scott-Knott test, p < 0.05) (Table 2). The
LD, of the three aminoaryl-phosphoramidate compounds
for P. occidentalis adults ranged from 54.86 to 68.71 ng of
insecticide per P. occidentalis adult (Figure 2), intermediate
values compared to those observed for S. frugiperda larvae
(Figure 1).

Survival data for P. occidentalis adults following topical
application of insecticidal compounds (Figure 4) showed
that aminoaryl-phosphoramidate compounds 2 and
3 caused mortality exceeding 50% within 24 hours of
exposure. In contrast, compound 1 caused similar mortality
after 96 hours. Multiple comparisons of mortality curves
revealed a distinct mortality pattern for P. occidentalis adults
treated with aminoaryl-phosphoramidate compound 1
compared to 2 and 3 (Log-Rank test at p < 0.05 and Holm-
Sidak method at p <0.001). Aminoaryl-phosphoramidate
compounds caused 100% mortality of P. occidentalis
adults within 144 hours (6 days) post-application of the
insecticides, whereas the control treatment, using only
solvent, resulted in no mortality during this period.

Y1: LDgy, = 68.71 ug wasp”
Y2: LDy, = 60.98 pg wasp”'
Y3: LDy, = 54.86 ug wasp™

Y1 =1479010.26 / 1 + (x /8010374.94)°%%; F = 12.333; R = 0.587; P < 0.001
Y2 =317006.69 / 1 + (x / 45851665.76) "% F = 13.708; R? = 0.613; P < 0.001
(x / 75.40) %% F = 47.205; R* = 0.845; P < 0.001
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Figure 2. Toxicity of three aminoaryl-phosphoramidate compounds to Polybia (Myrapetra) occidentalis adults, with lethal dose (LD)
estimated using a logistic regression model based on mortality recorded up to 72 hours after topical application.
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Figure 3. Survival of Spodoptera frugiperda larvae over time following topical application of three novel aminoaryl-phosphoramidate
compounds and acephate (positive control) at 900 pg per larva compared to a solvent-only control (6:4 acetone-water). Significant
differences between treatments were observed (Log-Rank test, p < 0.001), but no significant differences were found among aminoaryl-
phosphoramidate compounds (Holm-Sidak test, p < 0.001).
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Figure 4. Survival of Polybia (Myrapetra) occidentalis adults over time following topical application of three novel aminoaryl-phosphoramidate
compounds and acephate (positive control) at 120 ng per insect compared to a solvent-only control (6:4 acetone-water). Significant
differences between treatments were observed by the Log-Rank test (p < 0.001), with no significant differences between aminoaryl-
phosphoramidate compounds 2 and 3 (Holm-Sidak test, p < 0.001).
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4. Discussion

The three new aminoaryl-phosphoramidate compounds
investigated did not show significant acute toxicity to the
insects studied, compared to the commercial product
(acephate), which could be an undesirable characteristic
in the initial development of a new insecticidal compound,
since insecticides that induce rapid mortality are generally
valued in the agrochemical industry (Ware, 2000).
However, with the doses of the three new aminoaryl-
phosphoramidates highlighted in our study, 900 pg for
S. frugiperda larvae and 120 g for P. occidentalis workers
(see survival curves in Figures 3 and 4), a significant
long-term lethal effect was observed. Commercially
used organophosphorus insecticidal compounds, such as
acephate, cause insect death in the short term (Wu et al.,
2021), as also highlighted in our study, within the first
hours (12 h) of topical application in S. frugiperda and
P. occidentalis.

The suppression of esterase activity promotes acute
and delayed cholinergic effects in treated organisms
(O'Malley and O'Malley, 2024). In general, sublethal doses
of neurotoxic insecticides can adversely affect insect
physiology and survival (Guedes et al., 2016; Franca et al.,
2017); particularly for subdoses of acephate, esterase
suppression can promote deleterious effects, such as
significant reduction in body weight of adult worker bees, as
observed by Yao et al. (2018). It is important to note that our
study is a preliminary prospecting of potential insecticidal
compounds applied topically, and their deleterious effect
was quantified only as the number of dead individuals
over time; although not quantified, a reduction in larval
feeding was observed in the first hours after exposure to
the aminoaryl-phosphoramidate compounds, despite not
implying a significant effect on mortality rates for these
same pest insects in the short term, up to 72 hours after
application (Table 2).

Unlike what was observed for the pest insect, the acute
lethal effect of the three new aminoaryl-phosphoramidate
compounds is expressive for P. occidentalis workers; after
72 hours of exposure to these compounds, on average, 68%
of them had died (Table 2). The extreme acute toxicity of
phosphoramidates, such as acephate and its intermediate
product, methamidophos, to non-target organisms is
reported by Lin et al. (2020). In our study, considering
the dosage per insect weight, even using a 4.8-fold higher
dosage of insecticidal compound for the pest insect, lethality
was significantly higher for the suggested natural enemy;
therefore, from the point of view of physiological selectivity,
they would not be suitable compounds for integrated pest
management (Gusmao et al., 2000; Redoan et al., 2013).
According to Bueno et al. (2017), physiological selectivity
is inherent to the product itself, which manifests due to
physiological differences between pests, predators, and
parasitoids, with pests being killed at a concentration of
the product that does not affect natural enemies.

The toxicity of insecticidal compounds is influenced
by their lipophilicity, which interacts with the thickness
and lipid composition of the insect cuticle, affecting
penetration rates at the target site (Gusmado et al., 2000).
In our study, differences in insect species and life stages
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may have contributed to the observed variations in
toxicity. Charpentier et al. (2000) identified resistance
mechanisms in a population of Drosophila melanogaster
exposed to organophosphorus insecticides, including
improved insecticide mobility, increased hydrolysis at the
acetylcholinesterase target, reduced target site sensitivity,
and decreased acetylcholinesterase levels. Although
insecticide resistance was not evaluated in this study,
these findings suggest that the chemical properties of
the insecticide and the morphological and physiological
characteristics of the insect significantly influence toxicity.

In summary, the three new phosphoramidates
investigated did not promote significant acute lethality in
S. frugiperda larvae and P. occidentalis worker; however,
unlike typical phosphoramidate (acephate), they caused
significant long-term lethality to these same insects. This
atypical lethality behavior can be explored in insect pest
management programs, for example, in insecticides that
necessarily require this delayed effect, such as those used
in social insect pests, like leaf-cutting ants and termites.
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