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SUMMARY

Currently, more than 1,200 agrochemicals are listed and many of these are regu-
larly used by farmers to generate the food supply to support the expanding
global population. However, resistance to pesticides is an ever more frequently
occurring phenomenon, and thus, a continuous supply of novel agrochemicals
with high efficiency, selectivity, and low toxicity is required. Moreover, the de-
mand for a more sustainable society, by reducing the risk chemicals pose to hu-
man health and by minimizing their environmental footprint, renders the devel-
opment of novel agrochemicals an ever more challenging undertaking. In the
last two decades, fluoro-chemicals have been associated with significant ad-
vances in the agrochemical development process. We herein analyze the contri-
bution that organofluorine compounds make to the agrochemical industry. Our
database covers 424 fluoro-agrochemicals and is subdivided into several cate-
gories including chemotypes, mode of action, heterocycles, and chirality. This
in-depth analysis reveals the unique relationship between fluorine and agrochem-
icals.

INTRODUCTION

As the global population rapidly expands, it is essential to ensure sufficient crop production to feed this
growing number of people. Crop production has continually suffered from problems associated with plant
diseases, pests, parasites, fungi, viruses, and even recent drastic climate change. As such, agrochemicals
(pesticides) such as herbicides, fungicides, and insecticides have played an essential role in maintaining
crop yields and minimizing crop loss. Thus, the development of new agrochemicals has emerged as one
of the foremost areas of research in modern agricultural industry (Kramer et al., 2012). Notably, the use
of agrochemicals serves not only the protection of crops but also the protection of human health from para-
sitic infectious diseases such as malaria, Zika virus, and dengue fever, which are spread by mosquitos (Wit-
schel et al., 2012).

Traditionally, agrochemicals were derived from natural products and inorganic materials. Over time, the
use of synthetic organic agrochemicals, rather than inorganic chemicals and natural products, for the pro-
tection of crops has burgeoned (Marchand, 2019). In 1939, dichlorodiphenyltrichloroethane (DDT), a histor-
ically notorious and controversial synthetic pesticide, marked the beginning of the era of synthetic agro-
chemicals (Figure 1A) (Simon, 1999). Notably, like the return of thalidomide in the 21st century to the
pharmaceutical market to fight, e.g., leprosy (Ito and Handa, 2015; Tokunaga et al., 2018), DDT has re-
turned in the 21st century to the agrochemical market under controlled conditions to combat malaria (Man-
davilli, 2006). The effectiveness of DDT as a powerful and potent insecticide was discovered by Muller and
led to the widespread use of DDT against mosquitoes and many other insects in the 1940s (it should be
noted here that Miller was awarded the Nobel Prize in 1948 for his discovery) (Nobel Foundation, 1964).
In 1945, a fluorinated analog of DDT, 1,1,1-trichloro-2,2-bis(4-fluorophenyl)ethane (DFDT, fluoro-DDT,
also called Gix, Fluorgesarol), which managed to avoid a patent conflict with DDT, was predominantly man-
ufactured in Germany during World War Il (Figure 1B) (Kilgore, 1945; Metcalf, 1948; Gunther and Blinn,
1950; Zhu et al., 2019). Interestingly, fluoro-DDT is a faster-acting congener of DDT for malaria, with high
solubility, low toxicity to warm-blooded animals, and high volatility. However, the use of DDT, including
fluoro-DDT, was prohibited following claims relating to the environmental and toxicological impact of pes-
ticides published in Rachel Carson’s book "Silent Spring" in 1962 (Carson, 1962). As mentioned, DDT has
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Figure 1. Early Examples of Synthetic Pesticides and Fluoro-pharmaceuticals
(A) DDT.

(B) DFDT.
©
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been revived under certain conditions, whereas fluoro-DDT has not. The “forgotten” history of DFDT has
recently been discussed elsewhere (New York University, 2019).

Currently, more than 1,200 agrochemicals are registered and used worldwide, including those discontin-
ued (Turner, 2018). However, more sophisticated and efficient agrochemicals are constantly required for
the protection of crops and to render human society more sustainable. This requires innovative, efficient,
and selective agrochemicals that are less toxic and that have environmentally benign chemical properties;
the latter is particularly important with respect to bioaccumulation. Currently, a new agrochemical cannot
be approved unless its effects on air, water, soil, and human health are known (Vaz, 2019; Delorenzo et al.,
2001; Ames and Gold, 1997; Bhattacharyya et al., 2009).

Inspired by the potential efficiency of fluoro-DDT as an insecticide, the first fluoro-herbicide, trifluralin (Epp
etal., 2018) introduced by Eli Lilly & Co. in 1963 (Figure 1C, also one of the most globally used herbicides),
as well as our ongoing research into biologically active organofluorine compounds (Shibata, 2016), we were
interested in the contributions of fluorine-containing agrochemicals (fluoro-agrochemicals) to the wider
field of agrochemicals (Cartwright, 1994; Theodoridis, 2006; Fujiwara and O" Hagan, 2014; Jeschke,
2004; Haufe and Leroux, 2019; Pazenok and Leroux, 2020). Organofluorine compounds have emerged as
attractive synthetic building blocks in the pharmaceutical industry (Wang et al., 2014; Ojima, 2009)
following the use of the first successful fluoro-pharmaceutical, Florinef acetate, in 1954 (Figure 1D). The
introduction of fluorine and fluorine-containing functional groups into drug candidates is one of the prin-
cipal approaches to effectively alter the physicochemical properties, such as acidity, lipophilicity, and sta-
bility, of a parent molecule. This alteration results in a modulation of the absorption, distribution, meta-
bolism, and excretion (ADME) properties of a drug (Ojima, 2009). The advantageous effects imparted by
the addition of fluorine to pharmaceuticals are induced by a combination of several properties unique
to fluorine: (1) fluorine is, after hydrogen, the second smallest atom; (2) fluorine exhibits the highest elec-
tronegativity in the periodic table of elements; (3) fluorine forms the strongest single bonds with carbon.
Over the years, the contributions of organofluorine compounds to the pharmaceutical industry have
increased steadily, and the total number of fluoro-pharmaceuticals approved for use reached 340 in
2019 (Inoue et al., 2020). Based on the record of introducing fluorine into pharmaceuticals, a similarly strong
impact of fluorine onto the agrochemicals sector can be feasibly expected, although there are intrinsic dif-
ferences between the role agrochemicals play for plants and insects and pharmaceuticals play for humans.
However, the discovery process for new active compounds in the pharmaceutical and agrochemical sectors
is notably very similar (Delaney et al., 2006; Swanton et al., 2011). These similarities include the design of
target molecules, the targeted biological functions, and the considerations that led to Lipinski’s rules of
five to estimate the probability for success (Lipinski et al., 20071; Lipinski, 2004; Tice, 2001). Itis not surprising
that agrochemicals and their analogs can, independent of the molecular target sites, be repurposed for use
as pharmaceuticals and vice versa (Delaney et al., 2006; Swanton et al., 2011).

Although there are several similarities in the development processes of agrochemicals and pharmaceuti-
cals, there are substantial differences, too. One such difference is the cost of production. Contrary to the
pharmaceutical industry, and because farm incomes vary greatly by country, the manufacturing cost is argu-
ably the most critical factor for the final decision to launch a new agrochemical in a specific market. The use
of fluorinated building blocks for the synthesis of agrochemically active ingredients results in a general
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Figure 2. Contributions of Fluorine-Containing Compounds
(A) To pharmaceuticals (1991-2019).
(B) To agrochemicals (data based on the Pesticide Manual, 18th edition).

increase in costs, which limits their use in agrochemicals, especially in developing countries (Labrada, 2003;
Holm and Johnson, 2009; Chauhan and Mahajan, 2014). Given the difference in production/usage volume
between pharmaceuticals and agrochemicals, the environmental impact of the latter is even more signif-
icant. In general, fluoro-containing agrochemicals decompose in water and soil into inorganic fluorides,
which might negatively affect plant growth and result in reduced crop yields (Arnesen, 1997; Mackowiak
et al., 2003). An even more pressing concern is the potential contamination of water and soil with perfluor-
oalkylated compounds, which are relatively robust and thus resistant to decomposition owing to the strong
carbon-fluorine (C-F) bond (O’ Hagan, 2008). Consequently, they remain as pollutants for longer in water
and soil and accumulate in animals, where they are transformed into something toxic materials. Perfluor-
ooctanoic acid (PFOA) and perfluorooctane sulfate (PFOS) are examples of ubiquitous perfluoroalkylated
chemicals, both of which pose a serious environmental threat (Lau, 2015; Cordner et al., 2019; Cousins et al.,
2020; Herkert et al., 2020; Kwiatkowski et al., 2020).

According to our previous report, the percentage of organofluorine compounds to pharmaceuticals in the
last three decades (1991-2019) is 18% (191 fluoro-pharmaceuticals/1072 all medicines, Figure 2A) (Inoue
et al.,, 2020). We thus started our investigation using the database of the 18th edition of the Pesticide
Manual in order to evaluate the contribution of fluorine-containing materials to agrochemicals (Turner,
2018). Among 1,261 pesticides in total (including organic and inorganic compounds, acids and their salts),
we found 202 fluorine-containing pesticides, i.e., 16% of launched pesticides are fluorine-containing mate-
rials (Figure 2B, a full list of the names of all 1,261 pesticides with 202 fluorine-containing materials is given
in Supplemental Information, see also Tables ST and S2). The data are somewhat similar to the case of phar-
maceuticals, although the comparison periods are different. This preliminary analysis prompted us to
further investigate the contribution of organofluorine compounds to agrochemicals in order to potentially
identify new areas of chemical space that may potentially yield advanced agrochemicals and
pharmaceuticals.

In this review, we analyze a database of agrochemicals focusing on the contribution of organofluorine com-
pounds. Our database of agrochemicals is mainly based on Alan Wood's website, "Compendium of Pesti-
cide Common Names” (Wood, 2020), "18th edition of the Pesticide Manual" (Turner, 2018), "Pesticide
Properties Database (PPDB)" (Lewis and Tzilivakis, 2017), "Bio-Pesticides Database (BPDB)" (Lewis et al.,
2016), "Ag Chem New Compound Review 2020, 38" (Bryant, 2020), "Pesticide Data Index by California’s
Department of Pesticide Regulation" (California Department of Pesticide Regulation, 2020), and our
own search of patents. Agrochemicals examined in this review refer to pesticides, including insecticides,
herbicides, fungicides, rodenticides, molluscicides, nematicides, and other related compounds. However,
we do not examine fertilizers or soil conditioners. Including compounds withdrawn from the database, we
have surveyed 424 fluoro-agrochemicals (300 compounds assigned with ISO common names and 44 com-
pounds with non-ISO common names, 69 compounds with development codes and 11 experimental pes-
ticides) (ISO: International Organization for Standardization). The full list of fluoro-agrochemicals (424 com-
pounds) with their names, molecular weights, formulas, agrochemical types, mode of actions, log P, Clog P,
and chemical structures are provided in the Supplemental Information (see also Table S3, and Figure S1).
Our database of 424 fluoro-agrochemicals excludes salts if their parent acids are included (fluoroacetic acid
versus sodium fluoroacetate, for example). Additionally, five agents of inorganic agrochemicals that
contain fluorine atoms are briefly introduced. Our analyses of the agrochemical database cover the
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Figure 3. Prevalence of Fluoro/Non-fluoro-Agrochemicals Assigned New ISO Common Names (1998-2020
(June))

The list of all agrochemicals (238 compounds) including the fluoro-agrochemicals (127 compounds) is provided in
Table S4.

(A) Pie chart.

(B) Bar chart depending on the year.

historical contributions of organofluorine compounds, the distribution of fluoro functional groups (chemo-
types), a subject category, a classification based on the mode of action, the presence/absence of fluoro-
functionalized heterocycles, and chirality. These aspects reveal a unique relationship between fluoro-
organic compounds and agrochemicals. Although there are several articles that review fluorine-containing
organic molecules in agrochemicals (Cartwright, 1994; Theodoridis, 2006; Fujiwara and O' Hagan, 2014,
Jeschke, 2004; Haufe and Leroux, 2019; Pazenok and Leroux, 2020), to the best of our knowledge, our
collection of 424 fluoro-agrochemicals with accompanying entries (5 inorganics) is the most comprehen-
sive. The analysis of fluoro-agrochemical chemotypes is also a unique way to estimate the potential for suc-
cess of a compound on the agrochemical market. The fundamental frequency and rarity with which fluoro-
agrochemicals occur is also briefly compared with those of fluoro-pharmaceuticals.

Analyses of Agrochemicals that Have Been Assigned a New ISO Common Name in over the
Past Two Decades

As shown in the pie and bar charts in Figures 3A and 3B, we first analyzed the active ingredients of the ag-
rochemicals that have been assigned new ISO common names over the past two decades (1998-2020
(June)), via a comparison of fluoro-agrochemicals and non-fluoro-agrochemicals. The names and year
that it was assigned for all the agrochemicals investigated in Figure 3 are shown in Table S4. During this
period, 127 fluoro-agrochemicals were registered, which accounts for 53% of all active agrochemical
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Figure 4. The 28 Fluoro-Agrochemicals Assigned New ISO Common Names in the last Five Years (2016-2020 (June))

ingredients (238 compounds) (Figure 3A). Despite the higher cost of fluorine-containing synthetic building
blocks relative to their non-fluorinated counterparts, fluoro-agrochemicals have maintained a position as a
strong competitor to non-fluorinated pesticides. It is indeed striking that every year more than 50% of com-
pounds with new ISO common names are fluoro-organic compounds (Figure 3B). The data for the last 5
years (2016-2020 (June)) shows the significant impact that fluoro-agrochemicals have had. A total of 28 flu-
oro-agrochemicals have gained ISO common names, and their structures are shown in Figure 4. Over this
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Figure 5. Classification of Agrochemicals with New ISO Common Names (238 Compounds, 1998-2020 (June))
into Nine Categories: Fungicides, Herbicides, Insecticides, Acaricides, Nematicides, Plant Growth Regulators,
Herbicide Safeners, Rodenticides, and Others (244 Entries)

The names of all agrochemicals (238 compounds) with their agrochemical types is provided in Table S4.

5-year period, their contribution to the number of newly assigned ISO common names is extraordinarily
high, reaching an average of 67% over this period (fluoro/non-fluoro = 28/14; 2016: 57% (4/3); 2017: 68%
(13/6); 2018: 43% (3/4); 2019: 100% (1/0); 2020: 88% (7/1)) (Figure 3B). Significantly, these results suggest
that biological efficacy is becoming more important than the disadvantages associated with the cost of
producing fluorinated compounds. This shift could be related to progress in the synthetic methodology
used to obtain organofluorine compounds (Shibata, 2016; Wang et al., 2014; Ojima, 2009), since cost-
friendly synthetic tools for fluorination and trifluoromethylation have been a focus over the last 20 years
or so.

As the bar chart in Figure 5 shows, we next classified all 238 agrochemicals (1998-2020 June) into nine cat-
egories: fungicides (78 [38 + 40] compounds), herbicides (70 [35 + 35]), insecticides (60 [42 + 18]), acaricides
(1310 + 3]), nematicides (7 [4 + 3]), plant growth regulators (4), herbicide safeners (3), rodenticides (2), and
others (7 [5 + 2]). A total of 244 entries were thus generated owing to compounds appearing in either two
(four compounds) or three (one compound) of the categories; for details, see Table S4. The first five major
categories (fungicides, herbicides, insecticides, acaricides, and nematicides) were further subdivided into
fluorinated versus non-fluorinated compounds to estimate the individual contribution of organofluorine
compounds to each category. We found that, in the insecticide and acaricide categories, the contributions
of fluorinated compounds are extraordinarily high (70% and 77%, respectively). In the other three main cat-
egories they make up ~50% of the compounds (fungicides: 49%; herbicides: 50%; nematicides: 57%). This
analysis suggests that the choice of organofluorine compounds for new insecticide or acaricide candidates
is statistically highly advantageous and may help ensure success.

Classification of Fluoro-Agrochemicals by Chemotype

Selecting small organic molecules to act as a ligand to target biomolecules such as enzymes, proteins,
DNA, and carbohydrates on the surface or inside cells is crucial to successfully design new bioactive re-
agents. These ligands generally interact with biomolecules to form complexes, which establishes control
over biological processes in, e.g., insects, plants, and bacteria. It is well known that the addition of fluorine
atoms and fluorinated functional groups to active compounds can improve their binding by altering
hydrogen-bonding interactions, ionic interactions, lipophilicity, and van der Waals forces (Ojima, 2009).
The properties of the individual functional groups determine how they alter the binding interactions. Given
the high number of fluoro-functional group chemotypes, such as fluoro (F), trifluoromethyl (CF3), and
difluoromethyl (CF,H), we next analyzed the frequency with which each chemotype is found in fluoro-
functionalized agrochemicals. First, the database of all fluoro-agrochemicals (424 compounds, see also
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Figure 6. Distribution of Chemotypes of Fluoro-Agrochemicals (424 Compounds, 541 Entries, 33 Groups)

Ar-F, 156 29%

Table S3 and Figure S1) was subdivided into 34 groups of fluoro-functional motifs such as aromatic fluo-
rides (Ar-F), heteroaromatic fluorides (Het-F), vinyl-fluorides (C=CRF), trifluoromethyl-substituted aromatic
groups (Ar-CF3), trifluoromethyl-substituted heteroaromatic groups (Het-CF3), vinyl-trifluoromethyl groups
(C=CRCFy3), difluoromethyl-substituted heteroaromatic groups (Het-CF,H), perfluoroalkyl-substituted aro-
matic groups (Ar-Rf), alkyl-fluorides (alkyl-F), and trifluoromethyl-alkanes (alkyl-CF3), which expanded the
database to 541 entries owing to duplicates (95 compounds), triplicates (8 compounds), and quadruplicate
(2 compounds) (Figure 6). The largest subdivision of fluoro-agrochemicals is the group that contains an
"Ar-F" moiety (156 entries, 29%), followed by the groups that contain an "Ar-CF3" moiety (117 entries,
22%), a "Het-(Cqp2)-CF3" moiety (69 entries, 13%), or an "alkyl-CF3" moiety (26 entries, 5%). Fluoro-func-
tionalized aromatic compounds contribute greatly to these groups. Thus, the preparation of aromatic com-
pounds with F and CF3 groups, rather than fluoro-functionalized aliphatic compounds, is more likely to
furnish successful agrochemical candidates. This analysis is somewhat different to the database of flu-
oro-pharmaceuticals (Inoue et al., 2020), where the contribution of fluoro-functionalized aliphatic com-
pounds with F and CF3 groups are as abundant as the fluoro-functionalized aromatics. Fluoro-functional-
ized-heteroaromatic (Rf-Cy,) compounds (Het-CF3, Het-CF,X, Het-F, Het-CFXY; 107 entries, 20%) and
fluoro-functionalized compounds that possess heteroatoms (X-Rf, 70 entries; X = O, S, SO,, N; 13%) are
also found in fluoro-agrochemicals. This analysis suggests that, as their corresponding synthetic chemistry
progresses, heterocycles (Nenajdenko, 2014) and heteroatom-conjugated fluoro-functional groups (Xu
et al., 2015; Besset et al., 2016; Tlili et al., 2016; Manteau et al., 2010; Leroux et al., 2005, 2008; Savoie
and Welch, 2015; Das et al., 2017) have the potential to be successful candidates for agrochemicals
because they still account for relatively few of the compounds in the database.

We reorganized the pie chart and carried out a classification of fluoro-agrochemicals into another seven
groups focusing on the numbers of fluorine atoms present per functional group as in, e.g., mono-fluori-
nated groups (Cepa-F, Cspa-F), trifluoromethyl groups (Cspo-CF3, Cqp3-CF3), difluoromethyl groups (Cepa-
CF2X, Cep3-CF2X), and carbonyl-Rf groups (C(=0)-CFxRy) (Figure 7). The reorganized pie chart (Figure 7)
indicates that the compounds that contain C-CF3 moieties account for 42% (228 entries) of all fluorine-con-
taining compounds. Compounds that contain monofluoro moieties such as Cy,-F and Cqp3-F cover 35%
(191 entries) of all compounds in the database. The tendency for there to be more compounds that contain
C-CF3 groups than compounds that contain C-F groups should be noted since it stands in sharp contrast to
that found in fluoro-pharmaceuticals. A recent analysis of a pharmaceutical database revealed that the
monofluoro C-F chemotype is the major group found in fluoro-pharmaceuticals (67%), whereas drugs
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Figure 7. Chemotype Distribution of Fluoro-Agrochemicals Focusing on the Number of Fluorine Atoms Present
Per Functional Group (424 Compounds, 541 Entries, 8 Groups)

with trifluoromethyl groups account for ~20% (Inoue et al., 2020). This comparison reveals that the CF;3
moiety has particular advantages for agrochemicals, whereas the C-F moiety has advantages for
pharmaceuticals.

Classification of Fluoro-Agrochemicals by Agrochemical Type

As the pie chart in Figure 8A shows, we next classified all 424 agrochemicals into 14 agrochemical types
(expanding to 477 entries after taking duplicates into account) including herbicides (192 compounds), in-
secticides (121), fungicides (80), acaricides (45), nematicides (8), plant growth regulators (7), and rodenti-
cides (7) (see also Table S3 for the full list). The fluoro-agrochemicals were found to be distributed relatively
evenly among all the groups, whereby each group was sized proportionately in relation to the size of their
respective sectors (see also Figure S2) (Turner, 2018). However, we were surprised to see the results of the
analysis of the agrochemical-type distribution obtained by focusing on the number of fluorine atoms per
molecule. When we focused on the compounds with more than six fluorine atoms in their structures (57
compounds, 72 entries), the clear majority of fluoro-agrochemicals (total 75%) are insecticides (53%) and
acaricides (22%) (Figure 8B, see also Table S5). This result can be rationalized in terms of the lipophilicity
of a compound, which is strongly related to its ability to penetrate biological membranes in vivo (Bégué
and Bonnet-Delpon, 2008; Purser et al., 2008). Moreover, a highly lipophilic compound is crucial, particu-
larly in the case of insecticides, for the translocation via the surface of the insects. This concept can be un-
derstood as “contact activity.” Higher lipophilicity enables agrochemicals to be taken up more efficiently
across lipophilic waxy, cuticular, and chitin surface barriers (Lewis, 1980). It also facilitates extracellular
movement within biological cell membranes and cell walls. In addition, higher lipophilicity renders herbi-
cides more resistant to being washed out by rain. The lipophilicity of fluorinated molecules usually in-
creases with increasing number of fluorine atoms, resulting in advantages for insecticides against rasping
insects, such as mites, which feed on surface cells. More interestingly, molecules with an even higher fluo-
rine content such as sulfluramid, flursulamid, and LPOS, are considered "fluorous” (Gladysz et al., 2004;
Zhang, 2009; Zhang and Cai, 2008), i.e., they are lipo- and hydrophobic. Even though such fluorous prop-
erties might be advantageous for insecticides and acaricides, the use of fluorous organic chemicals remains
controversial (Lau, 2015; Cordner et al., 2019; Gladysz et al., 2004; Zhang, 2009; Zhang and Cai, 2008;
Cousins et al., 2020; Herkert et al., 2020; Kwiatkowski et al., 2020). The unique chemical structures of flu-
oro-agrochemicals with more than eight fluorine atoms are shown in Figure 9 (18 examples, 15 are insec-
ticides/acaricides, 2 are herbicides, and 1 is fungicide).
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Figure 8. Classification of Fluoro-Agrochemicals by Agrochemical Type
(A) For all fluoro-agrochemicals (424 compounds, 477 entries).
(B) For fluoro-agrochemicals with more than six fluorine atoms in their structures (57 compounds, 72 entries).

Distribution of the Fluoro-Agrochemicals by Molecular Weights and Log P (Lipinski’s “Rule of
Five")

In the pharmaceutical industry, one of the most straightforward criteria used to identify possible lead
compounds for clinical therapeutics is a molecular mass of <500 Da and an octanol-water partition co-
efficient log P of <5. This is known as Lipinski's rule of five (Lipinski et al., 2001; Tice, 2001; Lipinski,
2004), and this rule has also been discussed in relation to agrochemicals. Therefore, we next examined
the molecular mass distribution of the fluoro-agrochemicals within the selected agrochemical-type cat-
egories (e.g., herbicides, insecticides, fungicides, and acaricides) (Figure 10A). In the case of herbicides
and fungicides, the 300- to 400-Da range is the most populated bin for both (109 herbicides; 44 fungi-
cides). This result is in good agreement with Lipinski's rule of five. On the other hand, the most popu-
lated bin for insecticides and acaricides is the 400- to 500-Da range (44 insecticides; 17 acaricides). It
should be noted that 38 insecticides and 16 acaricides are found in the bin >500 Da, i.e., outside
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Figure 9. Examples of Fluoro-Agrochemicals with More than Eight Fluorine Atoms in Their Structures

the range of Lipinski's rule of five. Molecular weights >500 Da are significant as this often results in
problems related to lower solubility and inferior membrane penetration. As discussed in the previous
section, these factors are highly correlated to the higher fluorine content found in insecticides and
acaricides.

We further analyzed the database focusing on their calculated log P and Clog P values (Mannhold et al.,
2009) (Figures 10B and 10C, both calculated log P and Clog P values were obtained by ChemDraw profes-
sional [version 19.1], whereas some of them were estimated by ACD/Log P). It should be emphasized again
that herbicides and fungicides, the 3 to 5 range of both log P and Clog P is the most populated bin for both
(forlog P, 98 [54 + 44] herbicides and 53 [25 + 28] fungicides; for Clog P, 93 [49 + 44] herbicides and 46 [30 +
16] fungicides). On the other hand, the most populated bin for insecticides and acaricides is more than 5
(forlog P, 76 [34 + 42] insecticides and 31 [14 + 17] acaricides for Clog P, 75[30 + 45] insecticides and 29 [9 +
20] acaricides). It should be exciting to know that the numbers of drugs for both insecticides and acaricides
are steadily increased with the increasing log P and Clog P, and more than é is the highest populated bin for
both. These results strongly support the analyses mentioned in Figures 8B, 10B, and 10C that high lipophi-
licity of compounds is in advantages for insecticides feeding on surface cells. Thus, compounds that fall
outside of Lipinski’s rule should be considered for insecticides and acaricides. A higher level of calculation
(Mannhold et al., 2009) and the experimental data of log P values of all agrochemicals should be effective
for further understanding of these relationships. Full analyses of all agrochemical-type categories are avail-
able in the Supplemental Information (see also Figure S3).
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Figure 10. Distribution of Fluoro-Agrochemicals According to the “Rule of Five”
(A) Molecular weight.

(B) log P (calculated).

(C) Clog P (calculated). Details are provided in Table S3.

Classification of Fluoro-Agrochemicals by Their Modes of Action

The phenomenon of agrochemical resistance against weeds, insects, acaricides, and various other para-
sites is one of the most significant problems in agrochemicals (Clark and Yamaguchi, 2002). This issue is
strongly correlated to the excessive use of these chemicals and therefore necessitates continuous further
research into the development of new, more effective agrochemicals. Probing the mode of action of pes-
ticides with their target proteins represents a general strategy for effective resistance management. Even
for pesticides with different chemical structures but having the same mode of action, the simultaneous use
of multiple pesticides poses a significant risk for the generation of pesticide resistance. Thus, a global clas-
sification system for pesticides has been established for herbicides, insecticides, and fungicides in order to
provide guidelines to prolong the effectiveness of pesticides and minimize the risk of resistance related to
susceptibility. These classifications follow the recommendations suggested by the global Herbicide Resis-
tance Action Committee (HRAC) for herbicides (HRAC classification) (Herbicide Resistance Action Commit-
tee, 2020), the Insecticide Resistance Action Committee (IRAC) for insecticides (Insecticide Resistance Ac-
tion Committee, 2020), and the Fungicide Resistance Action Committee (FRAC) for fungicides (Fungicide
Resistance Action Committee, 2020). Therefore, we classified the fluoro-agrochemicals based according to
the rules of the HRAC, IRAC, and FRAC. Details of the analyses are shown in Figure 11 (herbicides, see also
Table Sé for details), Figure 12 (insecticides, see also Table S7 for details), and Figure 13 (fungicides, see
also Table S8 for details). As shown in these figures, all the classifications show clear biases toward partic-
ular modes of action. The HRAC mode of action classification of herbicides has 22 groups (group Z and "un-
known" were omitted). Fluorinated herbicides (167 compounds) are found in 14 categories, whereby the
four most substantial categories are category E (59 compounds), A (23 compounds), B (23 compounds),
F1 (14 compounds), and K1 (11 compounds). Fluorinated insecticides (102 compounds) are categorized
into 17 groups of a possible 28 (code UN and unknown were omitted). The most significant contributions
are code 3 (33 compounds), code 15 (14 compounds), and code 2 (9 compounds), whereas no contributions
were identified for codes 6, 7, 11, 12, 14, 16, 17, 18, 19, 23, and 24. The FRAC classification for fluorinated
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Figure 11. HRAC Classification for Fluoro-Herbicides, including Herbicide Safeners and Plant-Growth Regulators
(167 Compounds Selected)

A: Inhibition of acetyl CoA carboxylase (ACCase); B: Inhibition of acetolactate synthase ALS (acetohydroxyacid synthase
AHAS); C1,2,3: Inhibition of photosynthesis at photosystem II; D: Photosystem-I-electron diversion; E: Inhibition of
protoporphyrinogen oxidase (PPO); F1: Inhibition of the phytoene desaturase (PDS); F2: Inhibition of 4-hydroxyphenyl-
pyruvatedioxygenase (4-HPPD); F3: Inhibition of carotenoid biosynthesis (unknown target); F4: Inhibition of 1-deoxy-d-
xylulose 5-phosphate synthase (DOXP synthase); G: Inhibition of EPSP synthase; H: Inhibition of glutamine synthetase; I:
Inhibition of DHP (dihydropteroate) synthase; K1: Inhibition of microtubule assembly; K2: Inhibition of mitosis/
microtubule organization: Inhibition of VLCFAs (inhibition of cell division); L: Inhibition of cell wall (cellulose) synthesis; M:
Uncoupling (membrane disruption); (N): Inhibition of lipid synthesis—not ACCase inhibition; O: Action like indole acetic
acid (synthetic auxins): P; Inhibition of auxin transport.

fungicides (61 compounds) can be divided into 12 categories (Code U and "unknown mode of action" were
omitted), and the largest categories are code C (31 compounds) and code G (13 compounds). In contrast,
no compounds were located in categories with codes A and D. These three analyses suggest that the
vacant categories should be targeted for the next generation of fluorinated pesticides to prevent or delay
the evolution of resistance.

Fluoro-Agrochemicals that Contain Heterocycles

Heterocycles are extremely important scaffolds for the design of agrochemicals (Lamberth and Dinges,
2012). An estimated >70% of launched agrochemicals contain at least one heterocycle, in particular those
heterocycles that contain nitrogen. For several reasons, the selection of the correct heterocyclic compound
is a reliable method for the lead optimization of agrochemicals. First, the heterocyclic scaffolds themselves
are potential pharmacophores with biological activity. Second, based on the balance of their hydrophilic-
ity, lipophilicity and pKa values, heterocycles are suitable for fine-tuning the physicochemical properties of
lead compounds. This improves their penetration, uptake, and bioavailability. Third, the heterocyclic moi-
eties can be used as bioisosteres of carbon aromatics to alter their physicochemical properties and meta-
bolism without significant structural alteration of the lead compound. From our database of 424 com-
pounds, we identified those fluoro-agrochemicals that contain at least one heterocycle (Hong, 2009).
Contrary to our expectations, only 61% of the fluoro-agrochemicals (259 compounds, see also Table S9
for details) contain heterocyclic moieties, whereas heterocycles-free fluoro-agrochemicals account for an
impressive 165 compounds (39%) (Figure 14A). These results suggest that fluoro-organic compounds do
not always require heterocyclic skeletons to be successful agrochemicals and that the presence of fluorine
and heterocyclic moieties in agrochemicals independently alters the physicochemical properties of the
parent molecules. The 259 fluoro-agrochemicals that contain heterocycles can be further divided into
two categories in which the fluorine or fluoro-functional groups are either directly attached to the hetero-
cyclic core or not (Figure 14B). A total of 134 compounds have directly fluoro-functionalized heterocyclic
cores, whereas 125 fluoro-agrochemicals have fluorine-free heterocyclic moieties. These results suggest
that the fluorine and heterocycles form a good partnership for design of agrochemical structures (Fig-
ure 14A), but fluorine is not always necessary directly attached to the heterocyclic skeletons (Figure 14B).

The 134 compounds with fluoro-functionalized heterocycles were further divided into two categories
(Het(Cspo)-Rf and Het(Cyp3)-Rf), with 26 heterocyclic skeletons, i.e., six-membered rings (e.g., pyridines and
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Figure 12. IRAC Classification for Fluoro-Insecticides, including Acaricides, and Molluscicides (102 Compounds
Selected)

Code 1: Acetylcholine esterase inhibitors (Nerve action); Code 2: GABA-gated chloride channel antagonists (Nerve
action); Code 3: Sodium channel modulators (Nerve action); Code 4: Nicotinic acetylcholine receptor agonists (Nerve
action); Code 5: Nicotinic acetylcholine receptor agonists (Nerve action) (Nicotinic acetylcholine receptor allosteric
activators); Code 6: Chloride channel activators (Nerve and muscle action); Code 7: Juvenile hormone mimics (Growth
regulation); Code 8: Miscellaneous non-specific (multi-site) inhibitors; Code 9: Selective Homopteran feeding blockers
(Nerve action); Code 10: Mite growth inhibitors (Acaricides); Code 11: Microbial disrupters of insect midgut membranes
(includes transgenic crops expressing Bacillus thuringiensis toxins); Code 12: Inhibitors of mitochondrial ATP synthase
(energy metabolism); Code 13: Uncoupler of oxidative phosphorylation via disruption of the proton gradient (energy
metabolism); Code 14: Nicotinic acetylcholine receptor channel blockers (nerve action); Code 15: Inhibitors of chitin
biosynthesis, type 0, Lepidopteran (growth regulation); Code 16: Inhibitors of chitin biosynthesis, type 1, Homopteran
(growth regulation); Code 17: Molting disruptor, Dipteran (growth regulation); Code 18: Ecdysone receptor agonists
(growth regulation); Code 19: Octopamine agonists (nerve action); Code 20: Mitochondrial complex Ill electron transport
inhibitors (coupling site Il) (energy metabolism); Code 21: Mitochondrial complex | electron transport inhibitors (energy
metabolism); Code 22: Voltage-dependent sodium channel blocker (nerve action); Code 23: Inhibitors of acetyl CoA
carboxylase (lipid synthesis, growth regulation); Code 24: Mitochondrial complex IV electron transport inhibitors (energy
metabolism); Code 25: Mitochondrial complex Il electron transport inhibitors (energy metabolism); Code 28: Ryanodine
receptor modulators (nerve and muscle action) (Ryanodine receptor [RyR] calcium channel disruptor); Code 29:
Chordotonal Organ Modulators—undefined target site; Code 30: GABA-gated chloride channel allosteric modulators
(nerve action).

pyrimidines) and five-membered rings (e.g., pyrroles and pyrazoles); the results are shown in the 3D-bar chart
in Figure 15. A significant bias was found for pyridine (43 compounds) and pyrazole (35). Moreover, CF3-func-
tionalized pyridine (31 compounds) is the most populated category, followed by CF,X-functionalized pyrazole
(14) rather than CF3-functionalized pyrazole. As can be seen in Figure 15, many fields are vacant, especially in

Figure 13. FRAC Classification for Fluoro-Fungicides
(61 Compounds Selected)

A: Nucleic acids metabolism; B: Cytoskeleton and
motor proteins; C: Respiration; D; Amino acids and
protein synthesis; E: Signal transduction; F: Lipid
synthesis or transport/membrane integrity or function;
G: Sterol biosynthesis in membranes; H: Glucan
synthesis; |: Melanin synthesis in cell wall; P: Host plant
defense induction; M: Chemicals with multi-site activity;
Others: Biologicals with multiple modes of action
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Figure 14. Fluoro-Agrochemicals with/without Heterocycles
(A) Distribution of fluoro-agrochemicals with (259 compounds) or without (165) heterocycles.
(B) Distribution of heterocyclic moieties with (134 compounds) or without (125) fluoro-functional groups.

the categories of Het(C,p3)-Rf, which indicates a strong requirement for new synthetic tools in fluorine chem-
istry targeted at fluoro-functionalized heterocycles (Muzalevskiy et al., 2009; Wu et al., 2012).

Chirality in Fluoro-Agrochemicals

The evolution of molecular complexity has become an essential factor in drug design in order to widen the
chemical space and this is now well-established in medicinal chemistry. Natural products such as alkaloids,
steroids, and sugars are excellent examples of molecules with distinct chemical spaces, and the inherent
chirality of many of these molecules results in sp>-rich compounds and a widening of chemical space rela-
tive to anthropogenic compounds (Oscar and Medina-Franco, 2017). Currently, more than 50% of commer-
cially available pharmaceuticals contain a fragment with a chiral center (Sanganyado et al., 2017). Interest-
ingly, the same situation has become more common for agrochemicals in recent years. Presently, about
30% of agrochemicals are chiral compounds, including racemic mixtures (Jeschke, 2018), and the number
of chiral agrochemicals has increased in recent years. One recent example is fluralaner (Bravecto), devel-
oped by Nissan Chemical Industries Itd., which is a systemic insecticide and acaricide used to inhibit
GABA-gated and I-glutamate-gated chloride channels in the nervous system of insects (Figure 16A) (Weber
and Selzer, 2016). Fluralaner contains a quaternary stereogenic carbon center directly connected to a CF3
group. Although the (S)-enantiomer of fluralaner is more potent than the (R)-isomer, fluralaner was
launched as a racemic mixture due to production costs. In 2010, we reported the use of asymmetric
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Figure 15. Diversity of Fluoro-Functional Groups Directly Attached to the Heterocyclic Cores of Fluoro-
Agrochemicals
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Figure 16. Fluralaner (Bravecto)
(A) Structure of fluralaner.
(B) Asymmetric synthesis of (S)-fluralaner using asymmetric organo-catalysis.

organo-catalysis for the enantioselective synthesis of trifluoromethylated isoxazolines and related com-
pounds; this chemistry is useful for the synthesis of the (S)-enantiomer of fluralaner (Figure 16B) (Matoba
et al., 2010; Kawai and Shibata, 2014). Nowadays, several fluralaner derivatives, including their enantio-
mers, have been assigned ISO common names by different companies (Weber and Selzer, 2016).

With this in mind, we next ordered the database according to the proportion of fluoro-agrochemicals
with chiral fragments in their structures. The number of fluoro-agrochemicals with an asymmetric carbon
center (144 compounds including 41 chiral compounds and 103 racemic compounds) accounts for 34%
(10% + 24%) of all the fluoro-agrochemicals (Figure 17A, see also Table S9). However, the number of
fluoro-agrochemicals with fluorine or fluoro-functional groups directly connected to a stereogenic carbon

A chiral, 41, 10% B
Rf-connected to a stereogenic carbon center, 14, 3%

4

others, 410, 97%

no stereogenic
carbon center, 280,
66%

W chiral ™ racemic no stereogenic carbon center W Rf-connected to a stereogenic carbon center others

Figure 17. Fluoro-Agrochemicals with/without a Stereogenic Carbon Center

(A) Distribution of fluoro-agrochemicals with (41 chiral compounds, 103 racemic compounds) or without (280) a
stereogenic carbon center.

(B) Distribution of fluoro-agrochemicals with fluorine or fluoro-functional groups directly connected to a stereogenic
carbon center, which includes racemic compounds (14 compounds) and others (410 compounds).
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Figure 18. Fluoro-Agrochemicals Having a Fluoro-Functionalized Stereogenic Carbon Center

center (14 compounds; 3 herbicides; 11 insecticides), which includes racemic compounds, is extremely low
(Figure 17B). In the case of fluoro-pharmaceuticals, 62 compounds (18% for all 340 fluoro-pharmaceuticals)
are in this category (Inoue et al., 2020). Although these 14 compounds make up 3% of all fluoro-agrochem-
icals, most of these are derivatives of fluralaner (6 compounds) or benzoylurea (lufenuron, novaluron, and
noviflumuron). Thus, the net percentage of all fluoro-agrochemicals with a stereogenic center is only 1.4%
(6 compounds) (Figure 18). This analysis suggests that existing synthetic methods may not be sufficient for
the effective preparation of chiral fluorinated agrochemicals (Shibata et al., 2007, 2008; Zhu et al., 2018).
Nevertheless, asymmetric synthetic technology has rapidly expanded in recent decades to include flu-
oro-organic molecules. Thus, as is now common in the pharmaceutical industry, fluoro-agrochemicals
with stereogenic carbon center(s) will most likely receive increased attention in the near future (Jeschke,
2018).

Inorganic Fluorine-Containing Agrochemicals

Although we excluded the five fluorine-containing inorganic agrochemicals shown in Figure 19 (1 herbi-
cide; 4 insecticides) from the previous analyses, their names, structures, and agrochemical types are sum-
marized here for the sake of completion.

F Na* _ F F F
I F F_'_F F_' _F F_ ! F
K* “As Nat AR Na* sz BaZ* _ S
| 'F Na*F- F"1°F F71°F F 5 F
F Na* F Na* F
hexaflurate sodium fluoride cryolite sodium silicofluoride  barium hexafluorosilicate
herbicide insecticide insecticide insecticide insecticide

Figure 19. Fluorine-Containing Inorganic Agrochemicals: Hexaflurate, Sodium Fluoride, Cryolite, Sodium
Silicofluoride, and Barium Hexafluorosilicate
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Environmental Risk of Fluoro-Agrochemicals

As we have shown, fluoro-agrochemicals have become globally indispensable for maintaining crop pro-
duction and protecting public health from parasitically transmitted (e.g., mosquitos) infectious diseases,
which has resulted in a dramatic increase in their use. The ubiquitous use of fluoro-agrochemicals poses
severe risks to animals and the environment, as exemplified by the environmentally persistent DDT (cf.
the Silent Spring in the 1960s; Figure 1A) (Primbs et al., 2008; Bossi et al., 2016; McGoldrick and Murphy,
2016; Takazawa et al., 2016). Given that several pesticides based on organic chlorines (Sparling, 2016) serve
as notorious historic examples, the environmental impact of fluoro-agrochemicals should be discussed in
depth, especially with respect to their potential bio-accumulation (Murphy et al., 2011). Organofluorine
compounds are generally more stable than, e.g., their organochlorine derivatives owing to the exceptional
strength of the C-F bond, which leads to an extraordinary robustness of fluoro-agrochemicals, reflected in
their resistance against enzymatic, chemical, and environmental degradation. This robustness is, on one
hand, advantageous for the intended purpose. On the other hand, the exceptional environmental stability
of fluoro-agrochemicals means that they can be expected to pollute the soil, the atmosphere, and water,
ultimately leading to bio-accumulation in diverse organisms via the food cycle. Such undesired, long-term
environmental effects of agrochemicals are difficult to predict and thus remain a major concern for pro-
longed periods after their commercial launch (Murphy, 2010). A recent representative example of such a
case is trifluralin (Figure 1C), which was first synthesized in 1961 and commercially launched in 1963. Triflu-
ralin represents essentially the first synthetic fluoro-agrochemical, notwithstanding that the rodenticide so-
dium fluoroacetate was first reported in 1936. Although trifluralin is relatively persistent, it is gradually
degraded in soil by microorganisms with a degradation half-life of less than 1 year (US Environmental Pro-
tection Agency (EPA), 1996; Ribas et al., 1996; Gebel et al., 1997; Waite et al., 2004; Bouvier et al., 2006;
Kang et al., 2008; Triantafyllidis et al., 2010). Nevertheless, trifluralin can be detected in the Arctic environ-
ment owing to sufficiently high quantities that are globally used and the long-range atmospheric transport
that most likely occurs (Marinov et al., 2013). Trifluralin, which had been a very prominent drug for half a
century, was eventually banned in the European Union in 2008, owing to its toxicity to aquatic and human
life (UN Economic Commission for Europe (UNECE), 2007).

From an environmental risk-assessment perspective, special attention should be focused on the use of flu-
orous agrochemicals, as their extremely high stability can be expected to result in long environmental
persistence (Giesy and Kannan, 2001; Piekarz et al., 2007). For example, sulfluramid, flursulamid, LPOS,
and SIOC-1-013 (Figure 9) should be considered as fluorous agrochemicals on account of their linear
per-fluoroalkyl structures. These are all insecticides that are used against invasive ants, red fire ants, and
cockroaches (Lee and Yonker, 2003; Sunamura et al., 2011). LPOS, also known as Super-Arinosu-Korori,
is a popular component of commercially available insecticides in Japan for the control of household
pest ants. Despite their popularity, these insecticides have been strongly suspected of exhibiting environ-
mental toxicity due to potential bio-accumulation caused by their perfluoroalkyl chains. Perfluoroalkyl sub-
stances (PFASs), i.e., perfluoroalkyl acids and sulfonates with alkyl chains that contain more than eight car-
bon atoms, are persistent and bio-accumulative substances that have been found anywhere around the
world, including in the Atlantic and Arctic oceans (Benskin et al., 2012).

In response to increasing demands of environmental protection, the Stockholm Convention stated in
2004 to protect human health and the environment from persistent organic pollutants (POPs) (Stockholm
Convention, 2020). Initially, twelve POPs were listed owing to their adverse environmental effects in An-
nexes A-C (A, Elimination; B, Restriction; C, Unintentional production). Since then, the number of POPs
included have been expanded occasionally. Presently, 35 POPs are in the lists (26 POPs in Annex A; 2
POPs in Annex B; 7 POPs in Annex C, August 2020) (see also Table S11). In 2019, PFOA, its salts, and
PFOA-related compounds have been included as POPs in Annex A (Figure 20A). PFOS, its salts, and per-
fluorooctane sulfonyl fluoride (PFOS-F) were included in Annex B (Restriction) in 2009 (Figure 20B). The
insecticides LIPO, sulfluramid, and flursulamid are specifically exempt from Annex B for specific accept-
able agricultural use. It seems thus strongly advisable to pay special attention to the usage of such POPs.
Although insecticides such as EL-499-1 and EL-499-2 (Figure 9), which exhibit cyclic perfluoroalkyl struc-
tures, have not yet been targeted, their commercial/agricultural/industrial use should be closely watched
for the very same reason. It should also be noted here that the Stockholm Convention contains currently
18 pesticides in Annexes A (17 POPs) and B (one POP); however, 17 of these POPs are organochlorine-
based agrochemicals (Figure 20C), whereas there is only one organofluorine agrochemical, PFOS (Figure
20B). This might indicate that fluoro-agrochemicals are of lower environmental toxicity than
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Figure 20. Persistent Organic Pollutants (POPs) Stockholm Convention

Annex A: Parties must take measures to eliminate the production and use of the chemicals listed under Annex A. Annex B: Parties must take measures to
restrict the production and use of the chemicals listed under Annex B in light of any applicable acceptable purposes and/or specific exemptions listed in the
Annex. See the website of Stockholm Convention.

(A) PFOA.

(B) PFOSs. Fluorous agrochemicals such as LIPO, sulfluramid, and flursulamid belong to this group.

(C) All POP agrochemicals according to the Stockholm Convention (2020, August).

organochlorine agrochemicals (Camenzuli et al., 2016; Shunthirasingham et al., 2016), but until this point
is proven unequivocally, it seems prudent to closely monitor and/or regulate the use of fluorous
agrochemicals.

We finally analyzed the distributions of chemicals and their categories in the list of POPs Stockholm
Convention (Figure 21, see also Table S11). First, 35 POPs were expanded into 38 entries, owing to the
three duplications of categories, i.e., 18 pesticides, 13 industrial chemicals, and 7 unintentional produc-
tions. These results indicate that most POPs are pesticides; thus, pesticides’ environmental risk should
be considered substantially. We further divided each category into the chemical types. A total of 31 chlo-
rinated-chemicals (17 + 7 + 7) are found, whereas the brominated chemicals (4) and fluoro-chemicals (1 + 2)
are much less.

These environmental effects lead to the need to explore more synthetic routes to access previously inac-
cessible fluorine and non-fluorine agrochemicals. Furthermore, emerging chemical pollutants are being
identified, so chemists must balance efficacy, environmental impact, and human health.

Conclusions
We have analyzed the recent contributions of organofluorine molecules to the field of agrochemicals. Our
analyses are mainly dominated by the data relating to launched fluoro-agrochemicals that had not been
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analyzed previously. Our collection of fluoro-agrochemicals contains 424 organofluorine compounds with a
full list of their names and chemical structures. Although there are several reviews and books on fluoro-ag-
rochemicals, these data are, to the best of our knowledge, the most extensive collection of fluoro-agro-
chemicals. Although we have not discussed in detail the biological aspects, in particular the mode of action
at the molecular level, of these organofluorine pesticides, we have indicated the merits and advantages of
organofluorine compounds as agrochemicals from the viewpoint of success in the agrochemical market.
Moreover, we have conducted structural analyses of fluoro-agrochemicals focusing on the fluoro-functional
groups, chemotypes, and number of fluorine atoms present in the structure, the heterocyclic skeleton, and
chirality. These analyses revealed that the unique biases and trends toward fluoro-organic molecules
depend on the agrochemical type and suggest some structural recommendations for agrochemical
drug design in academia and industry. Interestingly, the fluoro-agrochemicals could be divided, from a
fluorine-focused structural point of view, into two categories, i.e., "herbicides and fungicides" as well as
"insecticides and acaricides." Fluorinated herbicides and fungicides have some similarities to fluoro-phar-
maceuticals, whereas insecticides and acaricides are quite different. For example, fluorinated insecticides
and acaricides do not follow Lipinski's rule of molecular weight or follow expected trends relating to lip-
ophilicity. The significant preference for trifluoromethyl groups rather than mono-fluorinated moieties in
the structures of agrochemicals is another way that fluoro-agrochemicals are different from fluoro-pharma-
ceuticals. Although our suggestions are far from comprehensive guidelines toward the design of organo-
fluorine agrochemicals, we have been able to highlight some trends, metrics, and frontiers of fluoro-agro-
chemicals that may lead to the successful discovery of lead compounds for future crop protection.

Throughout this review, we have been impressed with the rapid progress of synthetic organofluorine chem-
istry over the last two decades. According to the Pesticide Manual (13th edition, BCPC, Alton, Hampshire,
2003), 16% of agrochemicals were fluorinated molecules at the time of publication. Our analysis of the
period 1998-2020 revealed that this had risen to 53%, whereas the analysis of the latest 5 years indicates
that 67% of agrochemicals are organofluorine compounds. This recent rise in the number of organofluorine
compounds on the market is well supported by the significant progress that has been made in synthetic
organofluorine chemistry. In particular, recent advances in fluorination and trifluoromethylation technology
have resulted in a greater availability of cost-friendly fluorine-containing synthetic building blocks. As dis-
cussed in this review, there are many avenues yet to be explored in the field of fluoro-agrochemicals. For
example, compounds that have unique fluorinated motifs such as fluoro-functionalized heteroaromatics,
heteroatomic groups such as OCF3, SCF3, or SFs, should be examined further in the near future. Difluoro-
methyl group, CF,H is emerging more rapidly with respect to the CF3 group due to progress of synthetic
methods. New synthetic methods will enable fluoro-organic compounds to meet the demand for agro-
chemicals that are safer and more ecologically viable.

Before closing this review, we should again stress the importance of the environmental risk assessment of
fluoro-agrochemicals prior to their market introduction. Similar to conventional pesticides, the excessive
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use of agrochemicals can be expected to lead to the contamination of soil, water, and the atmosphere,
rendering these poisonous to non-targeted organisms and causing the death of aquatic, terrestrial, and
avian animals by bio-accumulation. Fluoro-agrochemicals, especially fluorous agrochemicals, such as
LIPO, sulfluramid, and flursulamid, require particular attention owing to their exceptionally high stability
that arises from their strong C-F bonds. Thus, the design of fluoro-agrochemicals should always include
considerations regarding environmental persistence. We hope this review will become a helpful guide
for scientists working and teaching in the field of both crop protection and infectious diseases.

Limitations of the Study

The environmental risk of fluoro-agrochemicals needs more analyses and discussions. The authors will re-
view this topic again somewhere in the near future.

Resource Availability
Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-
tact, Norio Shibata (nozshiba@nitech.ac.jp).
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Table S1. The names of agrochemicals (1261 compounds, including acids, their esters and salts, and
inorganic materials) from the database of Pesticide Manual 18t Edition, related to Figure 2.

(See the Supplymentary Dataset Table_S1.xlsx)

Table S2. The names of fluorine-containing agrochemicals (202 compounds, including acids and their
esters and salts, and inorganic materials) from the database of Pesticide Manual 18" Edition, related
to Figrure 2.

(See the Supplymentary Dataset Table_S2.xlsx)

Table S3. The full list of fluoro-agrochemicals (424 compounds) with their names, MWs, formulas,
agrochemical types, mode of actions, logP, and Clog P. The database excluded salts if the parent acids
included, related to Figure 8, 10-13.

1 code: development code; exp. : experimental pesticides

(See the Supplymentary Dataset Table_S3.xlsx)

Table S4. The list of all agrochemicals (238 compounds) including the fluoro-agrochemicals (127
compounds) assigned new ISO common names (1998-2020), related to Figure 3, 5.

(See the Supplymentary Dataset Table_S4.xlsx)

Table S5. The list of all agrochemicals (57 compounds) having more than 6 fluorine atoms, related to
Figure 9.
(See the Supplymentary Dataset Table_S5.xlsx)

Table S6. Classification of fluoro-agrochemicals by their modes of action (Fluorinated herbicides,
166 compounds), related to Figure 11.
(See the Supplymentary Dataset Table_S6.xlsx)

Table S7. Classification of fluoro-agrochemicals by their modes of action (Fluorinated insecticides,
102 compounds), related to Figure 12.
(See the Supplymentary Dataset Table_S7.xlsx)

Table S8. Classification of fluoro-agrochemicals by their modes of action (Fluorinated fungicides,
61 compounds), related to Figure 13.
(See the Supplymentary Dataset Table_S8.xlsx)



Table S9. Fluoro-agrochemicals that contain Heterocycles, related to Figure 14.

(See the Supplymentary Dataset Table_S9.xlsx)

Table S10. Fluoro-agrochemicals that contain stereogenic carbon center.

144 compounds including 41 chiral compounds and 103 racemic compounds
fluoro-agrochemicals with fluorine or fluoro-functional groups directly connected to a stereogenic
carbon center (14 compounds; 3 herbicides; 11 insecticides), related to Figure 17.

(See the Supplymentary Dataset Table_S10.xIsx)

Table S11. All POPs listed in the Stockholm Convention
The chemicals targeted by the Stockholm Convention are listed in the annexes of the convention text
Annex A (Elimination); Annex B (Restriction); Annex C (Unintentional production)

(See the Supplymentary Dataset Table_S11.xlsx)

35 lists (expanded to 38 entries due to the 3 duplications)
Pesticides: 18; Industrial Chemicals: 13; Unintentional productions: 7

Cl-chemicals: 29; Br-chemicals: 4; F-chemicals: 2



Figure S1. Structures of 424 fluoro-agrochemicals, related to Figure 4, 6, 7, 9, 15, 18.
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Herbicides

Group A: Inhibition of acetyl CoA carboxylase (ACCase)
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Group B: Inhibition of acetolactate synthase ALS (acetohydroxyacid synthase AHAS)
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Group C2: Inhibition of photosynthesis at photosystem I
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Group F1: Bleaching: Inhibition of carotenoid biosynthesis at phytoene desaturase step (PDS)
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Group F2: Bleaching: Inhibition of 4-hydroxyphenylpyruvate-dioxygenase (4-HPPD)
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Group L: Inhibition of cell wall (cellulose) synthesis
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Group Z: Unknown
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Unidentified Mode of Action
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Insecticides

Code 1: Acetylcholine esterase inhibitors (Nerve action)
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Code 2: GABA-gated chloride channel antagonists (Nerve action)
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Code 10: Mite growth inhibitors (Acaricides)
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Code 25: Mitochondrial complex Il electron transport inhibitors (Energy metabolism)
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Unidentified Mode of Action
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Figure S2. Classification of agrochemicals (20 categiries, 1014 entries, excluding salts if the parents’
acids are included) from the database of Pesticide Manual 18" Edition, reralted to Figure 8a.
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Figure S3. Distribution of fluoro-agrochemicals according to the 'rule of five'. a) molecular weight. b)

log P (calculated). c¢) Clog P (calculated), related to Figure 10.
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Transparent Methods

Data Collection

Data were mainly collected from Alan Wood’s website, 'Compendium of Pesticide Common Names',
"18th edition of the Pesticide Manual", "Pesticide Properties Database (PPDB)", "Bio-Pesticides
Database (BPDB)", "Ag Chem New Compound Review 2020, 38", "Pesticide Data Index by California's
Department of Pesticide Regulation" and our own search of patents. In addition, we collected the list

of POPs Stockholm Convention for the analysis of the distributions of chemicals and their categories.

Alan Wood’s website, 'Compendium of Pesticide Common Names' can be accessed at:

http://www.alanwood.net/pesticides/

"Pesticide Properties Database (PPDB)" can be accessed at:

https://sitem.herts.ac.uk/aeru/ppdb/en/.

"Bio-Pesticides Database (BPDB)" can be accessed at:

https://sitem.herts.ac.uk/aeru/bpdb/index.htm.

"Ag Chem New Compound Review 2020, 38" can be accessed at:

http://www.agranova.co.uk/.

"Pesticide Data Index by California's Department of Pesticide Regulation" can be accessed at:

https://www.cdpr.ca.gov/dprdatabase.htm.

The list of POPs Stockholm Convention can be accessed at:

http://www.pops.int/TheConvention/ThePOPs/AlIPOPs/tabid/2509/Default.aspx

Data Analysis

Each structure, name, molecular weight, Formula, and agrochemical type were registered using
ChemFinder Std (version 19.1) from the upper shown data sources to analyze all 424 agrochemicals.
Both log P and Clog P values were calculated by ChemDraw Professional (version 19.1), while some

of them were estimated by ACD/Log P.
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