<@ sustainability

Review

One Hundred Years of Pyrethroid Chemistry: A Still-Open
Research Effort to Combine Efficacy, Cost-Effectiveness and
Environmental Sustainability

Marcello Ruberti

check for
updates

Citation: Ruberti, M. One Hundred
Years of Pyrethroid Chemistry: A
Still-Open Research Effort to Combine
Efficacy, Cost-Effectiveness and
Environmental Sustainability.
Sustainability 2024, 16, 8322. https://
doi.org/10.3390/5u16198322

Academic Editor: Helvi

Heinonen-Tanski

Received: 21 August 2024
Revised: 18 September 2024
Accepted: 20 September 2024
Published: 25 September 2024

Copyright: © 2024 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Economic Sciences, University of Salento, 73100 Lecce, Italy; marcello.ruberti@unisalento.it;
Tel.: +39-0832-298746

Abstract: A century after the first scientific research on the chemical structures of pyrethrins was
published (in 1923), this paper aims to provide an exhaustive review of the historical research
pathways and relative turning points that led to the discovery and mass production of pyrethroids,
which have become among the most commercially successful insecticides. These compounds, which
are not specific to any particular pest, are used globally and offer cost-effective advantages against
a broad spectrum of pests in both agricultural and non-agricultural situations. They are utilized
in the context of both harvest and post-harvest applications, as well as in the implementation of
public health programs and veterinary applications. Currently, the research for new pyrethroids has
essentially reached a standstill due to the increasingly widespread occurrence of insecticide resistance
in pests. Nevertheless, several research paths remain open regarding these pesticides. This paper
represents the current state of knowledge regarding pyrethroids, exposing both their advantages and
disadvantages. Moreover, further investigation, at the molecular level, on their mode of action (MoA)
could be very useful to improve their specificity. The results of this review may stimulate additional
research for the development of novel pyrethroids having enhanced efficacy, low cost and reduced
environmental impact.

Keywords: pyrethrins; insecticide resistance; synthetic pyrethroids; mode of action; environmental
sustainability; agricultural pest control; eco-compatibility

1. Introduction

Among the most common insecticides there are natural pyrethrins and synthetic
pyrethroids. They are extensively used in both indoor and outdoor applications. In
the domestic sphere, they are used in the treatment of parasitic infestations, whereas in
agriculture, they are used to control pests, particularly on horticultural crops, corn, and
cereals. Additionally, they are used in social preventive medicine to combat, as strongly
recommended by the WHO (World Health Organization), mosquito-borne diseases, such
as malaria and the Zika virus [1].

It has been estimated that the global market for pyrethrins and pyrethroids in 2015
was approximately USD 4.7 billion, with an annual growth trend of approximately USD
300 million per year [2]. The global market for synthetic pyrethroids alone reached a value
of more than USD 3.7 billion in 2023 and is expected to grow at a compound annual growth
rate (CAGR) of 4.6 percent during the period 2024-2032, reaching a value of USD 5.6 billion
by 2032 [3,4]. Pyrethrins and pyrethroids account for over one-third of the global market
share of insecticides [5].

In the scientific literature, the generic term “pyrethroids” is used to refer to both
“natural pyrethrins” and “synthetic pyrethroids”; this last subcategory also includes the
“pyrethroid-like compounds”. Despite sharing a common MoA, these compounds have
disparate application costs, environmental persistence, and ecological risks [6].
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In comparison to conventional insecticides, such as organophosphates and organochlo-
rines, pyrethroids possess several notable advantages. These include high insecticidal
activity even at low doses, rapid paralysis (knockdown effect), low toxicity to birds and
mammals, and low environmental persistence [7]. Their insecticidal and acaricidal effects
are achieved through contact, whether direct or indirect). However, they have broad-
spectrum activity and, thus, they are toxic to non-target organisms, including useful insects
(e.g., pollinators), fish, and amphibians.

Pyrethrins are a mixture of six compounds extracted from the flower heads of Tanace-
tum cinerariifolium (chrysanthemum). These substances have demonstrated insecticidal
properties for centuries and were first employed as insect deterrents [8]. The utilization of
pyrethrum-based insecticides became pervasive in the 1800s when the dried flower powder,
which is commonly known as “Persian powder” or “Dalmatian dust”, was transported to
Europe via trade routes [9,10].

The first identification of the active insecticidal constituents of the pyrethrins took place
during the early years of the 20th century. A series of investigations have demonstrated
that the insecticidal activity resides in six esters. The active principles act on the nervous
systems of insects, causing paralysis and death by contact. They were first used in powders
and fumigants to control a broad range of pests. The efficiency of action with rather low-
level toxicity against humans and animals made these compounds highly popular for both
agricultural and domestic pest control [8,10-12]. The characterization of the elements in
pyrethrins resulted in the development of synthetic pyrethroids.

Historically, several specific factors have contributed to the rapid decline of nat-
ural pyrethrum, including seasonal production variability, labor-intensive harvesting,
differences in the concentration of the active compound in pyrethrum powder, very
poor environmental persistence, importation issues, and higher production costs [13].
These factors have collectively favored and stimulated the research and the production of
synthetic pyrethroids.

Based on the period of their discovery, their effectiveness of action, and other chemical-
physical characteristics, pyrethroids can be grouped into several generational classes, which
are further subdivided into different paragraphs below. Despite the synthesis of hundreds
of pyrethroid molecules, only a few of them have been successfully commercialized and
approved for use [11].

A century after the first scientific paper on the chemical constituents of pyrethrins was
published (in 1923), this review aims to provide a comprehensive account of the history of
pyrethroids and the associated challenges encountered during the lengthy and arduous
quest for an “ideal insecticide” to combine efficacy, specificity of action, cost-effectiveness
and environmental sustainability. This ideal insecticide would possess high toxicity and
selectivity while being harmless to the ecosystem, higher animals, and humans. Over
the decades, esteemed organic chemists, botanists, and biologists from around the globe
have engaged in a spirited and intellectually stimulating exchange of ideas regarding this
intriguing challenge. Nevertheless, the final word has yet to be spoken, as while it is
true that pyrethroids still present the lowest environmental impact among other different
categories of pesticides, it is also true that their negative effects on non-target organisms
and their cross-resistance warrant careful evaluation.

This research aims to provide a comprehensive overview of the historical evolu-
tion and status of the most significant pyrethroids. For each pyrethroid, the efficacy,
eco-compatibility, and cost-effectiveness will be evaluated, and the advantages and dis-
advantages will be discussed. Additionally, the limitations of current knowledge will be
highlighted, including the incomplete understanding of the common chemical structure
that determines their MoA.

2. The Pyrethrum-Derived Natural Compounds

Pyrethrins are a mixture of six neurotoxic botanical substances. They are natural
pesticides extracted from pyrethrum, obtained from the dried flower heads of some plants
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of the Compositae family (Tanacetum cinerariifolium, ex Chrysanthemum cinerariifolium Vis.,
and Chrysanthemum coccineum) [14]. Tanacetum cinerariifolium, or “Dalmatian pyrethrum”,
in particular, is the plant with the highest pyrethrum content [15]. It is an endemic plant
species that is widespread on the eastern coast of the Adriatic Sea (southeastern Europe:
Croatia, Bosnia, Montenegro, and Albania) [16]. These plants are currently widely culti-
vated in East Africa (Kenya, Tanzania, and Rwanda), Australia (Tasmania), Japan, and
Southern China for an annual global production of around 10,000 metric tons [17]. Other
plant species of the Compositae family also show insecticidal power, but only C. coccineum
has reached commercial interest, albeit on a smaller scale than C. cinerariifolium [18].

The insecticidal power of pyrethrum, although already used (as crushed chrysanthe-
mum) in China thousands of years ago (starting from Chou Dynasty), was recognized a
long time before its active chemical principles were discovered in the trans-Caucasus area
(Asia), around 1800, and imported, with huge success, in Europe as “Persian powder” or
“Zacherlin insecticide” or “Bug powder” etc., via the Silk Road, by the Austrian merchant
Johann Zacherl (1814-1888). Until the First World War, because the mountainous region
of Dalmatia (a region of former Yugoslavia) was the main production area of pyrethrum
plants, it was also called “Dalmatian dust” [9]. At the beginning of 1860, Giovanni B. Zam-
pironi (1836-1906), an Italian pharmacist, produced the first mosquito fumigant cone [19],
and the invention of the first mosquito coils and sticks was made by Eiichiro Ueyama of
Dainippon Jochugiku Co. (Tokyo, Japan) in the first half of 1890 [10].

The pyrethrum, an oleoresin mixture, is extracted from the powder of the dried white
Chrysantemum flowers (containing 25% of active ingredients) through solvents, such as
acetone, petroleum ether, dichloromethane, nitromethane, methanol, kerosene, or acetic
acid [14]. It is stabilized with butylated hydroxy toluene (BHT) to prevent its oxidative
degradation and to preserve it for a long time and is sold as a viscous liquid or dry
powder [20].

The subsequent refining process to extract pyrethrins from pyrethrum, carefully con-
ducted to avoid degradation by overheating or oxidation, takes place below 60 °C using
methyl alcohol, hexane, or supercritical carbon dioxide [21].

Pyrethrins are contact, non-systemic, organic terpenoid insecticides with low verte-
brate toxicity (LDsg rat oral 584 to 900 mg/kg bw) [22]. They are all considered “moderately
hazardous” (Class II) to humans by the 2019 WHO Classification of Pesticides [23] and
highly toxic (Categories: H400 and H410) to aquatic organisms by Regulation EC 1272 /2008
on Classification, labeling, and packaging of substances (CLP Regulation, incorporating the
United Nations Globally Harmonized System of classification and labeling of chemicals).

The first investigation on pyrethrins, conducted in 1909 by Iunichi Fujitani
(1868-1939)—a Japanese biologist assistant at the Pharmacological Institute, Kyoto Im-
perial University (Japan)—allowed to characterize them as ester compounds, even if this
analysis did not allow to define their chemical structures [24]. In particular, Fujitani ob-
tained, from the pyrethrum flowers, an active syrup ester having insecticidal activity and
to which he gave the name “Pyrethron”. Fujitani also had the important merit of initiating
in-depth studies by subsequent scholars on pyrethrum extracts all over the world.

According to O. Textor [25], however, the first studies on the chemical components of
pyrethrum powder would date back to the second half of 1870 by Rother and Semenoff,
who, independently of each other, dissolve the pyrethrum powder in organic and inorganic
solvents to obtain a volatile substance and a resinous acid, insoluble in cold water.

Initial studies focused on elucidating the chemical structure and functional groups of
pyrethrum and related natural pyrethrins. These studies identified, into the six insecticidally
active lipophilic pyrethrin esters (pyrethrin I, pyrethrin 11, cinerin I, cinerin I, jasmolin I and
jasmolin II): (1) an acid moiety (one of these cyclopropane carboxylic acids: crysanthemic
acid and pyrethric acid) [A]; (2) an ester linkage [B]; (3) and an aromatic alcohol moiety (one
of these three cyclopentenolones: pyrethrolone, cinerolone and jasmolone) [C], obtaining
a linear native structure of this type: [A-B-C]. Over time, synthetic pyrethroids have
undergone modifications that alter the chemical configuration of this basic structure.



Sustainability 2024, 16, 8322

40f31

In 1922, Ryo Yamamoto, a Japanese agricultural chemist and student of Umetaro
Suzuki (1874-1943), a discoverer of vitamin B1, identified a cyclopropane ring in the com-
pound of natural pyrethrins. This can be regarded as an inaugural documented scientific
study of these substances. He subjected the Fujitani pyrethron ester to hydrolysis (saponifi-
cation) and subsequent oxidation (by ozone), thereby extrapolating the aldehyde and the
trans-caronic acid. Despite being unable to define the chemical configuration of this acid, he
postulated that it was the “pyrethron acid” (3-butenyl-2,2-dimethylcyclopropanecarboxylic
acid) [26].

Subsequent research—conducted in 1924 by two Nobel Prize laureates in other fields
of chemistry, Hermann Staudinger (1881-1965), a German organic chemistry, and Lavoslav
Stjepan RuZicka (1887-1976), a Swiss-naturalized Croatian chemist, at ETH (Eidgenossische
Technische Hochschule, Ziirich)—enabled the isolation of two pyrethrin compounds with
the limited analytical tools available at the time: pyrethrin I and II identifying, albeit with
some approximations and errors, their active ingredients as esters of two cyclopropane
monocarboxylic acid moieties: respectively, chrysanthemic acid and pyrethric acid [27].

Despite the absence of a definitive understanding of the structural configuration
of the alcoholic unit, Staudinger and RuZzi¢ka were able to synthesize hundred distinct
pyrethroids, including piperonyl chrysanthemum. However, the commercial viability of
these compounds was limited due to their poor insecticidal efficacy, which was markedly
inferior to that observed in natural pyrethrins [28].

In subsequent decades, as scientific studies advanced, it was determined that these
acid groups (crysanthemic and pyrethric) could be associated with one of the three po-
tential cyclopentenolone alcohols: cinerolone, jasmolone, and pyrethrolone. The distinct
conjugation of these chemical groups, comprising two acids and three alcohols, generates
six different permutations or isomers (esters): pyrethrin (I and II), cinerin (I and II), and
jasmolin (I and II) in a proportion of 72:20:8 [29,30].

In particular, as an example of the chemical composition of pyrethrins, the structure of
cinerin I [CAS RN: 25402-06-6; IUPAC name: 3-(2-butenyl)-2-methyl-4-oxo-2-cyclopenten-
1-y12,2-dimethyl-3-(2-methyl-1-propenyl)cyclopentanecarboxylate] [22,31] (Figure 1) is
reported, which can be considered the progenitor of many synthetic pyrethroids, especially,
as we will see, of those of the first generation.
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Natural pyrethrins exhibit several key characteristics of eco-compatibility with an
ideal insecticide: non-systemic plant activity, potent insecticidal action, low toxicity to
mammals and other warm-blooded animals, low insecticidal resistance in pests, and
no biomagnification through the food chain [33]. They are among the few insecticidal
substances permitted for use in organic agriculture.

A notable drawback of pyrethrins (and similarly of the majority of pyrethroids) is
their toxicity to beneficial insects (such as pollinators like bees and predators of other
harmful insects) and aquatic organisms (including fish and amphibians) [34]. Nevertheless,
pyrethrins are distinguished by their high repellent capacity, even at low concentrations,
which minimizes their contact with non-target organisms.

Moreover, they are not persistent in outdoor environments, decomposing rapidly in
water and soil, particularly when exposed to sunlight, oxygen, humidity, high temperatures,
photosensitizing agents (e.g., fulvic and humic acids), or microorganisms. Indeed, in soil,
pyrethrins have a half-life of 1-2 days (in direct sunlight, for a maximum of 5 h) [35] and
remain firmly in place due to their tight binding to soil particles [36]. For this reason,
synthetic pyrethroids have been developed, and the degradable centers of the molecular
structure of pyrethrins have been replaced with chemically stable alternative units.

3. The First Generation of Synthetic Pyrethroids

Following the clarification of the stereochemistry of pyrethrins in the latter half of the
1940s, chemical companies recognized the significant insecticidal potential of pyrethrins
and proceeded to modify their molecular structures. This resulted in the creation of new
synthetic products that could replicate the action mechanisms of pyrethrum. Consequently,
the initial synthetic pyrethroids were identified with no alteration to the cyclopropane car-
boxylic esters (acid moieties) and appropriate modification to the alcohol moiety, resulting
in the following configuration: [A-B-X].

The acid group, which is common to all pyrethroids of this generation and can be
considered their basic general structure, is derived from chrysanthemic acid [CAS RN:
10453-89-1; IUPAC name: 2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylic
acid] [22,31] which is part of the above cinerin I molecule (Figure 2).
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In fact, the modification of the alcoholic units of pyrethrins preceded that of the acid
parts, as the latter presented significant purification challenges due to their high instability.
Additionally, initial attempts by Staudinger and Ruzicka to modify the acid part were
unsuccessful [8].

The objective of these compounds, which were patented between 1949 and 1967, was
to enhance the metabolic stability of pyrethrins [17]. These compounds are used almost
exclusively in household applications because of their susceptibility to photodegradation.

The commercial expansion of this first generation of synthetic pyrethroids was ini-
tiated by the National Research Development Corp. (NRDC, New Delhi, India), which
was established at the HM Treasury (London, UK) and later became the British Technology
Group. By the end of the 1960s, the NRDC had sold its production licenses to six agrochem-
ical industries: Sumitomo, Roussel Uclaf, Mitchell Cotts, Penick, Wellcome Foundation,
and FMC [37].

These first pyrethroids, which lack a cyano group, are also referred to as first-generation
or type I pyrethroids (such as allethrin, bifenthrin, permethrin, prallethrin, dimethrin,
resmethrin, bioresmethrin, tetramethrin, prothrin, proparthrin, and others). All of them ex-
hibit comparable toxic effects (syndrome) in animals, with the same MoA as natural pyrethrin.

The following sections provide a concise overview of the most significant compounds
in this group.

3.1. Allethrin

The transient insecticidal efficacy of pyrethrins has prompted scientific investigations
into the development of synthetic insecticides with chemical structures analogous to those
of pyrethrins. The first commercially available synthetic pyrethroid was allethrin [CAS RN:
584-79-2; IUPAC name: (RS)-3-allyl-2-methyl-4-oxocyclopent-2-enyl (1RS,3RS;1RS, 35R)-
2,2-dimethyl-3-(2-me-thylprop-1-enyl)cyclopropanecarboxylate] [22,31]. In 1948, Milton
S. Schechter, Natan Green, and Frederick B. LaForge of the USDA (US Department of
Agriculture) Rothamsted Institute in Beltsville, MD, USA synthesized allethrin by reacting
chrysanthemic acid with allethrolone [8] (Figure 3A). An analogous chemical process was
patented by Schechter and LaForge [38].

The commercial availability of allethrin and its various formulations began in Japan
in 1954. This was made possible by a lengthy and intricate production process initially
developed by Masanao Matsui and colleagues at the Sumitomo Chemical Co., Ltd. (Tokyo,
Japan) in the early 1950s [39].

Manufacturers that currently or historically use or have used allethrin (typically in
the form of an emulsifiable concentrate) in their products (Alleviate, Pyresin, Pynamin,
Exthrin) include the Farnham Co. (Phoenix, AZ, USA), American Cyanamid Co. (Wayne,
NJ, USA), Sumitomo Chemicals Co. (Tokyo, Japan), and Fairfield (Blythewood, SC, USA).
Due to its heat resistance, it is used almost exclusively in household settings for the control
of flying insects in anti-mosquito plates for electric diffusers [40].

As indicated by the Pesticides Properties Database (PPDB) of IUPAC [41], allethrin is
a pyrethroid with minimal environmental persistence (soil degradation DT5p = 60 days)
due to its rapid photodegradation. It is an active insecticide that acts upon contact with a
target organism and is only effective when used in conjunction with other substances. As
documented in the aforementioned IUPAC PPDB, this compound exhibits low toxicity to
earthworms (acute 14 day LCsp > 1000 mg kg ') and birds (acute LD5q > 2030 mg kg~! for
Colinus virginianus), moderate toxicity to honeybees (contact acute LDsg > 3.4 pug bee™! Apis
spp.) and fish (acute 96 h LCsy > 19 mg L~! for Oncorhynchus mykiss), highly toxic to
aquatic invertebrates (acute 48 h ECsy > 0.021 mg L~! for Daphnia magna), moderately acute
toxic to mammals (acute oral LD5sy = 685 mg kg’1 for rat). Additionally, it is likely to be
carcinogenic and an endocrine disruptor in humans.
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Figure 3. Allethrin (A); Prallethrin (B); Resmethrin (C); Tetramethrin (D); Imiprothrin (E); Phenothrin (F);
Cyphenothrin (G) [22,32].

CLP Regulation 1272 /2008 identified this substance as acute, chronic, and very toxic
to aquatic life (H400 and H410, according to the GHS categories). Additionally, the 2019
WHO Classification of Pesticides [23] categorized it as moderately hazardous for humans
(Class II). It is not approved for use in outdoor plant protection by the EU under Regulation
1107/2009/EC [41].

A review of the Arthropod Pesticide Resistance Database [42] revealed 18 documented
cases of insecticide resistance to allethrin in Blattella germanica (4 cases), Cimex hemipterus
(5 cases), Cimex lectularius (8 cases), and Culex tritaeniorhynchus (1 case). As is widely
recognized, the phenomenon of resistance and cross-resistance pertains to the tolerances
exhibited by a population of organisms following exposure to a given toxic substance or
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another substance that acts in a similar manner. This represents a significant challenge,
particularly in the case of synthetic pyrethroids [43].

3.2. Prallethrin

Following the synthesis of allethrin, there was a requirement for compounds with
enhanced chemical stability in outdoor environments. This was since allethrin is susceptible
to degradation by sunlight.

Replacing the benzyl alcohol ester of chrysanthemic acid, William F. Barthel [44] at
the US Department of Agriculture and MGK (McLaughlin Gormley King Co., Chaska,
MN, USA), identified dimethrin [CAS RN: 70-38-2; UPAC name: 2,4-dimethylbenzyl
(IRS,3RS;1RS,35R)-2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate] and
barthrin [CAS RN: 70-43-9; IUPAC name: cyclopropanecarboxylicacid, 2,2-dimethyl-3-
(2-methyl-1-propen-1-yl)-,(6-chloro-1,3-benzo-dioxol-5-yl)methyl ester] as two promising
new insecticides [22,31]. Despite their efficacy against houseflies and low toxicity to fish
and mammals, they were ultimately replaced due to their low knockdown activity [41,45].

Barthel’s research, however, had the merit of stimulating other organic chemists to
pursue the development of more effective compounds. The next compound to be investigated
was prallethrin [CAS RN: 23031-36-9; IUPAC name: 2-methyl-4-oxo0-3-(prop-2-ynyl)cyclopent-
2-en-1-yl 2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate] [22,31] (Figure 3B),
which was first reported in 1961 by W.A. Gershoff and P.G. Piquett [46] of the USDA
Entomology Research Division. Prallethrin was then purified by Noridata Matsuo and his
colleagues in 1978 [28] and commercialized in Japan by Sumitomo Chemical in 1988. The
insecticidal efficacy of pure prallethrin is four times greater than that of allethrin against
Musca domestica [47].

The Godrej Group (Mumbai, India), SC Johnson (Racine, WI, USA), and Sumitomo
Chemical Co. are the primary manufacturers that have used or currently use prallethrin
(in varying formulations, including oils, foams, and plug-in vaporizers) in their products
(Etoc, All Out, and others).

Prallethrin, which exhibits excellent repellent properties, is sold exclusively for do-
mestic use against different house pests (houseflies, mosquitoes, and cockroaches) [48].
Although it is freely commercialized in the USA, it has not been approved in the EU under
EC Regulation 1107/2009 for agricultural and outdoor applications [41]. Furthermore, it is
considered moderately hazardous (Class II) to humans by the 2019 WHO Classification of
Pesticides [23] and acute and chronically very toxic to aquatic life (Categories: H400 and
H410) by the CLP Regulation EC 1272 /2008.

The toxicity of this chemical is moderate to mammals and humans (acute oral
LDsp = 460 mg kg’1 for rats), lowly toxic to birds (acute LDsg > 2000 mg kg’l for Anas
platyrhynchos), and highly toxic to honeybees (contact acute LDsy = 0.026 ug bee ! for
Apis spp.). Furthermore, the substance is highly acute and chronic ecotoxic to aquatic
invertebrates (for Daphnia magna: acute 48 h ECso = 0.0062 mg L~!; chronic 21 day NOEC >
0.00065 mg L~1) and fish (for Oncorhynchus mykiss: acute 96 h LCsg = 0.012 mg L~!; chronic
21 day NOEC > 0.003 mg L 1 [41]. Ina study conducted by Yoshio Katsuda [49], it was
found that prallethrin exhibited the same minimal cross-resistance as natural pyrethrins.

3.3. Resmethrin and Bioresmethrin

The next challenge was to try to synthesize compounds from the allethrin molecule
with higher insecticidal activity than that of natural pyrethrins. At the beginning of
the 1960s, Michael Elliott (1924-2007) and his co-workers (1973) at the NRDC (National
Research Development Corp., London, UK) developed a new alcohol (5-benzyl-3-furyl-
methanol), which, reacting by esterification with chrysanthemic acid, gave resmethrin [CAS
RN: 10453-86-8; IUPAC name: 5-benzyl-3-furylmethyl (+)-cis-trans-chrysanthemate] [22,31],
a furyl-methyl ester (Figure 3C). It was named “resmethrin” in honor of the Rothamsted
Experimental Station (UK), where Elliott himself worked. Remethrin was the first synthetic
pyrethroid with higher insecticidal activity than pyrethrins [50].
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Michael Elliott, an eminent English chemist who was the recipient of numerous
accolades and recognitions, served as the head of several research groups of scholars at
the NRDC. During his tenure, he and his colleagues made significant contributions to the
field of pyrethroid chemistry by identifying several key compounds, including resmethrin,
bioresmethrin, permethrin, deltamethrin, and cypermethrin.

The primary manufacturers and suppliers, both current and historical, utilizing
resmethrin in their commercial formulations under various trademarks (including Benzo-
furoline, Chrysron, Crossfire, Derringer, Pynosect, Raid, Scourge, Vectrin, and numerous
others) are Bayer Crop Science (Monheim am Rhein, Germany), Prentiss Inc., Ltd. (St. Louis,
MO, USA), and Sumitomo Chemical Co., Ltd.

Remethrin is a contact-active, non-synergizable, and highly photolabile insecticide
that is utilized in emulsifiable preparations. It is too moderately persistent in soil (aer-
obic degradation: DT5p = 30 days) and highly persistent in water (aqueous hydrolysis:
DT5g = 485 days at 20 °C and pH 7) [41]. Resmethrin has been identified as an endocrine
disruptor and a potential carcinogen in mammals and humans [51]. Nevertheless, it is
classified as slightly hazardous (Class III) by the WHO Classification of Pesticides [23].

Due to its broad-spectrum activity and acute high toxicity to honeybees (contact
LDsy = 0.063 pg bee™! for Apis spp.), as well as its high toxicity to fish (acute 96 h
LCs0 = 0.017 mg L-! for Lepomis macrochirus; chronic 21 day NOEC = 0.00032 mg Lt
for Oncorlynchus mykiss) and aquatic invertebrates (acute 48 h ECsy = 0.0037 mg L~!
for Daphnia magna), it has not been approved by the EU for agricultural use under EC
Regulation 1107/2009 [41]. This substance is currently used indoors, in zootechny, for
stored agricultural crops, and in residences for the control of flying and crawling pests [40].
Resmethrin is classified as highly toxic to aquatic life (categories H400 and H410 of the
GHS Classification of Chemicals) by the CLP Regulation EC 1272/2008.

The Arthropod Pesticide Resistance Database [42] documents 19 cases of insecticide
resistance to resmethrin: Blattella germanica (one case), Culex quinquefasciatus (six cases),
Musca domestica (five cases), Plutella xylostella (one case), and Trialeurodes vaporariorum
(two cases).

Historically, it was, subsequently, imperative to identify new compounds that were
more persistent than resmethrin and less toxic to mammals.

In 1967, M. Elliott, at the French pharmaceutical company Roussel Uclaf SA (Paris,
France), initially isolated the pure isomer of chrysanthemic d-trans-acid and then, through
esterification, obtained bioresmethrin [CAS RN: 28434-01-7; IUPAC name: (5-bezylfur-3-
yl)methyl(1R)-trans-2,2-dimethyl-3-(2-methyl-pro-penyl)cyclopropanecarboylate] [22,31].
It is a trans-isomer of resmethrin. Remethrin and bioresmethrin were the first synthetic
pyrethroids that, despite exhibiting comparable insecticidal efficacy to pyrethrin I, showed
reduced toxicity to mammals (for resmethrin: acute oral LD50 > 2000 mg kg~! for rat;
for bioresmethrin: acute oral LD50 > 7070 mg kg~! for rat). This was attributed to the
elimination of cyclopentenolone esters [52].

However, they are highly susceptible to light and readily undergo oxidation, limiting
their suitability for agricultural applications in outdoor settings.

Resmethrin and bioresmethrin are categorized as acute and chronic and very toxic to
aquatic life (categories H400 and H410 of the GHS Classification of Chemicals) by the CLP
Regulation EC 1272/2008.

3.4. Tetramethrin

Historically, the identification of new compounds with greater persistence than
resmethrin and reduced toxicity to mammals has been of primary importance. During this
period, concurrent experimental studies were conducted at the Health & Crop Sciences Re-
search Laboratory (Sumitomo Chemical Co., Ltd., Japan) with the objective of synthesizing
pyrethroids with higher knockdown activity than that of dimethrin and barthrin. Among
the resulting compounds was tetramethrin (synthesized in 1964 by Takeaki Kato, Kenzo
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Ueda, and Keimei Fujimoto) [53], imiprothrin (discovered in 1979 by Nobushige Itaya) [17],
and, later, dimefluthrin (identified in 2000, by Tatsuya Mori) [54].

Tetramethrin [CAS RN: 7696-12-0; IUPAC name: cyclohex-1-ene-1,2-dicarboximidomethyl
(IRS,3RS;1RS,35R)-2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate] [22,31]
is a racemic compound (Figure 3D) derived from chrysanthemic acid esterified with tetrahy-
drophthalimidomethyl alcohol [22]. It is an odorless active insecticide and was the first
pyrethroid to demonstrate a potent lethal effect. It exhibits high insecticide activity and is
relatively stable to light and heat, even in aqueous solutions [41].

Killgerm Chemicals Ltd. (Ossett, UK) and Sumitomo Chemicals Co. are some of
the main manufacturers that utilize tetramethrin in a variety of formulations, including
emulsifiable concentrates, traps, or coils.

The utilization of tetramethrin in agricultural applications is not authorized within the
EU in accordance with Regulation 1107/2009/EC [41]. This is since tetramethrin has been
identified as a highly toxic substance to pollinating insects (with an acute toxicity value of
LDsp = 0.16 pg bee ! for Apis spp.), aquatic invertebrates (acute 48 h ECsp = 0.045 mg L1
for Daphnia magna) and fish (acute 96 h LCsq = 0.016 mg L~ for Oncorhynchus mykiss). It is
categorized as “very toxic to aquatic life” by CLP Regulation EC 1272/2008.

Due to its low environmental persistence and low toxicity for birds (acute
LDsg > 2500 mg kg ! for Colinus virginianus) and mammals (acute oral LDsy > 5000 mg kg~
for rats), it is exclusively utilized in household applications and, on an exceptional basis,
for public health situations to control vector insects that are harmful to humans. Its environ-
mental fate is moderately concerning due to its slight mobility in drain flow and wind, low
solubility (in water at 20 °C, solubility = 1.83 mg L~!), and volatility (Henry’s law constant
at 25 °C = 1.71 Pa m3 mol 1) [41].

The 2019 WHO Classification of Pesticides [23] classified this substance as “U: unlikely
to present acute hazard in normal use”.

The Arthropod Pesticide Resistance Database [42] documents cases of insecticide resis-
tance to tetramethrin in the following pest species: Blattella germanica (3 cases), Dermanyssus
gallinae (one case), Helicoverpa armigera (one case), Musca domestica (one case), and Myzus
persicae (one case).

3.5. Imiprothrin

Subsequently, research was conducted with the objective of identifying compounds
with enhanced knockdown capabilities, such as imiprothrin [CAS RN: 72963-72-5; IUPAC
name: 2,5-dioxo-3-(2-propynyl)-1-imidazolidinyl-methyl(1R)-2,2-dimethyl-3-(2-methyl-1-
propenyl)cyclopropanecarboxylate] [22] (Figure 3E), in order to meet the urgent market
demands for indoor applications.

In fact, imiprothrin, which was synthesized in the early 1970s by Sumitomo Chemical
Co. and registered in 1996, remains a synthetic pyrethroid with the most potent knockdown
activity against cockroaches. It was obtained by N. Itaya through the chemical restructuring
of the alcohol moiety of prallethrin, analogous to the process adopted in the synthesis of
tetramethrin. Its most prevalent commercial formulation is an aerosol for domestic use
against cockroaches [55].

Sumitomo Chemical Co. is the manufacturer that utilizes imiprothrin in its product
(Pralle, Supelco).

Due to its moderate mobility by drain flow and solubility in water at 20 °C of 93.5 mg L1,
imiprothrin is highly toxic to honeybees (contact acute LD5y = 0.4 ug bee! for Apis spp.),
fish (acute 96 h LCsp = 0.038 mg L1 for Oncorhynchus mykiss), aquatic invertebrates (acute
48 h ECsg = 0.051 mg L~! for Daphnia magna), and algae (acute 72 h ECsp = 3.1 mg L~! for
Pseudokirchneriella subcapitata growth). It is also moderately toxic to mammals (acute oral
LDsg = 900 mg kg ! in rats). However, it is only used for outdoor applications in Australia
and the USA [41].
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Its agricultural use in open fields is not approved by the EU under EC Regulation
1107 /2009 (repealing 91/414), and it is classified as “moderately hazardous” to humans
(Class II) by the 2019 edition of the WHO Classification of Pesticides [23].

No cases of insecticide resistance have been documented in the Arthropod Pesticide
Resistance Database for imiprothrin [42].

3.6. Phenothrin and Cyphenothrin

The syntheses of phenothrin [CAS RN 26002-80-2; IUPAC name: 3-phenoxybenzyl
(1IRS,3RS;1RS,35R)-2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate] and
cyphenothrin [CAS RN 39515-40-7; IUPAC name: (RS)-a-cyano-3-phenoxybenzyl
(1RS,3RS;1RS,35R)-2,2-dimethyl-3-(2-methyl-prop-1-enyl)cyclopropanecarboxylate] [22,31]
were driven by a number of factors, primarily the necessity to develop more efficacious,
secure, and selective insecticides. The objective was to develop products that would be
effective against a wide variety of insects (especially pests such as fleas, ticks, lice, and
mosquitoes) while simultaneously reducing toxicity to mammals. This would allow for the
safe use of these substances in environments frequented by humans and pets.

Starting from the research of Katsuzo Kamoshita (1935-2013), who had discovered
an herbicidal compound with low insecticidal activity from fenitrothion, in 1968, N. Itaya
and collaborators and, in 1973, T. Matsuo and co-workers [56], at Sumitomo Chemical Co.,
discovered two new alcoholic components: respectively, 3-phenoxybenzyl alcohol and
x-cyano-3-phenoxybenzyl acid. The esters of this alcohol, with chrysanthemic acid, yielded
phenothrin (a benzyl ester, designated as d-phenothrin or sumithrin) and cyphenothrin
(the first pyrethroid of the third generation, with an «-cyano group) (Figure 3EG), both of
which were commercialized by Sumitomo Chemical Co.

Phenothrin and cyphenothrin are highly efficacious insecticides that are effective
against a range of arthropods, including houseflies, mosquitoes, fleas, and ticks. They are
utilized in non-agricultural applications, such as household, public health, veterinary, and
storage facilities [41]. These compounds exhibit high insecticidal activity and demonstrate
robust resistance to metabolic degradation by pests. Additionally, they are relatively simple
to synthesize, exhibit high photostability, and are less toxic to mammals than pyrethrins [17].

Phenothrin is commercially available from Killgerm Chemicals Ltd., while cyphe-
nothrin is marketed by Sumitomo Chemical Co. and S.C. Johnson & Son, Inc. (Racine, WI,
USA) for products such as Gokilaht, S2703 Forte, and Pesguard LG OBA.

These substances are moderately toxic to honeybees (acute LD5y = 2.0 ug bee~! for
Apis mellifera) and highly toxic to aquatic organisms. Furthermore, phenothrin has been
demonstrated to be toxic to fish (acute 96 h LCsy > 0.0027 mg L~! for Oncorhynchus mykiss),
aquatic invertebrates (acute 48 h ECsp > 0.0043 mg L~! for Daphnia magna), and aquatic
crustaceans (acute 96 h LCsp > 0.00002 mg L~ for Americamysis bahia). Cyphenothrin has
been demonstrated to possess toxic properties in fish (acute 96 h LCsp = 0.00034 mg L~ for
Oncorhynchus mykiss; chronic 21 day NOEC = 0.000056 mg L~! for Oncorhynchus mykiss)
and aquatic invertebrates (acute 48 h EC5g = 0.00043 mg L~! for Daphnia magna; chronic
21 day NOEC = 0.00009 mg L~ for Daphnia magna) [41].

The utilization of these substances in the agricultural sector has been authorized in the
USA and Australia; however, it has not been approved in the EU under the provisions of EC
Regulation 1107/2009 [41]. Nevertheless, they are considered “U: unlikely to present acute
hazard in normal use” by the 2019 WHO Classification of Pesticides [23]. They have been
identified as being highly toxic to aquatic life (H400 and H410 of the GHS) by Regulation
1272/2008.

A review of the Arthropod Pesticide Resistance Database [42] reveals that 26 cases
of phenothrin resistance have been documented in the following genus species: Aedes
aegypti (10 cases), Aencolamia varia (1 case), Blattella germanica (3 cases), Culex pipiens molestus
(1 case), Lipaphis erysimi pseudobrassicae (1 case), Musca domestica (1 case), Myzus persicae
(1 case), Pediculus humanus capitis (7 cases), Tribolium castaneum (1 case); while for cyphe-
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nothrin, 10 examples of recorded resistance are referred to Bemisia tabaci (1 case) and Musca
domestica (9 cases).

While these first synthetic pyrethroids do not induce the same “flushing-out” effect in
pests as pyrethrins, they nonetheless exhibit comparable disadvantages. These include UV
photodegradation, which results in low outdoor persistence [57]. For these reasons, they
are utilized exclusively in domestic settings for the control of flies and mosquitoes and not
in outdoor settings for agricultural applications. Moreover, the development of insecticide
resistance in pests has been observed with synthetic pyrethroids, a phenomenon that has
been documented for the majority of similar compounds.

4. The Second Generation of Synthetic Pyrethroids

The second-generation pyrethroids were developed primarily to address the growing
resistance of insects and to provide a more effective solution against resistant pests. In
numerous regions, including Asia, Africa, and Latin America, insects have developed resis-
tance to first-generation insecticides and other pesticide types (such as organophosphates
and carbamates) that have demonstrated significant loss of efficacy.

The pivotal moment in this process occurred with investigations into the feasibility of
synthesizing new acids with the objective of developing chemicals with enhanced insectici-
dal capabilities. This generation of synthetic pyrethroids follows this scheme: [Y-B—X]. In
fact, they are created by modifying the acid and alcohol moieties while maintaining the
ester linkage [-B-] of natural pyrethrins. This ester linkage [-C(=0O)O-] can be considered
the common base of this other compound family.

This was made possible by scientific progress in the manipulation of the chemical
structure of pyrethroids, which permitted the modification of the side chain of chrysan-
thememic acid, addition of halogens (Br and Cl), and replacement of the furyl ring of the
alcohol moiety with a benzene ring [10].

This finding led Jacques Martel and Chanh Huynh at the Roussell-Uclaf Laborato-
ries (France) in 1967 to discovery of a new method of synthesizing chrysanthemic acid,
which occurs in nature. This method makes it possible for the acid to be produced on an
industrial scale.

Prior to 1970, only two attempts had been made to modify the acid part of the com-
pound. The first was by Jiri Farkas and colleagues at the Czechoslovak Academy of Sciences
in Prague [58], and the second was by Takeshi Kitahara and Masanao Matsui at the Univer-
sity of Tokyo [59]. The aforementioned research yielded the synthesis of two analogs of
chrysanthemic acid: dichlorovinyl acid and tetramethyl acid.

Modification of the basic chemical structure through the introduction of halogenated
groups has allowed us to obtain compounds with greater stability and insecticidal power,
but also with greater ecological risks and toxicity for non-target organisms. The evolution of
chemical structures has necessitated the introduction of more complex and often divergent
regulatory measures, given that these new compounds exhibit higher risk profiles compared
to those of previous generations

4.1. Permethrin

In 1973-74, M. Elliott and the Rothamsted Scholars Team [60] employed dichlorovinyl acid
in the esterification with a phenoxybenzyl alcohol to yield permethrin [CAS RN: 52645-53-1; IU-
PAC name: m-phenoxybenzyl 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate] [22,31]
(Figure 4A) and cypermethrin. However, the latter compound is classified as a third-
generation synthetic pyrethroid due to its x-cyano group. Permethrin was the first photo-
stable pyrethroid, thereby enabling its outdoor use for agricultural and hygienic applications.



Sustainability 2024, 16, 8322 13 of 31

H\|c|/ \T/H
I LN N
H\C/C%c/*‘ o t’:/ i
] L
O/c\c%c H H\C/ \C/H
Lo | |
Moo NG N O 2%
e S
I "
S S
)
%C/O H | H
‘ H\C/ /c/
ooe—" AN
H\//\ /\ ft € C_ _H
H c—¢cC H | / c”
| /e hee—d' |
HA([.‘.»HH | | c
H
! C|/C\\cx Cl/ \C‘
®) ®)

Figure 4. Permethrin (A); Fenpropathrin (B) [22,32].

The new generation of synthetic compounds differs from those of the previous gen-
eration in that chlorine atoms were introduced into the acid side chain instead of methyl
groups, thereby preventing the photodegradation of the entire structure. Similar to other
pyrethroids, permethrin exists as two enantiomer pairs of stereoisomers: cis-permethrin
and trans-permethrin. The cis form exhibits enhanced insecticidal activity relative to the
trans-form. It is a residual action pyrethroid, and its insecticidal activity is contingent upon
the ratio of the two stereoisomers (cis-permethrin and trans-permethrin) present in the
final formulation [61].

Permethrin and analogous halogen-containing pyrethroids (e.g., decamenthrin and
fenvalerate) exhibit enhanced insecticidal efficacy, rapidly penetrating the cuticle of insects
due to their highly lipophilic nature. Furthermore, these compounds are stable under
sunlight and oxygen degradation [62].

Some manufacturers and suppliers, currently or historically utilizing permethrin (in
the form of shampoos, fumigants, and spot-on treatments) in a multitude of commercial
formulations and associated trademarks (Ambush, Arctic, Corsair, Ectiban, Exmin, Fortefog
P Fumer, Kestril, Pynosect), include Agropharm Ltd. (High Wycombe, UK), ICI Plant
Protection Ltd. (London, UK), Mitchell Cotts Chemicals Ltd. (London, UK), and FMC Co.
(Philadelphia, PA, USA).

Permethrin exhibits moderate persistence in natural ecosystems; in particular, (a)
soil degradation (field): DT5y = 42 days; (b) aqueous hydrolysis at 20 °C and pH 7:
DTsp = 31 days. Permethrin is highly toxic to pollinators (contact acute LDsg: 0.024 for
Apis mellifera; 0.022 for Bomus terrestris; 0.0157 for Megachile rotundata; 0.07 for Trigona
spinipes) and aquatic organisms (fish—acute 96 h LCso = 0.0125 mg L~! for Oncorhynchus
mykiss; fish—chronic 21 day NOEC = 0.000093 mg L~! for Anabas testudineus; aquatic
invertebrates—acute 48 h ECso = 0.0006 mg L.~! for Daphnia magna; aquatic crustaceans—
acute 96 h LCsp = 0.00002 mg L~ for Americamysis bahia; algae growth—chronic 96 h
NOEC = 0.0009 mg L~1) [41].

The substance is moderately toxic to mammals (acute oral LDsg > 430 mg kg ! for rats)
and thus falls within Class II (“moderately hazardous to humans”) of the 2019 WHO Rec-
ommended Classification of Pesticides. Additionally, it is not approved for plant protection
in the EU under EC Regulation 1107/2009. It is currently utilized in domestic applications
for the treatment of pets and in Australia and the USA for agricultural applications [41]. It
is classified as Category 1 for human skin sensitization and is categorized as highly toxic
to aquatic life (Categories: H400 and H410 of the GHS Classification of Chemicals) by EC
Regulation 1272 /2008.
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As documented in the Arthropod Pesticide Resistance Database [42], cases of per-
methrin resistance have been reported in numerous species (nr. 520 cases for 58 insect
species), including Aedes aegypti (84 cases), Culex quinquefasciatus (53 cases), Musca domestica
(35 cases), Haematobia irritans (28 cases), Rhipicephalus microplus (27 cases), Pediculus humanus
capitis (25 cases), Blattella germanica (19 cases), Culex pipiens (18 cases), Anopheles gambiae
(16 cases), Rhipicephalus sanguineus (15 cases), and Aedes albopictus (15 cases) and many others.

A study conducted by the WHO revealed that the average comparative cost of
technical-grade permethrin, excluding operational costs, is approximately 3.75 times higher
than that of DDT [63].

Permethrin, as well as cyhalothrin, deltamethrin, cypermethrin, and cyfluthrin (which
have an altered isobutenyl group attached to the cyclopropane moiety), is significantly
more effective than the second-generation synthetic pyrethroids but is also much more
stable to sunlight and oxygen. For instance, permethrin remains 60% undecomposed for a
minimum of twenty days. It is a residual action pyrethroid [64].

4.2. Fenpropathrin

Tetramethyl acid esterified with 3-phenoxibenzyl alcohol was utilized by N. Matsuo
of Sumitomo Chemical for the synthesis, in 1973, of fenpropathrin (a tetramethyl cyclo-
propanecarboxylic acid ester) [CAS RN: 39515-41-8; IUPAC name: x-cyano-3-phenoxybenzyl
2,2,3,3-tetramethylcyclopropanecarboxylate] [22,31,47] (Figure 4B).

This compound has a relatively simple chemical structure and exhibits high insectici-
dal activity. Indeed, fenpropathrin possesses several evident advantages over permethrin,
including efficacy against a more extensive range of harmful insects, superior persistence,
and resistance to environmental factors. This pyrethroid has paved the way for the devel-
opment of other compounds with similar desirable properties.

Fenpropathrin is utilized as a non-systemic insecticide and acaricide to control many
different pests, including loopers, mites, whiteflies, and aphids, in a range of crops, includ-
ing fruits, vegetables, cotton, and maize [41]. The utilization of this chemical for agronomic
applications is permitted in the USA; however, it is prohibited in the EU under the pro-
visions of EC Regulation 1107/2009. This chemical is included in Class II (“moderately
hazardous to humans”) of the WHO Classification of Pesticides [23]. Furthermore, it is
categorized as “very acute toxic” (H400) and “chronic very toxic” (H410) to aquatic life
according to CLP Regulation 1272/2008.

Examples of manufacturers of different commercial products (such as Danitol Fenthrin
Platino, Rody, and Meothrin) that have utilized fenpropathrin (as emulsifiable concentrate)
include the Agro-Care Chemical Industry Group Ltd. (Wuxi, China), Fortune Ag. Co. Ltd.
(Shenzhen, China), Valent USA Corp. (Saint Ramon, CA, USA), and Sumitomo Chemicals Co.

Fenpropathrin exhibits moderate persistence in soil (aerobic degradation DT5y = 34 days)
and high persistence in water (aqueous hydrolysis (at 20 °C and pH 7) DT5 = 1130 days).
The substance is highly toxic to honeybees (contact acute LDsy > 0.05 pg bee~! for Apis
mellifera), fish (acute 96 h LCsp > 0.0023 mg L~! for Oncorhynchus mykiss), and aquatic
invertebrates (acute 48 h ECsq > 0.00053 mg L~! for Daphnia magna). It is also moderately
toxic to earthworms (acute 14 day LCsq = 184 mg kg~! for Eisenia phoetida), birds (acute
LDs5 =1089 mg kg’l for Anas platyrhynchos), and mammals (acute oral LDs5y = 870 mg kg’l
for rats) [41].

Cases of insecticide resistance to fenpropathrin in the Arthropod Pesticide Resistance
Database [42] have been documented in different genus species (nr. 78 cases for 15 pest
species), such as Spodoptera exigua (14 cases), Panonychus citri (12 cases), Spodoptera litura
(10 cases), Liriomyza sativae (9 cases), and Bemisia tabaci (7 cases).

5. The Third Generation of Synthetic Pyrethroids

The necessity to obtain pyrethroids that are not only more environmentally persistent
and resistant to degradation by sunlight and heat, but also possess greater toxicologi-
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cal potency, prompted global agrochemical companies to develop a novel category of
synthetic pyrethroids.

In order to significantly enhance the insecticidal efficacy of a compound, an x-cyano
group was introduced to the 3-phenoxybenzyl alcohol group, leading to the develop-
ment of the third generation or Type II pyrethroids (such as cyphenothrin, cypermethrin,
cyfluthrin, cyhalothrin, deltamethrin, fenpropathrin, fenvalerate, esfenvalerate, flucythri-
nate, flumethrin, and tralomethrin). This structural modification, while retaining the
same schematic structure as the previous generation (i.e., [Y-B-X]), permitted an in-
crease in the insecticidal activity of these new pyrethroids by up to 3-6 fold compared to
non-cyano compounds.

The cyano group allows for the classification of synthetic pyrethroids into two sub-
classes: Type I and Type II compounds, which exhibit different and characteristic toxicolog-
ical profiles.

The cyano derivatives of permethrin (such as deltamethrin, cypermethrin, and fen-
valerate) represent the third generation. In these compounds, the acid moiety remains
dichlorovinylcyclopropane (in deltamethrin, dibromovinylcyclopropane), while the alcohol
moiety incorporates a cyano group, forming an x-cyano-3-phenoxybenzyl-alcohol. For
the dichlorovinyl group in their molecules, this generation of pyrethroids is characterized
by higher stability than previous pyrethroids. Additionally, the o-cyano group is also
characterized by higher insecticidal activity [65].

These properties have contributed to their considerable commercial success as agricul-
tural insecticides. However, they also raise concerns regarding their eco-compatibility and
potential toxicity in mammals.

Moreover, the incorporation of the alpha-cyano group in this generation of pyrethroids
has further complicated the regulatory landscape. Indeed, the rise in chemical complexity
has necessitated the undertaking of new and more comprehensive studies on acute and
chronic toxicity, along with other associated environmental risks. This involved a profound
and related review of the regulatory provisions in various countries. It is evident that
each structural alteration gives rise to new regulatory challenges, as each new pyrethroid
introduces a novel set of variables that must be meticulously evaluated to guarantee
environmental compatibility and long-term human safety.

5.1. Deltamethrin

Deltamethrin [CAS RN: 52918-63-5; IUPAC name: (S)-a-cyano-3-phenoxybenzyl
(1R,3R)-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropanecarboxylate] [22,31] (Figure 5A)
is regarded as the most significant compound among third-generation pyrethroids due to
its high efficacy against a broad spectrum of pests and harmful insects in both agricultural
and urban contexts. Additionally, it exhibits enhanced chemical stability compared to
previous generation pyrethroids, allowing it to retain its efficacy for extended periods, even
under adverse environmental conditions such as prolonged sunlight exposure or elevated
temperatures. This attribute is crucial for ensuring enduring protection against pests.
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Figure 5. Deltamethrin (A); Transfluthrin (B); Fenvalerate (C); Esfenvalerate (D); Fluvalinate (E) [22,32].

However, numerous commercial formulations of deltamethrin (used for the control
of malaria-spreading mosquitoes) are markedly more toxic than previous pyrethroids,
particularly in terms of their impact on the environment and aquatic organisms, with a
notable impact on those in the early stages of growth.

Deltamethrin, the progenitor of this group of photostable pyrethroids, was synthesized
in 1973 by M. Elliott and colleagues [66]. It is one of the most powerful insecticides sold in
Australia, the USA, and the EU (approved under EC Regulation 1107/2009) for agricultural
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and stored crops and, in traps, even in organic farming against a wide range of pests. It
possesses a distinctive attribute: it attracts mites, particularly red spiders [41].

A number of manufacturers and suppliers (e.g., AgriGuard Manufacturing Pvt. Ltd.,
Nandesari, India; Bayer CropScience; Certis Biologicals, Columbia, MD, USA; Head-
land Agrochemicals Co., Deeside, UK; and Landgold Ltd., London, UK) have utilized
deltamethrin (primarily as an emulsifiable concentrate) in a multitude of commercial
formulations (e.g., Bandu, Decis, Delta Gold, and Pearl Micro).

Despite exhibiting minimal environmental persistence and low leachability, it is clas-
sified as moderately hazardous (Class II) to humans according to the 2019 WHO Classifi-
cation of Pesticides [41]. It is highly toxic to animal species, particularly mammals (acute
oral LDsy = 87 mg kg~! and short-term dietary NOEL = 2.5 mg kg~! for rats), pollina-
tors (contact acute LD5g [ug bee™1]: 0.0015 for Apis meliifera; >0.2 for Bombus terrestris;
0.057 for Osmia bicornis; 0.556 Megachile rotundata), and aquatic organisms (fish—acute 96 h
LCsp = 0.00015 mg L~! for Oncorhynchus mykiss; aquatic invertebrates—acute 48 h
ECsp = 0.00056 mg L~ for Daphnia magna; aquatic crustaceans—acute 96 h LCsq = 0.0000017
mg L~ for Americamysis bahia; aquatic plants—acute 7 day ECsy > 0.000405 mg L~ for
Lemna gibba) [41].

For these reasons, this chemical is classified under Category 1 (H410) by the CLP Reg-
ulation (i.e., “Very toxic to aquatic life with long-term effects”) (Regulation EC 1272/2008)
and, in 2013, Greenpeace included it in the list of active ingredients that should be banned
from the market to protect bees [67].

As documented in the Arthropod Pesticide Resistance Database [42], numerous
cases of deltamethrin resistance have been observed across a diverse range of species (nr.
803 cases for 74 insect species): Rhipicephalus microplus (82 cases), Triatoma infestans
(69 cases), Helicoverpa armigera (54 cases), Spodoptera exigua (43 cases), Plutella xylostella
(37 cases), Thrips tabaci (35 cases), Culex pipiens pallens (34 cases), and Aedes aegypti (33 cases).

In a cost-comparison hypothesis between different insecticides implemented by the
WHO for the treatment of leishmaniasis, deltamethrin (at a dosage with a technical grade
of 0.025 g/m?) had a cost ratio of 3.125 compared to DDT [63]. Regarding its utilization
for indoor residual spraying (IRS) for the management of malaria, the application cost
was 2.7 times higher than that of DDT (the most cost-effective alternative insecticide) [68].
However, in 2007, the cost ratio was equivalent to that of DDT [69].

5.2. Transfluthrin

The necessity for a pyrethroid with high knockdown efficacy and high volatility to
permit its utilization in confined environments led to the development of transfluthrin
[CAS RN: 118712-89-3; IUPAC name: 2,3,5,6-tetrafluorobenzyl(1R,35)-3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropanecarboxylate] [22,31] (Figure 5B). Deltamethrin is not particularly
volatile and is utilized for surface treatments, in the form of powders, or for
agricultural applications.

This compound is derived from permethrin and has been obtained through esterifica-
tion of tetrafluolobenzyl alcohol with dichlorovinyl chrysantemic acid. It has been in use
since 1996 [70]. Currently, it is one of the most widely utilized insecticides (in domestic,
public hygiene, and non-crop settings) to its efficacy in repelling flies and mosquitoes.
Moreover, transfluthrin has been shown to possess high toxicity, even at low doses, and a
pronounced knockdown effect [41].

Bayer Crop Science Ltd. is one of the manufacturers that utilizes transfluthrin for its
commercial formulations in products such as Bayothrin and Baygon Mosquito Coil.

It exhibits minimal persistence in the aqueous phase (fast aqueous photolysis: DT5
= 0.6 days; and aqueous hydrolysis: DT5y = 5 days) and high selectivity: low toxicity to
mammals (acute oral LDsy > 5000 mg kg~ for rat), birds (acute LDsg > 1890 mg kg~!
for Colinus virginianus), and pollinators (contact acute LDsq > 2.0 pg bee ! for Apis spp.).
However, it has been demonstrated to be highly toxic to fish (acute 96 h LCsy > 0.0007 mg
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L~ for Oncorhynchus mykiss) and aquatic invertebrates (acute 48 h EC5 > 0.0017 mg L~!
for Daphnia magna) [41].

It is classified as “unlikely to present acute hazard in normal use” by the WHO
Classification of Pesticides [23]. The product is not approved for use on crops by the
EU under EC Regulation 1107/2009. Furthermore, it is considered hazardous to aquatic
life, exhibiting high acute (H400) and chronic toxicity (H410) in accordance with the GHS
Classification of Chemicals (Regulation EC 1272 /2008).

Cases of documented transfluthrin resistance according to the Arthropod Pesticide
Resistance Database [42] were observed in Aedes aegypti (one case) and Helicoverpa armigera
(one case).

5.3. Fenvalerate

One of the last synthetic pyrethroids in this category is fenvalerate [CAS RN: 51630-58-1;
IUPAC name: «-cyano-3-phenoxybenzyl (RS)-2-(4-chlorophenyl)-3-methylbutyrate] [22,31]
(Figure 5C), which was discovered by Nobuo Ohno and colleagues in 1973 [71] at the Pesti-
cide Research Department of Sumitomo Chemical Co. and subsequently commercialized
in 1978 [72].

Fenvalerate, which is primarily utilized in the agricultural sector, exhibits inferior per-
formance characteristics (efficacy and persistence) in comparison to those of deltamethrin
and transfluthrin. While deltamethrin is more potent and persistent, and transfluthrin
is more volatile and suitable for rapid control indoors, fenvalerate is positioned as an
intermediate solution, effective but with lower persistence and potency than deltamethrin.
However, its chemical structure possesses a distinctive quality that renders it a valuable
compound. In contrast with the prevailing view of Staudinger and Ruzicka, and other
chemists, the absence of the cyclopropane ring in the acid moiety is not essential for the
achievement of significant insecticidal activity [8]. It is notable that fenvalerate is the first
pyrethroid to lack a cyclopropane ring in its acid moiety.

Due to its relatively low cost in comparison to other pyrethroids, it has been extensively
utilized for the control of pests affecting cotton and soybeans, as well as a multitude of
other pests, particularly those exhibiting resistance to organochlorine, organophosphate,
and carbamate insecticides [73].

It has been approved for outdoor agronomic applications in Australia and the USA,
but not in the EU under Regulation EC 1107/2009. 1t is classified as moderately hazardous
to humans according to the WHO Classification of Pesticides [23]. Additionally, it has been
categorized as Group 1 for skin sensitization (H317: “May cause an allergic skin reaction”)
in humans and as extremely toxic to aquatic life (H400 and H410) by the CLP Regulation
1272/2008.

Several manufacturers and suppliers, including Sumitomo Chemicals Co., Shell Chem-
icals (Houston, TX, USA), and SDS Biotech K.K. (Tokyo, Japan), have utilized fenvalerate (as
emulsifiable concentrates, granules, and powders) in a variety of commercial formulations,
such as Sumicidin, Pydrin, Belmark, and Ectrin.

It is characterized by high persistence in soil (aerobic degradation: DT5p = 40 days)
and water (aqueous hydrolysis: DT5g = 115 days at 20 °C and pH 7). Fenvalerate is highly
toxic to honeybees (contact acute LDs5y = 0.23 ug bee~! for Apis spp.), fish (acute 96 h
LCsp = 0.0036 mg L-! for Oncorhynchus mykiss), and aquatic invertebrates (acute 48 h
ECsq = 0.001 mg L~! for Daphnia magna), and moderately toxic to mammals (acute oral
LDsp = 451 mg kg’1 for rat), earthworms (acute 14 day LCsp = 40 mg kg’l), and other
pollinators (acute LDsg = 1.09 pg insect™! for Trigona spinipes) [41].

In the Arthropod Pesticide Resistance Database [42], several cases (179 cases for
37 genus species) of insecticide resistance have been observed for fenvalerate: Helicoverpa
armigera (60 cases), Heliothis assulta (20 cases), Aphis gossypii (13 cases), Haematobia irritans
(7 cases), Helicoverpa assulta (7 cases), Plutella xylostella (7 cases), and Spodoptera litura
(7 cases), among others.
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5.4. Esfenvalerate

Fenvalerate has four stereoisomers, one of which, esfenvalerate [CAS RN: 66230-04-4;
IUPAC name: (S)-o-cyano-3-phenoxybenzyl (S)-2-(4-chlorophenyl)-3-methylbutyrate] [22,31]
(Figure 5D), is biologically highly active. It is one of the most preferred pyrethroids due to
the low doses required for application.

Esfenvalerate was developed primarily to enhance the efficacy and safety of fenvaler-
ate, from which it is derived. The primary objective was to create a more potent and
selective insecticide while reducing the dosage required for effective pest control. Indeed, it
offers more targeted efficacy with a potentially reduced environmental impact, as it requires
lower dosages and exhibits greater specificity of action. It is an efficacious insecticide that
acts rapidly upon ingestion and contact, and is effective against Coleoptera, Diptera, and
Hemiptera. It was first commercialized in 1987 and subsequently approved for outdoor
applications in Australia, the USA, and the EU under EC Regulation 1107/2009 [41]. It
is classified as “moderately hazardous to humans” by the 2019 WHO Classification of
Pesticides [23].

Several manufacturers and suppliers have utilized esfenvalerate (in emulsifiable
concentrates and spray products) in their diverse commercial formulations, including Sumi-
Alpha, Hounddog, Sven, Asana, and Esfenvalerate 5EC. These include BASF Chemicals Ltd.
(Ludwigshafen, Germany), Green Crop Chemicals Ltd. (Vehari, Pakistan), and Standon
Chemicals Ltd. (London, UK).

It is moderately persistent in soil (soil degradation DT5y = 66.6 days) but very persistent
in water (aqueous hydrolysis DTs5p = 428 days at 20 °C and pH 7). Furthermore, it is
highly toxic to fish (for Oncorhynchus mykiss: acute 96 h LCsy = 0.0001 mg L~!; chronic
21 day NOEC = 0.00025 mg L), aquatic invertebrates (for Daphnia magna: acute 48 h
ECsp = 0.00027 mg L~!; chronic 21 day NOEC = 0.000052 mg L~!), algae (acute 72 h
ECs = 0.0065 mg L~! for Pseudokirchneriella subcapitata), pollinators (for Apis mellifera:
contact acute LDs5y = 0.07 ug bee™!; oral acute LD5j = 0.21), and mammals (acute oral
LDsg =88.5mg kg_1 for rat) [41].

Many cases (91 cases documented in 15 insect species) of insecticide resistance to
esfenvalerate have been reported in the Arthropod Pesticide Resistance Database [42].
These cases predominantly concern: Leptinotarsa decemlineata (28 cases), Earias vittella
(16 cases), Blattella germanica (10 cases), and Spodoptera litura (9 cases).

5.5. Fluvalinate

Another non-cyclopropanecarboxylic acid ester, such as esfenvalerate, is fluvalinate
[CAS RN: 69409-94-5; IUPAC name: (RS)-a-cyano-3-phenoxybenzyl N-(2-chloro-«,«,«-
trifluoro-p-tolyl)-DL-valinate] [22,31], which is used against crop pests. Fluvalinate is
particularly valuable in apiculture due to its low toxicity to bees for the control of mites,
particularly Varroa destructor, a devasting parasite for bees. Instead, esfenvalerate is a
broad-spectrum insecticide utilized primarily in agricultural applications and for pest
control and has a toxicity profile that requires greater caution when handling it in proximity
to bees and other beneficial insects. Obtained by replacing the acid part of fenvalerate with
a valine group (Figure 5E), it was patented in 1978 by Clive A. Henrick and Barbara A.
Garcia at Zoécon Co., Ltd., Palo Alto, CA, USA [74].

This insecticide is non-persistent (soil degradation DT5y = 7 days) and rapidly pho-
todegradable (aqueous photolysis DT5q = 1 day). It is used to protect assorted crops (cereals,
vegetables, grapes, and cotton) from a multitude of pests (aphids, moths, thrips, and others).
However, it has not been approved as a plant protector in the EU under EC Regulation
1107/2009. It is categorized as “moderately hazardous to humans” (Class II) for handling
use by the WHO Classification of Pesticides [23] and “highly toxic to aquatic life” (H400
and H410) by the CLP Regulation 1272 /2008.

Nippon Soda Co. Ltd. (Tokyo, Japan), and Zoécon Co. Ltd. (Palo Alto, CA, USA) are
the manufactures of fluvalinate (as emulsifiable concentrates and suspensions), which are
commercialized under the brand names Apistan, Klartan, Minadox, Yardex, and Mavrik.
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Fluvalinate is an efficacious miticide that is also well tolerated by honeybees and other
pollinators due to its lack of toxicity and repellency, which is attributed to the presence of
the valine amino acid in its chemical structure. Indeed, it is commonly utilized in honeybee
colonies without detrimental effects on bees [75].

Nevertheless, this pyrethroid has been demonstrated to possess moderate toxicity
to mammals (acute oral LDsy = 261 mg kg ™! for rats) and high toxicity to aquatic organ-
isms (fish: acute 96 h LCsy = 0.0009 mg L~ for Lepomis macro-chirus and chronic 21 day
NOEC = 0.000033 mg L~! for Pimephales promelas; aquatic invertebrates: acute 48 h
ECsy = 0.074 mg L~! for Daphnia magna; aquatic crustaceans: acute 96 h LCsy = 0.0029 mg
L~! for Americamysis bahia). Regarding its environmental fate, this compound is rapidly
photodegradable (aqueous photolysis DTsy = 1 day at pH 7) and exhibits low persistence in
soil (aerobic degradation DT5p = 7 days). Additionally, it has low solubility (0.002 mg L1t
in water at 20 °C) and low volatility (vapor pressure = 0.013 mPa at 20 °C) [41].

Cases of insecticide resistance to fluvalinate, according to the Arthropod Pesticide
Resistance Database [42], have been documented for Dermanyssus gallinae (one case),
Spodoptera frugiperda (one case), and Varroa destructor (one case).

6. The Last Generation of Synthetic Pyrethroids

The development of this generation of pyrethroids was primarily driven by the im-
perative to overcome the constraints associated with previous pyrethroids, particularly in
terms of insect resistance, and to enhance the safety profile of the environment and humans
while maintaining the efficacy of pest control measures. These compounds represent a new
generation of non-ester pyrethroids distinguished by modified chemical structures that
confer a range of benefits, including broader applicability in agriculture, households, and
public health.

Synthetic pyrethroids of this latest generation have been developed through the im-
plementation of complex and simultaneous modifications to the alcohol and acid moieties
and ester linkage, resulting in the following structural configuration: [Y-Z-X]. In general,
the synthesis of these compounds is based on the possibility of changing the ester linkage
to an ether linkage to obtain compounds with higher insecticidal activities.

From a technical standpoint, these compounds, despite exhibiting the same MoA
on sodium channels, cannot be classified as pyrethroid-type insecticides due to their
distinct structural differences from pyrethrins. For this reason, they are referred to as
“pyrethroid-like compounds”, “pseudopyrethroids”, “synthetic pyrethroid analogs”, or
“no-ester pyrethroids”. These substances are primarily used as agricultural insecticides
and termicides.

Fenvalerate has opened the doors for the synthesis of this new group of non-cyclopropane
pyrethroids, such as etofenprox [76], silafluofen [77], and flufenprox [78].

6.1. Etofenprox

As previously stated, the synthesis of this pesticide is driven by the need to develop
molecules that are effective and low in mammalian toxicity and, at the same time, have
lower cross-resistance. This enables its use in areas where pyrethroid resistance has become
a significant issue.

Etofenprox [CAS RN: 80844-07-1; IUPAC name: 2-(4-ethoxyphenyl)-2-methylpropyl
3-phenoxybenzyl ether] [22,31] was discovered in 1981 by Kiyoshi Nakatami and colleagues
at Mitsui Toatsu Chemicals Inc. (Tokyo, Japan) [76] is a diphenyl compound that, technically,
is not a pyrethroid (Figure 6A). However, its behavior is like that of pyrethroids because it
alters the physiological functionality of sodium transport channels by contact or ingestion
(Regulation EU 528/2012).
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Figure 6. Etofenprox (A); Silafluofen (B) [22,32].

It is a broad-spectrum insecticide that acts rapidly, by contact or ingestion, even against
pests that have developed resistance. It is utilized in Japan, the USA, and the EU (approved
under EC Regulation 1107/2009) to control a diverse range of pests (moths, aphids, and
leaf miners) on fruits, vegetables, and paddy fields. Etofenprox has been approved in Japan
for the control of mosquito larvae due to its ability to overcome resistance to temephos and
other anti-larval agents [41]. It is classified as “unlikely to present hazard” (Class “U”) to
humans by the WHO Classification of Pesticides [23].

The manufacturers and suppliers that have utilized etofenprox (typically in the form of
an emulsifiable concentrate) in their commercial formulations (Boxer, Trebon, and Punkaso)
include Certis Europe B.V., Isagro S.p.A. (Milan, Italy), Landis Research Group (Madison,
WI, USA), and Mitsui Chemicals Inc. (Tokyo, Japan).

Etofenprox is a non-persistent chemical (aerobic soil degradation rate DT5y = 11 days).
It is well tolerated by mammals (acute oral LDs5y > 2000 mg kg_1 for rats), birds (acute
LDsg > 2000 mg kg ! for Anas platyrhynchos), and earthworms (acute 14 days LCs > 24.6 mg
kg’l). However, it is highly toxic to pollinators (contact acute LDs5j (ug bee™1): 0.177 for
Osmia bicornis and 0.051 for Megachile rotundata), fish (acute 96 h LDs5y = 0.0027 mg L1
for Oncorhynchus mykiss), and aquatic invertebrates (acute 48 h EC5 = 0.0012 mg L~! for
Daphnia magna) [41].

As reported by the Arthropod Pesticide Resistance Database [42], 75 cases of etofen-
prox resistance have been documented in 16 species of pests. These include Aedes aegypti
(27 cases), Anopheles gambiae (14 cases), Anopheles funestus (7 cases), Culex tritaeniorhynchus
(5 cases), and Culex pipiens molestus (4 cases).

A calculation of the costs of etofenprox in IRS applications for malaria control, exclud-
ing operational components, reveals that it is approximately 1.8 times higher than that of
lambda-cyhalothrin used for the same purpose [68].

6.2. Silafluofen

These compounds are designed with a particular focus on their application in agricul-
ture and pest control at the industrial or professional level. The chemical structures of these
compounds confer properties that may be more suitable than those of etofenprox for use in
outdoor environments, on different surfaces, or in situations where greater resistance to
degradation and greater persistence are required.
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Silafluofen [CAS RN: 105024-66-6; IUPAC name: (4-ethoxyphenyl)[3-(4-fluoro-3-
phenoxyphenyl)propyl](dimethyl)silane] [22,31] was first identified by Yoshio Katsuda in
1986 at Dainihon Jochugiku Co., Ltd. (Osaka, Japan) is a derivative of etofenprox. The
name is derived from the presence of a silicon atom in the molecule (Figure 6B).

It is an organosilicon insecticide utilized for the management of soil-borne pests (such
as termites) that affect tea, wood, rice, and oil palm crops. It is widely utilized in India,
China, Vietnam, and Japan; however, it has not been approved for use in crop protection in
the EU under the provisions of EC Regulation 1107/2009. Silafluofen has been classified
as “unlikely to present a hazard” (Class “U”) to humans by the WHO Classification of
Pesticides [23].

The current or historical manufacturers and suppliers of commercial formulations
that have utilized silafluofen (typically as an emulsifiable concentrate at 0.10 to 0.15%) in
different products (such as 5Joker, Neophan, Silatop, and Silonen) are Bayer CropScience
and Jiangsu Yangnong Chemical Co., Ltd. (Yangzhou, China).

This compound possesses notable advantages: high insecticidal and repellent activ-
ity and low toxicity to mammals (acute oral LDsy > 5000 mg kg ! for rat), birds (acute
LDsy > 2000 mg kg~! for Anas platyrhynchos), and aquatic organisms (fish: acute 96 h
LCs > 100 mg L~ for Cyprinus carpio; aquatic invertebrates: acute 48 h ECsp = 7.7 mg L !
for Daphnia magna) [41].

In the Arthropod Pesticide Resistance Database [42], there are no cases of insecticide
resistance to this substance.

The most significant attribute of silafluofen is its low toxicity in fish, which has
been fully elucidated [79]. Consequently, further investigation is warranted to develop
alternative potential compounds with analogous characteristics.

Flufenprox [CAS RN: 107713-58-6; IUPAC name: 3-(4-chlorophenoxy)benzyl (RS)-2-(4-
ethoxyphenyl)-3,3,3-trifluoropropyl ether] and protrifenbute [CAS RN: 119544-94-4; IUPAC
name: (RS)-5-[4-(4-chlorophenyl)-4-cyclopropylbutyl]-2-fluorophenyl phenyl ether] [22,31],
which were first manufactured in 1992 by the Zeneca Group PLC and in 1994 by the FMC
Corporation, are widely used against a variety of pests to protect rice and other crops [80].
These insecticides are now considered obsolete and have been largely abandoned in all
countries. This is due to their high toxicity to aquatic organisms and honeybees, as well
as their classification as neurotoxicants (Cramer Class III) and endocrine disruptors in
humans [41].

7. Discussion

This analysis allows us to make indicative attributions regarding the specific uses and
limitations of each generation of pyrethroids examined based on their common distinctive
characteristics. In the table below (Table 1), the most important details of the above
reviewed generation of pyrethroids are summarized.

The evolutionary path of various generations of synthetic pyrethroids has been driven
by the necessity to enhance their efficacy, stability, and safety in comparison to natural
pyrethrins. Pyrethrins have significant limitations, such as photodegradability and low
environmental persistence.

The primary objective of the first generation of pyrethroids was to essentially em-
ulate the insecticidal characteristics of natural pyrethrins, increasing, albeit with slight
improvements, their knockdown effect against insects and maintaining low toxicity to
mammals. These first compounds, which are highly susceptible to photodegradation, are
predominantly utilized in indoor applications, particularly in household environments.

The second generation of pyrethroids was developed with the objective of enhancing
the environmental stability of the previous generation and addressing the emergence of
insect resistance. Due to their aforementioned properties, these compounds are extensively
utilized in outdoor applications, particularly in agriculture, for the management of pests
on economically significant crops (such as corn, soybeans, and cotton), and in public health
initiatives to control the transmission of disease vectors.
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The introduction of the alpha-cyano group has significantly enhanced the efficacy and
environmental persistence of third-generation pyrethroids, making them highly suitable
for outdoor applications, including the control of pests in extensive crops and post-harvest
protection, as well as public hygiene programs.

Table 1. Main details of different generations of pyrethroids (author’s own elaboration).

Generation

Description—Pros & Cons Examples References

Pyrethrins

A mixture of six neurotoxic botanical substances

extracted from plants, like Tanacetum cinerariifolium,

cultivated in regions such as East Africa, Japan,

and Australia.

Pros: High insecticidal efficacy at low doses; Low

toxicity to mammals; Rapid breakdown in the Pyrethrin I and II
environment with minimal long-term ecological Cinerin I and II
impact; Suitable for use in organic farming. Jasmolin I and II
Cons: Toxicity to beneficial insects like pollinators and

aquatic organisms; Rapid degradation under sunlight,

limiting outdoor use; Production is labor-intensive

and subject to seasonal variability; Less cost-effective

compared to synthetic alternatives.

[13,15,17,22,23,29,30,
33-35,41]

First Generation

Pyrethroids without a cyano group, developed as

early synthetic alternatives to natural pyrethrins. Used

mostly in household products due to low

outdoor persistence. Allethrin, Prallethrin,
Pros: High insecticidal activity at low doses; Low Resmethrin,
toxicity to mammals and birds; Quick knockdown Tetramethrin,
effect; Minimal environmental persistence, then their ~ Imiprothrin,
indoor use is relatively safe. Phenothrin,
Cons: Susceptible to photodegradation, reducing their ~ Cyphenothrin
outdoor application; Toxicity to aquatic organisms and

beneficial insects, such as pollinators; Resistance in

pests over time.

[17,23,40-42,50,55]

Second Generation

Modified chemical structures with enhanced stability

and resistance to degradation. Developed to overcome

the limitations of the first generation. More stable in

outdoor environments.

Pros: Improved resistance to photodegradation,

allowing outdoor use; Increased insecticidal potency Permethrin,
and persistence; Effective against a wide range of Fenpropathrin
pests; Reduced volatility.

Cons: Toxicity to non-target species, including bees

and aquatic organisms; Increased environmental

persistence with potential long-term ecological impact;

Development of resistance in target pests over time.

[10,17,23,40-42,62,66]

Third Generation

Incorporation of an x-cyano group to further increase
insecticidal activity. Higher efficacy and
environmental persistence compared to previous
generations, but greater environmental concerns.
Pros: Up to 3-6 folds increase in insecticidal activity

due to a-cyano group; Higher environmental stability "]l?r 211:21511?’:}}11;11:

(resistance to degradation by sunlight and heat); Fenvalerate ’ [22,23,31,40-42,65-
Suitable for agricultural, urban pest control, and Es fenvalera,te 67,73]

public hygiene applications. Fluvalinate ’

Cons: Increased environmental persistence with
potential toxicity in non-target organisms; Regulatory
complexities due to new chemical modifications;
Potential toxicity to mammals and concern about
eco-compatibility.
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Table 1. Cont.

Generation

Description—Pros & Cons Examples

References

Non-Ester or
Pyrethroid-like
Compounds

“Pseudo-pyrethroids” differing structurally from
traditional pyrethroids but with a similar MoA.
Developed for higher efficacy with lower mammalian
toxicity.

Pros: Application in agriculture, households, and
public health; Enhanced insecticidal activity and
outdoor persistence; Lower mammalian toxicity; Etofenprox, Silafluofen
Better efficacy in areas with insect resistance to
pyrethroids; Safer for non-target species.

Cons: Toxic to aquatic organisms and honeybees;
Potential insect resistance over time; Environmental
concerns about aquatic life; Some compounds are no
longer widely used due to specific ecological impacts.

[23,40-42,79]

The non-ester pyrethroids of the latest generation have been synthesized with the
objective of overcoming a significant limitation of the pyrethroids of previous generations,
namely insect resistance, while maintaining their safety profile for mammals and non-target
species. The primary application of these compounds is in outdoor settings, where they are
used to control pests in agriculture and combat mosquitoes.

Opver the course of a century, scientific research on synthetic pyrethroids has undergone
various evolutions to respond to ever-changing challenges. Their use has progressively
increased due to their efficacy against a wide range of parasites and their relatively low
toxicity to mammals.

Nevertheless, the environmental issues associated with their extensive use remain
evident. These include the growing and widespread tolerance and resistance among target
insect populations, toxicity to non-target organisms, and regulatory challenges posed by an
increasingly numerous and complex group of substances.

The increase in tolerance represents a significant challenge that has driven the evo-
lution of the development of pyrethroids and remains unresolved. This phenomenon, as
stated above, has driven chemical research to focus on the synthesis of more toxic com-
pounds and, presumably, on the incremental application of these compounds, both in terms
of dosage and frequency. The need to use more potent formulations or higher doses to
achieve the same pest control results may have amplified their environmental impact and
significantly increased operational costs for farmers, particularly in relation to increased
pesticide applications, the purchase of new, more advanced, and expensive formulations,
and the potential loss of crop yield due to less effective pest control.

Conversely, with respect to the economic assessments associated with potential ben-
efits such as increased agricultural yields and crop protection, it is indisputable that the
efficacious utilization of pyrethroids can result in a substantial increase in crop yields and
agricultural production, thereby contributing to global food security and the overall sus-
tainability of agricultural practices. Nevertheless, a comprehensive and objective economic
assessment must also consider hidden environmental and social costs, which are not al-
ways readily discernible or quantifiable. These include potential adverse effects on human
health, ecosystems, non-target species, and biodiversity. Consequently, a comprehensive
assessment of costs and benefits necessitates the incorporation of not only a direct economic
analysis but also a detailed examination of the immediate and long-term environmental
and health impacts.

Even though synthetic pyrethroids have been developed with the intention of being
safer than other insecticides, they are not immune from the potential for adverse effects,
whether lethal or sublethal, on non-target organisms. In particular, they have been shown
to impact pollinators and aquatic organisms by disrupting the equilibrium of ecosystems.
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These compounds, though less environmentally persistent than other insecticides such
as organophosphates and organochlorines, have been demonstrated to have a negative
impact on aquatic and terrestrial ecosystems. Indeed, despite their low solubility in
water, these compounds can contaminate aquatic ecosystems, causing significant damage
to the fauna present therein, such as fish and invertebrates. While pyrethroids tend to
degrade rapidly in sunlight and oxygen, degradation in water and sediments can be
significantly slowed down, increasing the risk of chronic exposure for non-target aquatic
organisms [34,81].

Moreover, the increasing complexity of the chemical composition of pyrethroids repre-
sents a substantial challenge for regulatory authorities in various countries, necessitating
meticulous and comprehensive assessments. The advent of novel chemical structures and
the enhancement of insecticidal potency have resulted in a notable increase in the complex-
ity of the regulatory framework governing these compounds. This complexity is evident in
the assessment of their toxicological effects and the management of their environmental
impact. Another significant challenge to regulatory activity is the diversity of the effects
that these compounds can have on non-target organisms. Moreover, the differential toxicity
and the different persistence in the environment exhibited by the numerous and diverse
pyrethroids necessitate the undertaking of specific studies for each compound, resulting in
a regulatory process that is not only more laborious but also longer and more expensive.
Ultimately, the pervasive expansion of pyrethroids across diverse sectors and applications
has resulted in indiscriminate proliferation and overlapping of regulatory competencies
between disparate government bodies and agencies. This has led to uncertainty in the
application of regulations, even within the same country.

Pyrethrins and pyrethroids are classified as not specific insecticides (more accurately,
as “general-use” or “restricted use” pesticides, according to the EPA, based on the concen-
tration of the active ingredient). The MoA of these agents is essentially a rapid and effective
“knockdown effect” on target pests, which results in the alteration of their ganglionic
nervous functions, leading to their death [43].

In accordance with their chemical structure and toxicological activity, as previously
stated, they have been historically classified into two principal categories: Type I pyrethroids
(such as allethrin, resmethrin, tetramethrin, bioresmethrin, permethrin, and all the other
compounds containing the basic cyclopropane carboxylic acid), and Type II pyrethroids
(such as deltamethrin, cyfluthrin, cypermethrin, cyphenothrin, fenvalerate, and fluvalinate).
These two groups are characterized by the absence or presence of an x-cyano group at the
phenyl-benzyl alcohol moiety, respectively [82]. The presence of the x-cyano group confers
a higher level of insecticidal activity to Type II pyrethroids (cyano-containing) than to Type
I pyrethroids (cyano-lacking).

Type I pyrethroids (without the a-cyano group) have a prevalent (faster, flushing, but
reversible) activity on peripheral and sensory nervous structures (knockdown effect), while
those of Type II (with x-cyano) predominantly and irreversibly act on the central nervous
system (killing effect). All pyrethroids inhibit sodium ion channels, but those of Type
II, containing the «-cyano group, also interfere with the functions of the GABA (gamma-
amino-butyric acid) neurotransmitter, resulting in neurotoxicity in mammals because, at
high concentrations, they alter the voltage-gated calcium channels (VGCCs) and chloride
channels on GABA receptors [83,84].

Although it is the same in insects and higher animals, such as mammals, MoA exhibits
heightened toxicity in insects (approximately 2250 times greater than in mammals). This is
attributed to their higher sensitivity in sodium channels, smaller body size, and lower body
temperature. Furthermore, mammals possess the ability to rapidly detoxify pyrethrins
and synthetic pyrethroids into non-toxic metabolites, facilitating their excretion from the
body [85].

The specific mechanism of action that interferes with the sodium channels of nerve
cells represents a significant challenge in terms of environmental sustainability. This MoA
is not species-specific for the target insects and can, therefore, result in the same neurotoxic
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effects in other species that are beneficial to ecosystems, such as pollinators (bees and
bumblebees), natural predators of parasites, and other forms of aquatic life [86,87].

The same MoA and the spread diffusion into the environment of the photostable
synthetic pyrethroids (starting from those of the second generation) have caused a much
greater extent of persistence than that observed for the photolabile pyrethrins, particu-
larly in pyrethroids of the first generation (i.e., those with similar chemical structures to
pyrethrins, such as d-allethrin and prallethrin) and pyrethroids with a cyclopentenolone
ring [79]. The progressive increase in knockdown resistance (KDR) and insecticide cross-
resistance by mosquitoes, flies, cockroaches, and many other species of pests are further
concerns [88].

This issue frequently arises with more photostable synthetic pyrethroids, which sig-
nificantly hinders the development of new pyrethroids and their widespread outdoor
applications. Indeed, the resistance of insects to synthetic pyrethroids is far more prevalent
than that to natural pyrethrins, which are susceptible to minute natural genetic variations.
The uniform molecular structure of synthetic pyrethroids makes them more likely to induce
insecticide resistance in pests.

Indeed, as documented in the Arthropod Pesticide Resistance Database [42], 30 cases of
insecticide resistance have been observed for pyrethrins, affecting 13 distinct insect species.
The majority of these cases involved houseflies (nine cases of Musca domestica) and cock-
roaches (eight cases of Blattella germanica). In contrast, for synthetic pyrethroids (allethrin,
acrinathrin, bifenthrin, bioresmethrin, bioresmethrin PBO, cis-cypermethrin, cyclopro-
thrin, cyfluthrin, cyfluthrin DEF, cyfluthrin-beta, cyhalothrin-beta, cyalothrin- lambda
PBO, cyperethrin-alpha, cypermethrin-beta, cypermethrin-theta, cypermethrin-zeta, cyphe-
nothrin, deltamethrin, deltamethrin DEF, deltamethrin DEM, deltamethrin PBO, em-
penthrin, esfenvalerate, fenpropathrin, fenvalerate, permethrin, permethrin TPP, phenethrin-
res, bioethrin, tefluthrin, tetramethrin, tetramethrin-[(1R)-isomers], trans-cypermethrin,
transfluthrin), there have been 4503 reports of cases of insecticide resistance concerning
163 species of parasitic insects, primarly: Meligethes aeneus (487), Helicoverpa armigera (407),
Plutella xylostella (250), Aedes aegypti (223 records), Rhipicephalus microplus (212), Spodoptera
litura (206), Musca domestica (140), Blattella germanica (109), Bemisia tabaci (101), Haematobia
irritans (97), Aedes abopictus (95), Anopheles gambiae (93).

It can be generally observed that pyrethroids induce genetic resistance or cross-
resistance in pests. This can occur in two ways: (a) through an additional decrease in
the sensitivity of the sodium channels to the active compound, which is known as “altered
target-site resistance” or “non-metabolic resistance” and is not reducible with synergists);
and (b) through an improvement in the efficacy of metabolic detoxification by insects,
which is referred to as “metabolic resistance”. The latter can be reduced with synergists. In
response to this situation, the chemical industry has developed pyrethroids with enhanced
insecticidal activity at low concentrations. However, these new pyrethroids have the same
MOoA as the previous ones and have contributed to the reinforcement of the cross-resistance
phenomenon [49].

As stated by Yoshio Katsuda [79] a prominent expert in this field, the different progres-
sive substitutions of single functional groups of natural pyrethrins are the primary cause of
the widespread cross-resistance phenomenon observed in pests. To address this challenge,
it is essential to re-examine the entire pyrethrin molecule, particularly the homologs of
pyrethrin II) rather than focusing on individual groups. The aim of this action is to de-
velop novel synthetic pyrethroids that are more effective and have a low risk of insecticide
resistance, according to this new structural type: [A’-B'-C’]. Indeed, the same MoA of
pyrethroids and pseudo-pyrethroids indicates that the fundamental unit responsible for
the insecticidal activity of these insecticides may be latent, and therefore, requires further
investigation in other non-ester structures.

Furthermore, additional research is required to assess the eco-compatibility of these
pseudo-pyrethroids and their toxicity, with a particular focus on their impact on
aquatic organisms.
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These factors underscore the necessity for continued research and related economic
investments in the development of new pyrethroids or analogous compounds.

8. Conclusions

The primary distinguishing feature of pyrethroids is their favorable toxicological
profile, which is markedly different from that of other categories of insecticides. Indeed,
they exhibit high toxicity to pests and minimal toxicity to mammals.

Moreover, pyrethroids are more environmentally compatible than other insecticides.
In fact, they are biodegradable by plants and soil. Furthermore, natural pyrethrins
and the first generation of synthetic pyrethroids are also readily biodegradable by heat
and sunlight.

However, natural pyrethrins and synthetic pyrethroids have been found to have
shortcomings. The former has been shown to have poor efficacy and risks to the ecosystem.
In light of these considerations, the search for an optimal insecticide cannot be definitively
concluded. Further studies are necessary to identify superior chemical compounds that
are highly specific to the target pest species and harmless to beneficial insects. Moreover,
future pyrethroids or pyrethroid-like compounds must be developed in a way that ensures
they are harmless to fish and other aquatic organisms.

It seems plausible to suggest that in light of the considerable demand for environmen-
tally friendly and harmless insecticides for human health, particularly in the context of
household and organic farming, the market for pyrethrins and pyrethroids will experience
a notable expansion in the coming years.

The global research initiative on novel pyrethroids, which commenced several decades
ago, has effectively reached a standstill. This is even though numerous chemical companies
have dedicated themselves to this objective for an extended period. This is primarily due to
the pervasive emergence of pyrethroid resistance in numerous pest species. Consequently,
manufacturers have redirected their research efforts toward alternative insecticides, such
as organophosphates, which exhibit different MoAs.

In this regard, it is imperative to enhance our comprehension of the precise molecular
mechanisms underlying the MoA of pyrethroids. This will facilitate the reduction of insect
resistance to these insecticides and the development of novel compounds that exhibit
greater specificity of action and superior environmental compatibility. This will ensure the
sustainable utilization of these compounds in pest control while safeguarding ecosystems.

The broad spectrum of action, increasing cross-resistance, and high toxicity to fish and
amphibians are the main issues associated with synthetic pyrethroids. In light of these
considerations, non-ester pyrethroid-like compounds, such as silafluofen, which do not
exhibit these shortcomings, should provide renewed impetus for organic chemists to further
investigate the entire structure of natural pyrethrins and the precise roles of their individual
functional groups. It is imperative that further studies be conducted to identify additional
pyrethroids, such as those belonging to the first generation, including allethrin, that exhibit
high insecticidal efficacy, low production costs, and high environmental compatibility,
while also demonstrating adequate outdoor persistence.

In conclusion, the subject of pyrethroids remains an area of ongoing scientific inquiry,
with several unresolved issues yet to be addressed. First and foremost, there is growing
and widespread tolerance and insecticide resistance, toxicity to non-target organisms, and
the challenges of regulating substances that are increasingly numerous and complex, with
effects that are not easily assessable, particularly in the medium- to long-term. In particular,
the increasing complexity of chemical formulations and their widespread use worldwide
necessitate continuous monitoring and careful regulation to ensure that the benefits of new
pyrethroids are not outweighed by potential risks.

From a sustainability perspective, it would be essential to implement integrated pest
management (IPM) strategies as a core approach to addressing these challenges and re-
ducing excessive reliance on chemical pesticides. Such sustainable agricultural practices
include the rational use of pyrethroids, which are less environmentally dangerous and
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persistent than other types of insecticides, such as organophosphates and organochlorines.
This should be performed in combination with other cultural and biological control mea-
sures. It is imperative that comprehensive guidelines be established for the more prudent
utilization of pyrethroids, limiting their applications to situations where they are truly
essential, and promoting the use of minimum effective doses. It is also imperative to
implement a program of constant monitoring to identify cases of resistance at an early stage
and to encourage research into the development of new and safer compounds that can
maintain efficacy while minimizing their impact on the environment. The implementation
of these strategies would not only assist in the containment of resistance but would also
result in a notable reduction in the chemical burden on the environment.
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