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Abstract

Chemical crop protection is one of the most cost-effective methods for agriculture, as crop failures can be prevented, and
sustainable growth can be enabled regardless of the seasons. Agricultural production must be significantly increased in the
future to meet the food needs of a growing world population. However, the continued loss of established active ingredients
due to consumer perceptions, changing needs of farmers and ever-changing regulatory requirements is higher than annu-
ally new active ingredients introduced to the market. The development of innovative active ingredients is therefore essen-
tial to continuously improve the selectivity, efficacy and favorable environmental profile of agrochemicals. Molecules with
stereogenic centers can be considered here, as they often have different properties than non-chiral molecules. Natural
products and their congeners are still a valuable source of inspiration for chiral agrochemicals. However, only a few novel
chiral agrochemicals are currently produced on an industrial scale as pure stereoisomers or in enriched form. As of 2018,
around 43% of the 35 chiral products introduced to the market (herbicides, fungicides, insecticides, acaricides, and nema-
ticides) contain one or more stereogenic centers in the molecule, and almost 69% of them have been marketed as racemic
mixtures of enantiomers or stereoisomers. Surprisingly, the proportion of chiral agrochemicals is in the same order of mag-
nitude as in the time frame from 2007 to 2017 with around 42%, respectively. This report therefore provides an overview of
the continued importance of chiral agrochemicals brought to market in the last 6 years and describes the inherent related
challenges of modern agrochemicals through the management of key aspects arising from innovative crop protection
products.
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Supporting information may be found in the online version of this article.
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1 INTRODUCTION asymmetric processes in recent years, only a few agrochemicals
are produced on an industrial scale as pure stereoisomers or

Today, the crop protection industry faces enormous challenges ) )
enriched stereoisomers.

to guarantee sustainability and technical progress. The focus is
on novel agrochemicals with optimal efficacy, lower applica-
tion rate in the field, increased selectivity, favorable toxicolog-

ical and ecological safety, improved user-friendliness and 2 STEREOCHEMISTRY APPROACH IN
better cost-effectiveness. The continuous loss of older active MODERN AGROCHEMISTRY

ingredients (a.i.s) in crop protection due to consumer percep- h hemi h has b inl d for d
tion, changing needs of growers and ever-changing regulatory T e. ste.reoc e.m-|stry appr.oac as been mainly .use or ; rug
design in medicinal chemistry and has been described consider-

requirements is far higher than the number of them being . )
introduced on the market. Therefore, there is an urgent need N9 both marketed products and research examples in various

to develop novel innovative products that can offer these articles’™ and book chapters.® However, mostly older compre-
improved efficacy, selectivity and favorable environmental pro- hensive articles”'® and reviews have been published on chiral
files. One strategy to achieve the ambitious goals is to design agrochemicals.'' '

new a.i.s with increasing molecular complexity, caused by the

presence of one or more stereogenic centers in the molecule.

For example, natural products and their congeners are still an

important source of inspiration for the development and * Correspondence to: P Jeschke, Heinrich-Heine-University Diisseldorf, Institute

search for new a.i.s.1 It has been shown that in many racemic of Organic Chemistry and Macromolecular Chemistry, University Street 1,
. - . . D-40225 Duesseldorf, Germany. E-mail: p.jeschke@hhu.de

compounds only one enantiomer is biologically active, or that

one enantiomer is significantly more active than the other Heinrich-Heine-University Diisseldorf, Institute of Organic Chemistry and Mac-

enantiomer.? Despite the enormous advances made in catalytic romolecular Chemistry, Duesseldorf, Germany
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2.1 Importance of chirality in modern agrochemicals

Since the 1990s, the enantioselective effects and related physico-
chemical properties of chiral agrochemicals have received
increasing attention.'” Chiral agrochemicals with high optical
purity can have advantages such as lower toxicity, higher effi-
ciency and reduced application rates and have thus become
important for the search for new a.i.s. Modern agrochemicals cur-
rently on the market are more sophisticated in their molecular
structures featuring one or several stereogenic centers in the mol-
ecule. Stereoisomers are known to have distinct absorption, distri-
bution, metabolism, and excretion (ADME) characteristics.'®
Currently, the evaluation of pesticide-likeness is mainly based on
ADME and in addition toxicity, the so-called ADME-T property
concepts of agrochemicals.” In recent years, the concept of
target-based screening programs has remarkably influenced the
design of molecules fitting optimal to chiral cellular receptors or
binding proteins.?® Furthermore, the increasing knowledge avail-
able about biochemical pathways, the chemical structure of chiral
metabolites, and ligand receptor interactions can support the effi-
cient design for optimal a.i.s in crop protection.

2.2 Technical manufacturing of chiral agrochemicals

While in the past selective manufacturing of stereoisomers or
their separation on an industrial scale was often difficult, ineffi-
cient and expensive, today there are various methods to provide
chiral agrochemicals or to analyze them with good resolution
and sensitivity.?'?? Most technical manufacturing (Methods |-
V)% can also be exemplified by the chiral agrochemicals of the last
6 years (2018-2023), which have been produced on an industrial
scale with the required efficiency.

2.2.1 Method I. Separation of sterecisomers

Based on publications of the last 3 years, chromatography, elec-
trophoresis and membrane separation are still typical technolo-
gies for chiral separation and analysis of chiral compounds.
Today, the search for new chiral stationary phases (CSPs) and chi-
ral selectors is a major direction of chiral chromatography, electro-
phoresis, and membrane separation.* High-performance liquid
chromatography (HPLC), gas chromatography (GC), and supercrit-
ical fluid chromatography (SFC) are still the primary methods for
the separation and analysis of stereoisomers. Over the last few
decades, counter-current chromatography (CCC) has been suc-
cessfully applied to the area of chiral separations. It provides an
important approach to obtain pure enantiomers, particularly in
preparative application because of its unique advantages of
high-load capacity, low solvent consumption, and easy scale-up.”®

A method for producing the intermediate (R)-1,1,3-trimethyl-
4-aminoindane for the fungicide inpyrfluxam (see Section 5.1.1)
by using p-tartaric acid (methanol, toluene, water, 5 h, 40 °C)
includes different steps: (a) optically resolving 1,1,3-trimethyl-
4-aminoindane to obtain both the (R)- and (S)-enantiomers,
(b) racemization of the (S)-enantiomer obtained in the step
(@) or (c) so as to obtain 1,1,3-trimethyl-4-aminoindane, and
(c) optically resolving the 1,1,3-trimethyl-4-aminoindane obtained
in step (b) so as to obtain the (R)- and (S)-enantiomers.?

For the enantioseparation of the fungicide fluindapyr
(see Section 5.1.2) three kinds of chiral chromatographic columns
were used. For example, fluindapyr enantiomers have been
separated by Daicel Chiralpak AD-3R (amylose tris(3,-
5-dimethylphenylcarbamate)), Daicel Chiralpak OX-3R (cellulose
tris(4-chloro-3-methylphenylcarbamate)), and Daicel Chiralpak
IK-3 (cellulose tris(3-chloro-5-methylphenylcarbamate)). Finally,
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due to the favorable separation effect, Daicel Chiralpak IK-3 has
been chosen for further studies (Supporting Information
Table S1).%/

The chiral separation and detection of the fungicide mefentriflu-
conazole (see Section 5.4.1) enantiomers has been performed on
a Waters ACQUITY H-Class PLUS ultraperformance liquid chroma-
tography (UPLC) system tandem with a Waters Xevo TQ-S Micro
MS/MS (Milford, MA, USA) with a Superchiral IG-3 column (amy-
lose-tris(3-chloro-5-methylphenylcabamate)) (Table $1).28

The chiral separation and preparation method of the insecticide
fluxametamide (see Section 6.3.1) enantiomers was developed
based on ultraperformance SFC tandem mass spectrometry
(SFC-MS/MS) (Table S1).>°

2.2.2 Method II. Use of chiral building blocks

The chiral pool of useful starting compounds contains relatively
inexpensive, commercially available chiral natural products
(e.g., carbohydrates, terpenes, alkaloids, hydroxyl- and amino
acids), available with high enantiomeric excess (ee) and in all
enantiomeric forms. Among the most important chiral building
blocks, proteinogenic and non-proteinogenic (S)-amino acids play
a dominant role and these are available commercially.

In the case of the fungicide florylpicoxamid (see Section 5.2.2),
the key intermediate (S)-1,1-bis(4-fluorophenyl)propan-2-yl -
alaninate can be prepared starting from (35,65)-3,6-dimethyl-
1,4-dioxane-2,5-dione, the dimer of (S)-2-hydroxypropanoic acid
(lactic acid), a raw material available by bacterial fermentation of
carbohydrates®® and a tert-butyloxycarbonyl (Boc)-protected
amino acid such as (S)-alanine.®'

2.2.3 Method lll. Catalytic asymmetric synthesis

So far, catalytic asymmetric catalysis has proven to be a versatile
tool for the enantioselective synthesis of different chiral agro-
chemicals®*? and novel drugs in medicinal chemistry.>® Therefore,
the use of chiral catalysts to transfer and enhance chirality in
chemical reactions is also a priority in manufacturing of current
active chiral ingredients. Table S2 lists catalytic asymmetric syn-
theses of the following agrochemical intermediates and final
products.

For example, at the beginning of the production process of the
herbicide cinmethylin (see Section 4.2.1), a-terpinene is used,
which is converted in the presence of AD-mix g to (15,2R)-4-iso-
propyl-1-methylcyclohex-3-ene-1,2-diol, serving as further stereo-
isomeric precursor.3* AD-mix is a commercially available mixture
of reagents that acts as an asymmetric catalyst for various chem-
ical reactions, including the Sharpless asymmetric dihydroxylation
of alkenes.

In the preparation of the chiral herbicide tetflupyrolimet (see
Section 4.3.1), the ketone function of the precursor 2-(benzyl
(methyl)amino)-1-(3-(trifluoromethyl) phenyl)ethane-1-one-
hydrochloride is stereoselectively reduced to the (R)-enantiomeric
alcohol intermediate >>°

During the manufacturing of the fungicide and nematicide
cyclobutrifluram (see Section 5.3.1 and 8.1), the intermediate N-
(2-(2,4-dichlorophenyl)cyclobut-1-en-1-yl) acetamide is subjected
to an enantioselective rhodium-catalyzed hydrogenation (catalyst
system: [Rh(cod),]OTf (cod is 1,5-cyclooctadiene), Josiphos
SL-J505-1) to deliver the stereoisomer N-((1S,25)-2-(2,4-dichloro-
phenyl)cyclobutyl)acetamide in excellent yield.>%*”

Many Cinchona-based quaternary salts have already been used
as catalysts with varying degrees of success. To produce the active
isocycloseram (55,4R)-stereoisomer with an ee, a cost-efficient
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asymmetric technology was developed. Here, (8a,9R)-(8"a,9"R)-
1,1”-[9,10-anthracanenediylbis(methylene)]bis[9-hydroxy-6'-
methoxy-cinchonanium dibromide (anthracene bridge-bound
dimer)] was used as a catalyst in dichloromethane and the isocy-
closeram could be obtained in 82% yield (99% purity and 90%
ee).38,39

2.2.4  Method IV. Enzymatic and microbial transformations
Obviously, no enzymatic and microbial transformation methods
were used for the chiral agrochemicals of the past 6 years
(2018-2023). Nevertheless, there is a wide range of large-scale
biocatalytic processes to produce (S)-amino acids in technical
quantities. In this context, industrially applicable reactions that
enable enzymatic dissolution of racemates and asymmetric (bio)
catalysis are particularly important.** Commercial enzymatic solu-
tions on an industrial scale are, for example, the acylase, amidase,
hydantoinase and f-lactamhydrolase-mediated production of (S)-
amino acids such as (S)-valine, (S)-phenylalanine or (S)-methio-
nine.*' But in the future, whole-cell bioconversion processes
could be used, which show good tolerance at high loads with
the starting material and illustrate the robustness and applicabil-
ity of the biocatalysts.*?

2.2.5 Method V. Fermentation of natural products

Some precursors that are of interest to agrochemical agents can
be produced by fermentation processes. Currently, for example,
the natural products UK-2A and pyripyropen A are now included,
which are important for the development of the fungicide fenpi-
coxamid (see Section 5.2.1) and afidopyropen (see Section 6.1.1),
are now included (Table S3).

Fenpicoxamid is a semi-synthetic fungicide synthesized by
alkylation of UK-2A, which is manufactured by fermentation using
Streptomyces sp. 517-02 strain that can be obtained.*®

The semi-synthetic insecticide afidopyropen can be obtained
from the natural product pyripyropen A, which was initially pro-
duced from the culture of Aspergillus fumigatus FO-1289,** which
was later replaced by the strains Penicillium griseofulvum F1959*
and Penicillium coprobium PF1169 (Meiji Seika Pharma).*®

2.3 Evaluation of stereoisomeric agrochemicals

An agrochemical containing a biologically active stereoisomer
mixture can significantly complicate risk assessments, as each ste-
reoisomer can have different physicochemical and toxicity prop-
erties."’ 7%  Therefore, the development of racemic
agrochemicals requires a significant effort of regulatory docu-
mentation compared to achiral molecules, as it is necessary to
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evaluate all stereoisomers in environmental and toxicological
studies. In 2000 the Environmental Fate and Effects Division
(EFED) developed an interim approach for determining data
requirements for non-racemic mixtures of stereoisomeric
agrochemicals.*® The data are essential to assess the risk posed
to ecosystems and drinking water sources by these mixtures. This
policy considers enantiomers or ‘optical isomers’ only. Some of
the important requirements are described briefly.

Since enantiomers can exhibit stereoselective biological effects,
data on the enriched mixture are required to assess its behaviors
towards the racemic compound. A minimal data set for the
enriched a.i. is required to determine whether the enriched mix-
ture may pose a greater risk than the compound already regis-
tered. For the environmental fate evaluation, analytical chemical
methods are required to assess the potential for stereoselectivity
and to identify and quantify chiral transformation products in soil,
water and fish tissues.’>>' The differentiation of enantiomers in
environmental media is important for the differentiation of bio-
transformation, accumulation or preferred sorption of enantio-
mers.>? In addition, chemical and physical characterization is
required for all formulations containing a single enantiomer, race-
mic mixtures, or enantiomerically enriched mixtures. Because
enantiomers may exhibit selective biological effects (e.g., soil
and aquatic metabolism) may cause preferential degradation
when compared to abiotic processes (e.g., hydrolysis and direct
photolysis in water)>* an aerobic soil metabolism study is required
as part of the minimal data set (fate data) for enantiomeric
enriched mixtures. Furthermore, ecotoxicity data for the racemic
and enantiomeric enriched mixture are needed to decide
whether the data are similar or could lead to a significantly higher
potential risk potential.

This makes it clear that understanding the variability of the
enantioselectivity of chiral agrochemicals is very important for a
reliable risk assessment of the a.i.s.

2.4 Significance of chiral agrochemicals in the past
6 years (2018-2023)
Investigation of the new agrochemicals (total 35 commercial
products) used as modern crop protection pesticides, provision-
ally approved by the International Organization for Standardiza-
tion (ISO) during the past 6 years (2018-2023, see http://www.
alanwood.de) has shown that around 43% of the launched prod-
ucts are chiral (Fig. 1).

Surprisingly, the proportion of chiral compounds (three herbi-
cides, seven fungicides, four insecticides, one acaricide, and one
nematicide) is in the same order of magnitude as in the time

16
14 -
12
Number 10 7
of 8 1
Products 6 -
4
2 4
0 T T
e% e% 2, . eo, eoe 2, .

[ Non-chiral agrochemicals

Years

M Cchiral agrochemicals

Figure 1. Launch of commercial non-chiral and chiral agrochemicals in the time frame 2018-2023.
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frame from 2007 to 2017 (around 42% of the 43 launched prod-
ucts)™ and thus underlines the continuing significance of chiral
agrochemicals and that the most of them consist of mixtures such
as racemic mixtures of enantiomers (37.5%), mixtures of streoi-
somers (31.25%), followed by pure stereoisomers (25%) and enan-
tiomers (6.25%) (Fig. 2(A)-(Q)).

It becomes apparent again that the number of chiral agrochem-
icals with greater molecular complexity is continuously of
significance.

The latest generation of chiral agrochemicals introduced to the
global crop protection market in the past 6 years (2018-2023) was
critically analyzed and some representative chiral pesticides with
novel mechanisms of action were selected to illustrate the impor-
tance of a.i.s with stereocenters in modern agriculture.

3 ANALYSIS

Tables 1-4 show the various classes of herbicides, fungicides,
insecticides/acaricides and nematicides respectively, and is based
on classification by the respective Herbicide Resistance Action
Committee (HRAG; http://www. haracglobal.com),®* Fungicide
Resistance Action Committee (FRAC; http://www.frac.info),>®
Insecticide Resistance Action Committee (IRAC; http:// www.irac-
online.org)*® and IRAC Nematicide Mode of Action (MoA) Classifi-
cation (http://irac-online.org/documents/nematicides-poster for
the most complete IRAC classification, version 2.2, 11 March 2024).

For each marketed product shown in Tables 1-4, the stereo-
chemical constitution concerning enantiomers (pure enantio-
mers, racemic mixtures of enantiomers, pure stereoisomers or
mixture of stereoisomers) and the number of stereogenic centers
are summarized, as a basis for the analysis of each of the different
agrochemical areas (Fig. 2(B)).

4 CHIRAL HERBICIDES

Table 1 shows the HRAC MoA grouping and chemical subgroup-
ing of the latest generation of chiral herbicides. With regard to

[ —

® Chiral agrochemicals

ONon-chiral agrochemicals

the nine launched herbicides, three herbicides are chiral with
one to three stereogenic centers, have been developed and
address protoporphyrinogen-IX-oxidase (PPO) and two new bio-
chemical targets or MoAs. These include fatty acid thioesterase
(FAT) represented by the mixture of (1R,25,4S)- and (71R,25,4R)-
stereoisomers cinmethylin and dihydroorotate dehydrogenase
(DHOD), like the new herbicide tetflupyrolimet as pure (35,45)-
stereoisomer. From the 19% of chiral herbicides (Fig. 2(C)), only
the PPO inhibitor tiafenacil is used as racemic mixture of (R,S)-
enantiomers.

4.1 Protoporphyrinogen-IX-oxidase (PPO) inhibitors

The enzyme PPO (Protox, EC1.3.3.4), catalyzing the oxidation of
protoporphyrinogen IX to protoporphyrin IX using molecular oxy-
gen, is known as an important target for the discovery of modern
herbicides.>” In plants, protoporphyrin IX is an essential substrate
for the biosynthesis of chlorophyll, a key pigment for photosyn-
thesis. The inhibition of the protox enzyme results in an accumu-
lation of protoporphyrin IX in the cytoplasm, a strong
photosensitizer of triplet oxygen, but not of the substrate via a
complex process that has not yet been fully elucidated. The per-
oxidation process leads to the loss of membrane integrity, the pig-
ment breakdown, and necrosis of the leaf, finally resulting in the
death of the plant.

4.1.1 Tiafenacil

Like the PPO herbicide saflufenacil (Sharpen, 2010, BASF) the
N-phenyl-imide grass herbicide tiafenacil (2018, Terrad'or, Farm-
Hannong) contains a 3,6-dihydro-3-methyl-2,6-dioxo-4-(trifluoro-
methyl)-1(2H)-pyrimidinyl (uracil) head group (highlighted in
bold in the structure)® (Fig. 3).

It is assumed the racemic thiolactic acid amide side chain of tia-
fenacil mimics the pyrrole ring C and the hydrophilic carboxylate
moiety in protoporphyrinogen IX.>° Recently it has been
described that various parts of tiafenacil could be modified to
explore the impact on receptor binding and in vivo efficacy
against resistant weeds.®

@ Pure enantiomers
@ Enantiomer (rac-mixture)
B Pure stereoisomers

@ Stereoisomers (mixture)

OHerbicides
mFungicides
BInsecticides
BAcaricides

mNematicides

Figure 2. A percentage representation of known commercialized agrochemicals (2018-2023). (A) Distribution of chiral agrochemicals; (B) breakdown of
chiral agrochemicals into stereochemical constitutions, and (C) breakdown of chiral agrochemicals into commercialized herbicides, fungicides, insecti-

cides, acaricides and nematicides.

wileyonlinelibrary.com/journal/ps

© 2025 The Author(s).

Pest Manag Sci 2025; 81: 1697-1716

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

85UB017 SUOWILLIOD SIS0 8|qedlidde aupy Ad peusenob ae sofoie YO '8sN J0 S9N 10y Akeuqi8UUO /8|1 UO (SUOPUOD-PUR-SWLBY WD A3 | 1M Aleq | puljuo//:Sdny) SUORIPUOD pue SIS | 8U 89S *[5202/S0/2T] U0 A%iqiTauljuo AB|1M ‘HopRssNA Xeyioljqigsepue ] pun SEISBAIUN Ad 5598'Sd/200T 0T/I0p/W0o A3 im Aleaq 1 puljuo's euIno 10s//:schiy Wouy pspeo|umod *t ‘SZ0z ‘866v9ZST


http://www
http://haracglobal.com
http://www.frac.info
http://www.irac-online.org
http://www.irac-online.org
http://irac-online.org/documents/nematicides-poster
http://wileyonlinelibrary.com/journal/ps

The continuing significance of chiral agrochemicals

@)
SClL

where science
meets business

WWW.50Ci.org

Table 1. New agricultural chiral products launched between 2018 and 2023 as herbicides

HRAC Year Comments
Common name MoA of (total number of
(trade name) CAS chemical name groupJr Target Manufacturer launch chiral centers) Section®
Tiafenacil Methyl N-[2-[[2-chloro-5-[3,6-dihydro- 14 PPO FarmHannong 2018 Rac-mixture of 411
(Terrad'or®) 3-methyl-2,6-dioxo-4-(trifluoromethyl)-1 (R,S)-enantiomers
(2H)-pyrimidinyl]-4-fluorophenyl]thio]- (1: RS)
1-oxopropyl]-p-alaninate
Cinmethylin (1R,25,45)-rel-1-Methyl-4-(1-methylethyl)- 30 FAT BASF 2020 Mixture of 421
(Luximo®) 2-[(2-methylphenyl)methoxy]- (1R,25,4S)-
7-oxabicyclo[2.2.1]heptane stereoisomers
(3: 1R,254S)
Tetflupyrolimet (35,45)-N-(2-Fluorophenyl)-1-methyl-2-oxo- 28 DHOD FMC 2023 (35,4S5)-stereoisomer 431
(Dodhylex™) 4-[3-(trifluoro-methyl)phenyl]- (2:35,485)

3-pyrrolidine-carboxamide

"Herbicide Resistance Action Committee Mode of Action Classification 2024 (https://www.hracglobal.com).

*Section number in the article.

Note: PPO, protoporphyrinogen-IX-oxidase; FAT, fatty acid thioesterase; DHOD, dihydroorotate dehydrogenase.

XXX.

Tiafenacil is a non-selective herbicide to both dicotyledonous
and monocotyledonous weeds, such as velvetleaf (Abutilon theo-
phrasti), amaranth (Amaranthus tuberculatus), and barnyard grass
(Echinochloa crus-galli) as well as the crops soybean, rapeseed,
rice, and maize.®' It has been used together with glyphosate for
total vegetation control in orchards and non-till lands and is
recommended for use for post emergence broadleaf and grass
weed control and preplant burndown at application rates of 25—
250 gai ha .

4.2 Fatty acid thioesterase inhibitors

The FATs found in bacteria and plants have been classified into
ten subfamilies.? The FATs (EC 3.1.2.14), hydrolyzing the thioester
bond linking acyl chains to an acyl carrier protein (ACP), thereby
terminating their elongation, contribute significantly to the fatty
acid (FA) content and composition of seed storage lipids.®> FAs
synthesizing by the FA synthase complex are hydrolyzed by FATs
and transported to the cytosol. The genetic manipulation of vari-
ous plant FAT genes has been shown to influence FA composition.

4.2.1 Cinmethylin

The development of cinmethylin (2020, Luximo, BASF)"" a benzyl-
ether derivative of the natural terpene 1,4-cineole, described in
1981 by Shell and introduced in the market in 1989 for the use
in rice, provided the first, and so far only, commercialized herbi-
cide of this class. They also demonstrated the co-crystallization
of cinmethylin within the FAT enzyme.®® Cinmethylin is a mixture
of the two stereoisomers (—)-(1S5,2R,4R) and (+)-(1R,25,4S) (Fig. 4),
and it was listed in 2020 by the HRAC in the MoA main group Q
(benzyl ethers).

Both, the optically active (—)-(1S5,2R,4R)-cinmethylin and its
enantiomer (+)-(1R,25,4S)-cinmethylin showed similar herbicidal
activity against two weed species. It has been found, that the ste-
reochemistry (—)-(15,2R,4R)-cinmethylin did not affect its herbi-
cidal activity or spectrum>? Its selective p-p-glycosylation of a
(2-methylphenyl)-hydroxylated metabolite using Leloir glycosyl-
transferases has been studied (Fig. 4).°° Commercialized
cinmethylin-based products are marketed for integrated grass
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weed management (e.g., Luximax and Luximo) to provide control
against various grasses (e.g., ryegrass and blackgrass) with devel-
oped resistances. Luximo is a soil residual herbicide for grass and
broad-leaved weed control in winter wheat, application at pre-
emergence and early post-emergence timings. Early indications
are that Luximo performs well against difficult ryegrass popula-
tions, including those populations that might be resistant to the
anilide herbicide flufenacet. But cinmethylin needs to be carefully
handled as part of resistance monitoring and integrated weed
management (IWM) to maximize the effective longevity of this
compound especially against grassweed blackgrass (Alopecurus
myosuroides).”

4.3 Dihydroorotate dehydrogenase (DHOD) inhibitors

De novo pyrimidine nucleotide biosynthesis (also known as the
orotate pathway) involves six enzymatic steps that lead to the for-
mation of uridine monophosphate from carbamoyl phosphate,
aspartate, and 5-phosphoribosyl-1-pyrophosphate.®® In this con-
text, the fourth step is catalyzed by DHOD, which enables
ubiquinone-mediated oxidation from dihydroorotate to oro-
tate.® All plant DHOD:s are flavoproteins located on the outer sur-
face of the inner mitochondrial membrane, having a significantly
different substrate specificity and inhibition from animal
DHODs.”® Tetflupyrolimet (Section 4.3.1) is the first commercial-
ized herbicide with a new mode of action in 30 years, and is an
inhibitor of DHOD from the new HRAC MoA main group 28.

4.3.1 Tetflupyrolimet
In a high-volume sourced screening approach for miniaturized
whole-plant based glasshouse testing, the 4-phenylpyrrolidinon-
3-anilid provided by the vendor showed fascinating activity. Inter-
estingly, the real structure of the supplied compound (referred to
as 4-phenylpyrrolidinone-5-anilide) at that time was corrected by
nuclear magnetic resonance (NMR) characterization and con-
firmed by in-house synthesis (Fig. 5).”

The target site of tetflupyrolimet (2023, Dodhylex, FMC)
(Fig. 5)” was found using a combination of forward genetic
screening and metabolomics approaches for uncovering novel
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Table 4. New agricultural chiral products launched between 2018 and 2023 as nematicides

Target Year Comments (total
Common name Nematicide site and of number of chiral
(trade name) CAS chemical name groupJr code Manufacturer  launch centers) Section®
Cyclobutrifluram rel-N-[(1R,2R)- N-3 SCoQR Syngenta 2022 Mixture of (R,S)- 8.1
(Victrato®) 2-(2,4-Dichlorophenyl) stereoisomers (2:
cyclobutyl]- 15,25 [80-100%)],

2-(trifluoromethyl)- 1R,2R [20% to 0%])

3-pyridinecarboxamide

TInsecticide Resistance Action Committee Nematicide Mode of Action Classification, https:/irac-online.org/documents/nematicides-poster for the
most complete IRAC classification, version 2.2, 11 March 2024.

* Section number in the article.

Note: SCoQR, succinate-coenzyme Q reductase.
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Saflufenacil (2010, BASF) Tiafenacil (2018, FarmHannong)

Figure 3. The PPO herbicides saflufenacil and tiafenacil contain the same 3,6-dihydro-3-methyl-2,6-dioxo-4-(trifluoromethyl)-1(2H)-pyrimidinyl (uracil)

head-groups.
Me Me Me
$ .0 R 0 o
R 2 S 2
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(+)-(1R,25,4S)-stereoisomer 2-methylphenyl-B-D-glucoside

OH
~_LOH
“'OH
(-)-(1S,2R,4R)-sterecisomer
Cinmethylin (2020, BASF) OH

Figure 4. The benzyl-ether derivative cinmethylin as a mixture of the two stereoisomers (—)-(15,2R,4R) and (+)-(1R,25,4S) and the rac-2-methylphenyl-f-p-
glucoside.

CF3
CF3;

S | >9:1 trans/cis :
o) N >90% ee

trans-Diastereomer Tetflupyrolimet (2023, FMC)
Herbicidal activity:

(3R,4R)-stereoisomer << (35,4S)-stereoisomer

Corrected racemic structure
of the lead compound

Figure 5. Based on the corrected racemic structure of the lead compound and followed by the trans-diastereomer, the (35,4S)-stereosiomer of tetraflu-
pyrolimet has been designed.

herbicide MoA from whole-plant high-throughput screening
(HTS) efforts, and subsequently confirmed by determining the
intrinsic  affinities of specific analogues using biochemical
methods. Structure-activity relationship (SAR) studies deter-
mined that its (35,4S)-enantiomer is the active form, and the coun-
terpart had no herbicidal activity (Fig. 5). The efficacy of
tetflupyrolimet was about ten-fold greater on foxtail millet

(Setaria italica) DHOD enzyme (/s =3 nm) compared to rice
(Iso = 33 nm). However, its selectivity for rice is much greater than
ten-fold, suggesting that differential metabolism may also
contribute to tolerance in rice. Tetflupyrolimet demonstrates
excellent activity against economically important weeds such
as Echinochloa, Leptochloa, and Monochoria weed species
translated to the field with an excellent safety margin to rice
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The continuing significance of chiral agrochemicals

under a variety of conditions.”" Thus, it provides season-long
control of important grass weeds in rice and key hard-
to-control broadleaf weeds and sedges and can be applied to
direct-seeded rice.

4.4 Selected chiral development candidate herbicides
Other chiral herbicides with different mechanisms of action are
currently under development. KingAgroot CropScience Co., Ltd
has developed the four herbicides flufenoximacil (ISO-proposed,
June 2022), fluchloraminopyr (ISO-proposed, June 2022), flusulfi-
nam (ISO-proposed, August 2022) and cinflubrolin (ISO-proposed,
January 2024) (Supporting Information Fig. S1).

Recently, the registration of the three herbicides in China has
reached the final stage, scheduled for market launch in China in
2023-2024.

The pyridyloxycarboxylic acid herbicide flufenoximacil (trade
name Kuairufeng)’® is a new fast-acting PPO inhibitor with a wide
herbicidal spectrum against numerous grass weeds. It acts
quickly, demonstrating exceptional effectiveness against goose-
grass (Eleusine indica) and horseweed herb (Erigeron canadensis).

The non-selective proherbicide” fluchloraminopyr-tefuryl the
ester of fluchloraminopyr’” has a broad herbicidal spectrum for
effectively controlling a large variety of glyphosate-resistant and
tolerant weeds such as Erigeron canadensis, Eleusine indica,
dayflower (Commelina communis), field bindweed (Convolvulus
arvensis), and rice cutgrass (Lecrsia oryzoides). It also is effective
against the tough shrubs and vines in woodland and non-
arable land.

The racemic enantiomer of the 4-hydroxy-phenylpyrovate diox-
ygenase (4-HPPD) inhibitor flusulfinam (mixture of 80-100% of
the 3-(R)-enantiomer and 0-20% of the 3-(S)-enantiomer; Trade
name Daopurui®)’® shows effective control of parts of broadleaf
and sedge weeds (Cyperus difformis) as well as critical weeds in
rice fields, such as resistant field grass (Echinochloa crus-galli),
crabgrass (Digitaria sanguinalis), mole plant seeds (Euphorbia
lathyrus), which are resistant to acetolactate synthase (ALS) and
acetyl-CoA-carboxylase (ACCase) inhibitors. Flusulfinam is very
safe for the use of rice, this also applies in an analogous way to
the varieties Japonica rice and Indica rice. The a.i. is active on
the stem, leaf and soil of the rice plant. Studies of the enantiose-
lective bioactivity, toxicity and degradation of flusulfinam have
shown that its (R)-enantiomer is less toxic and at the same time
more active for the tested species. The half-life (degradation time;
DTs0) of its (R)- and (S)-enantiomers in rice (Oryza sativa L.) is 5.50
and 5.06 days (P < 0.05), supporting the preferential degradation
of the (5)-enantiomer throughout the total rice plant.”” It is
assumed, that the special up-regulation of the lipid transfer

Inpyrfluxam (2020, Sumitomo Chemical/
Bayer Crop Science)

Fungicidal activity:

(S)-enantiomer << (R)-enantiomer

racemic mixture
Fungicidal activity:

Me R,S

Fluindapyr (2021, FMC/Isagro)
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protein-2 and carboxylesterases15 genes could explain the prefer-
ential transport within the rice plant and degradation of the (S)-
enantiomer.

The halogen-containing FAT inhibitor cinflubrolin (ISO-pro-
posed, January 2024)’® is a derivative from structural surround-
ings of the herbicide cinmethylin (see Section 4.2.1). Instead of
the 2-[(2-methylphenyl)methoxy] fragment in cinmethylin, a
2-[(2-bromo-6-fluoro-phenyl)methoxy] fragment is present in
cyflumetyline (mixture > 50% of the (15,2R 4R)-stereoisomer and
< 50% of the (1R,25,4S)-stereoisomer).

The non-selective proherbicide icafolin-methyl”® (ISO-pro-
posed, January 2022) is a novel, highly effective herbicide against
the most relevant competitive weeds in cold and warm season
cropping systems at low application rates, including resistant
black-grass and rye-grass biotypes. It demonstrates activity
against several invasive plants, such as bittergrass (Cardamine hir-
sute) and crow's foot grass (Eleusine indica) with strong post-
emergence and some residual activity, specifically after foliar
application. Icafolin-methyl (mixture of 40-70% of the (2R/4R)-
isomer and 60-30% of the (25,4S)-isomer), which hydrolyses in
planta to the carboxylic acid icafolin (ISO-proposed, January
2022), belongs to the chemical class isoxazolin carboxamide and
acts through plant-specific inhibition of tubulin polymerization
probably by binding to f-tubulins.

5 FUNGICIDES

Table 2 outlines the FRAC MoA grouping of the latest genera-
tion of chiral fungicides. Accordingly, of the 11 fungicides
launched from 2018 to 2023, seven products (around 44%)
are chiral, mostly with one or more stereogenic centers. They
mainly target the respiratory chain, addressing the biochemical
target succinate dehydrogenase (SDH),2° cytochrome bc,
(ubiquinone reductase) at quinone inside inhibitor (Qil), sterol
biosynthesis inhibitor (SBI) (class 1), and oxysterol binding
protein (OSBP).

5.1 Fungicidal succinate dehydrogenase (SDH) inhibitors

Over the past decade, there has been a significant increase in the
number of chiral fungicides targeting SDH (complex Il). Currently,
24 commercialized SDH inhibitor fungicides are described in the
FRAC MoA poster (market and development products; http://
www.frac.info), which was updated in March 2024. About 42%
of them have one or more stereogenic centers in the molecule,
which contribute to their broad spectrum of activity against plant
pathogens. The chemical sub-group pyrazol-4-carboxamides con-
sists of ten members, eight of which have stereogenic centers in

F
Me FaC O . Cl
Me Y N‘ ®
N™ O\ H
== Cl

Cyclobutrifluram (2022, Syngenta)
(15,2S)-stereoisomer (major component)

(R)-(-)-enantiomer < (S)-(+)-enantiomer

Figure 6. Chemical structures of the SDH inhibitors inpyrfluxam as (R)-enantiomer, fluindapyr as racemic mixture and cyclobutriflam as (15,25)-

stereoisomer (major component).
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the molecule and seven of them are racemates. Only the latest
fungicide inpyrfluxam is marketed as a pure (R)-enantiomer
(Fig. 6).

Today, the 3-difluoromethyl-pyrazol-4-ylcarboxylic acid is pro-
duced very economically in an industrial manufacturing process.
The acid is then combined with the respective chiral amine com-

ponent via an ‘amide linker.>%#'

5.1.1  Inpyrfluxam
As pure (R)-enantiomer, inpyrfluxam (2020, Indiflin, Sumitomo
Chemical/Bayer AG, Crop Science; optical purity > 99%) (Fig. 6),
is more active as the corresponding racemic mixture. The (S)-
enantiomer is nearly inactive.®? The broad spectrum and systemic
SDH fungicide inpyrfluxam is highly effective against basidiomy-
cetes and ascomycetes, such as brown patch (Rhizoctonia solani)
and apple scab (Venturia inaequalis)2* It shows efficacy against
Asian soybean rust (Phakopsora pachyrhizi), an important disease
protection for the soybean market in Brazil. Because of its
systemic efficacy inpyrfluxam is effective in controlling Asian soy-
bean rust (ASR), even in fields with putative SDH inhibitor-
resistant populations, suggesting this compound as a solution
for innovative soybean protection. In addition, inpyrfluxam pro-
vides control of peanut foliar and soil-borne diseases found in
southwest peanut production &

Studies have shown, that during photodegradation of inpyr-
fluxam in water and nitrate aqueous solution no isomerization
occurred at the 3’-position of its indane ring.®*

Me-O  OH H {i
ass

UK-2A (1998, Natural product)
(3S,7R,8R,95)-stereoisomer

one step
post fermentation lT (in planta or fungi)

Me>_/<0
Me <O
Me-Q O H

FN_ s

=N O

Fenpicoxamid (2020, Corteva Agriscience)
(3S,7R,8R,95)-stereoisomer

5.1.2  Fluindapyr

The racemic fluindapyr (2021, Onsuva, FMC/Isagro) (Fig. 6) con-
tains a racemic 7-fluoro-1,1,3-trimethyl-indan-4-yl moiety and
can be used for preventive and curative control of fungal diseases
in various key crops such as cereals, soybeans, corn, oilseed rape,
fruits and vegetables, tree nuts and peanuts. After isolation of the
enantiomers (see Section 2.2, Table S1), it has been shown that
the fluindapyr (R)-(—)-enantiomers is degraded faster than its (S)-
(+)-enantiomer in the rice soil, while the (S)-(+)-enantiomer
against brown spots (Rhizoctonia solani) is more active than the
(R)-(-)-enantiomer.?” In addition, both enantiomers show differ-
ent enantioselective degradation behavior in different plant spe-
cies. For example, the (R)-(-)-enantiomer is preferentially
degraded in tomato leaves, while the (5)-(+)-enantiomer is prefer-
entially degraded in cucumber leaves. Possibly the enantioselec-
tivity of degradation is controlled by different enzyme systems.®

5.1.3  Cyclobutrifluram

Cyclobutrifluram (2022, Victrato, Syngenta) (Fig. 6), a mixture
comprising 80-100% of the (15,25)-stereoisomer and 20% to 0%
of the (1R,2R)-stereoisomer is a member of the new SDH inhibitor
sub-group phenyl-cyclobutyl pyridineamides. Its structure was
inspired by the non-chiral fluopyram (2007, Luna, Bayer Crop
Science),”®®® which contains a [-CH,-CH,-]-ethylene linker
between the amide group and the heterocycle. The catalytic
asymmetric synthesis of the cyclobutrifluram (1,25)-stereoisomer
is described in Section 2.2 (see Table S2). Cyclobutrifluram prod-
ucts for soil application are marketed as either Vaniva® 45 SC or

36,37

Antimycin A;b (1972, Natural product)
(2R,3S,7R,8R,9S)-stereocisomer

Florylpicoxamid (2023, Corteva Agriscience)
(15,4S)-stereoisomer

Figure 7. Synthesis of the fungicide fenpicoxamid based on the natural products antimycin A;b, UK-2A and its subsequent structural simplification,

which resulted in the fungicide florylpicoxamid.
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Evidis, with the target crops being potatoes, tomatoes, bananas
and sugar cane. Victrato® 50 FS is used for seed treatment, which
focuses on nematodes and important soil-borne fungal diseases
and increases the quality and yield of many crops such as soy-
beans, corn, cereals, cotton and rice. Safe for beneficial insects,
pollinators and the soil microbiome, the product enables no-till
and conservation tillage by protecting roots. Victrato® contains
Tymirium® technology, a high-performance, low-dose drug
innovation.

5.2 Fungicidal quinone inside inhibitors (Qils)

The natural product antimycin A;b (secondary metabolite pro-
duced by Streptomyces bacteria)®” an (2R3S,7R,8R,95)-
stereoisomer containing five stereocenters in a nine-membered
4,9-dioxo-1,5-dioxononane ring system, has inhibitory activity at
the cellular target respiratory chain complex Ill cytochrome bc1
(ubiquinone reductase) at quinone “inside” site.%® Currently, four
synthetic Qil fungicides are described in the MoA poster (market
and development products; http://www.frac.info), which was
updated in March 2024. Only two of them, the fungicides fenpi-
coxamid and florylpicoxamid, belong to the chemical class of
picolinamides have four and two stereocenters, respectively, in
the molecule (Fig. 7).

So far, the detailed binding mode of picolinamide fungicides is
still unknown. In a recent study, antimycin-A and UK-2A were
selected to investigate the binding mode of picolinamide inhibi-
tors with four protonation states in the quinone “inside” site by
integrating molecular dynamics simulation, molecular docking,
and molecular-mechanical generalized born surface area
(MM/GBSA) calculations.

5.2.1 Fenpicoxamid

The semi-synthetic acyloxymethyl ether pro-fungicide fenpicoxa-
mid (2020, Inatreq, Corteva) (Fig. 7)°° based on the natural prod-
uct UK-2A an antifungal, natural metabolite isolated from the
fermentation broths of the actinomycete Streptomyces
sp. 517-02 (see Section 2.2, Table $3)°" extracts and its total syn-
thesis.” It was identified that UK-2A can be modified at the benzyl

position on the macrocycle, providing opportunities for optimiza-
tion of its physical properties while retaining its strong intrinsic
and antifungal activity.”® The substitution of the isobutyryl ester
group of UK-2A results in strong antifungal activity against wheat
leaf spot disease (Zymoseptoria tritici) and other fungi.®* It has
been found, that fenpicoxamid can be prepared by a one-step
O-alkylation of the picolinamide hydroxy group of UK-2A. It works
as pro-fungicide, since it is converted to the natural product UK-
2A in crops. Due to the novel target site for the cereals market,
Z. tritici strains resistant to strobilurine and/or azole fungicides
are not cross-resistant to fenpicoxamid. The chemistry of picolina-
mides resulted in a novel biochemical MoA for the cereal fungi-
cide market involving inhibition of mitochondrial complex Ill via
binding to the quinone "inside" site of the respiratory cytochrome
bc1 complex®® rather than to the quinone "outside" site targeted
by the strobilurin class of fungicides. Therefore, no target-
site-based cross-resistance to strobilurin fungicides can be
anticipated.

5.2.2  Florylpicoxamid

It has been assumed that the 4-methoxy-3-hydroxy-picolinamide
head group is the main pharmacophore. Therefore, further design
has been focused on the replacement of the macrocyclic bis-
lactone amine tail with a more simplified amine moiety, which
could guarantee the chemical space between the complex UK-
2A tail and methylamine. The enormous size of this chemical
space was a challenge to find an effective replacement for the
UK-2A tail. Instead of randomness, a function-oriented synthesis
strategy”® was used to identify the structural elements present
in the UK-2A tail that are important for in vivo fungicidal efficacy
to obtain a simplified structure.

The molecule design of the (15,25)-diastereomer florylpicoxa-
mid (2023, Adavelt, Corteva) (Fig. 7),°"~%° focused on retaining
structural features (considering the stereochemistry) to binding
at the ubiquinone quinone inside target site of mitochondrial
complex Il of the respiratory chain of the ‘sugar-fungus’ Saccharo-
myces cerevisiae.” By deconstruction of the macrocyclic ring UK-
2A via total synthesis revealed key structural features important

Me
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ﬁN S| Me Me
o e ) ,
3 9 N W/NR :> \”/N R :>
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Optimized lead structure
(R)-enantiomer
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e
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Foc” N »N/\:>—<\
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Oxathiapiprolin (2016, DuPont)
Fungicidal activity:
(S)-(-)-enantiomer << (R)-(+)-enantiomer

Tetralin amide
(R)-enantiomer

F
F

S

~ /N
F N ‘>/*—N

F (@)
S-Me

Fluoxapiprolin (2022, Bayer Crop Science) o” ‘b

Fungicidal activity:
(S)-enantiomer =~ (R)-enantiomer

Figure 8. Based on HTS results and the optimization strategy, the racemic fungicide oxathiapiprolin was developed, which subsequently inspired the

discovery of the racemic fluoxapiprolin.
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for the in vivo control of fungal diseases. The most efficacious ste-
reoisomer of the active ingredient is manufactured from the nat-
ural lactic acid as (S)-lactide and the amino acid (S)-alanine (see
Section 2.2, Method Il). The trisubstituted pyridine can be pre-
pared from furfural, a renewable feedstock.'® Florylpicoxamid
demonstrates control of wheat leaf blotch (Z. tritici) fungal dis-
eases, which are translated to control of other ascomycete patho-
gens such as tomato early blight (Alternaria solani), sugar beet leaf
spot (Cercospora beticola), cucumber anthracnose (Colletotrichum
orbiculare), grape powdery mildew (Uncinula necator), rice blast
(Pyricularia oryzae), and barley scald (Rhynchosporium secalis).
Florylpicoxamid provides farmers with an innovative solution to
maintain increased productivity and quality of numerous crops
and provides an option for fungicide resistance management.'”’

5.3 Oxysterol binding protein (OSBP) inhibitors

The molecular target of OSBP inhibitors is the OSBP, a member of
the OSBP-related protein (ORP) family of lipid transfer proteins
(LTPs).'® They are a family of sterol and phosphoinositide binding
and transfer proteins in eukaryotes, conserved from yeast to
humans. OSBP localizes to endoplasmic reticulum-Golgi contact
sites, where it transports cholesterol and phosphatidylinositol-
4-phosphate and activates lipid transport and biosynthetic activi-
ties."® OSBP fungicides are effective against oomycete fungi and
used for the control of potato late blight (Phytophthora infestans)
and downy mildews (Plasmopara viticola) of numerous crop
plants. OSBP inhibitors inhibit an OSBP homologue. Inhibiting
OSBP may disrupt processes in the fungal cell, such as signaling,
maintaining cell membranes, and the formation of more complex
lipids that are essential for the cell to survive.

The racemic oxathiapiprolin (2016, Zorvec, DuPont) (Fig. 8
is the first member of the class of the piperidinyl-thiazole isoxazo-
line fungicides, exerting an excellent preventive, curative and
residual efficacy against diseases in grapes, potatoes and vegeta-
bles at low use rates. Oxathiapiprolin is a chiral fungicide consist-
ing of two enantiomers whose fungicidal activity and degradation
in the environment have been studied.

For example, its R-(—)-enantiomer is 2.49-13.30 times more fun-
gicidal than the S-(+)-enantiomer in a test against six types of
pathogens, while the degradation rate of the R-(—)-enantiomer
was slightly faster than that of its (S)-(+)-enantiomer after applica-
tion to tomatoes and peppers.'®

)58,1 04

5.3.1  Fluoxapiprolin

The structurally related and second member of the class of the
piperidinyl-thiazole isoxazoline fungicides is the racemic fluoxapi-
prolin (2022, Xivana Prime, Bayer Crop Science) (Fig. 8)'°® contain-
ing a 3,5-bis(difluoromethyl)-1H-pyrazol-1-yl moiety and a
2-chloro-6-[(methylsulfonyl)oxy]lphenyl group in its total mole-
cule. The respective (R)- and (S)-enantiomers showed almost the

O

Epoxide intermediate
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same level of inhibitory activity to plant pathogenic oomycetes.
Fluoxapiprolin is a foliar fungicide for reliable Plasmopara viticola
control in grapes with high efficacy and very low dose rates. Its
long-lasting efficacy (10-21 days) allows longer spray intervals
and flexible application, even under rainy conditions. Fluoxapi-
prolin shows a wide application range throughout the season,
including good compatibility with other tank mix partners for
control of additional diseases. In addition, it demonstrates an
excellent safety profile for pollinators and beneficial insects at
application during the flowering period. Since fluoxapiprolin
exhibits the same OSBP homologue inhibition as oxathiapiprolin,
positive cross-resistance could be expected (see https://www.frac.
info/frac-teams/working-groups/osbpi-fungicides/information),
which has been investigated therefore for Phytophthora
infestans.'”’

According to the general FRAC recommendations for OSBP
inhibitor fungicides of the OSBP inhibitor working group from
January 2024, the resistance risk is assumed to be medium to high
(single site inhibitor) and resistance management is recom-
mended. For instance: (a) the application of OSBP inhibitors is only
preventative and in mixtures with effective fungicides from differ-
ent cross-resistance groups, (b) the mixture partner should give
effective control of the target disease(s) at the rate and interval
selected, and (c) foliar exposure to OSBP inhibitor products should
not exceed 33% of the total period of protection needed per crop.

5.4 Sterol biosynthesis inhibitors (class I)

Sterol biosynthesis in membrane inhibitors, in particular sterol-
Cy4-demethylase inhibitors in sterol biosynthesis (erg11/cyp51)
[DMI-fungicides (SBI: class I) and number in parentheses such as
triazoles (26), piperazines (1), pyridines (2), pyrimidines (2), imidaz-
oles (5) and triazolinthiones (1); according to FRAC = G1] still
belong to the most important broad-spectrum fungicides and
around 78% of them contain chiral centers. None are launched
as enantiomerically enriched or pure enantiomers, because both
effects that can be attributed to each stereoisomer (fungicidal
and plant growth regulation efficacy) are desirable.” All DMls
block a specific cytochrome P4s4-enzyme, responsible for the oxi-
dative Cy4-demethylation of the intermediate Cy;-methylene
dihydrolanosterol in the sterol biosynthesis pathway of agricul-
tural pathogens.'%®

5.4.1  Mefentrifluconazole

The racemic fungicide mefentrifluconazole (2019, Revysol, BASF)
(Fig. 9)'° can be prepared from the epoxide intermediate, obtain-
able by using 1-(4-(4-chlorophenoxy)-2-(trifluoromethyl)phenyl)
ethan-1-one via Corey—Chaykovsky reaction after ring opening
with 1,2,4-triazole.®®''° It provides protection to many cereals
and legume vegetables, including maize, soybean, and sugar
beet. Mefentrifluconazole has substantial antifungal activity

OH NJ

Mefentrifluconazole (2019, BASF)
Fungicidal activity:
(S)-(+)-enantiomer << (R)-(-)-enantiomer

Figure 9. Synthetic pathway of the racemic mefentrifuconazole, a fungicidal sterol biosynthesis inhibitor.
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against a wide range of pathogenic fungi such as Septoria tritici
blotch (STB) of wheat, brown rot of stone fruits (Monilinia fructi-
cola), and gray mold-rot (Botrytis cinerea).

It has been found that the (R)-(—)-enantiomer of mefentrifluco-
nazole is 11-113 times higher bioactive against numerous phyto-
pathogens (Alternaria solani, B. cinerea, Rhizoctonia solani,
Colletotrichum gloeosporioides, and Aspergillus fumigatus) than its
(S)-(+)-enantiomer (see Section 2.2, Table S1).""" Recently, the
stereoselective activity of the two enantiomers against Fusarium
verticillioides and their differences in mycotoxin fumonisin biosyn-
thesis has been investigated by determining the inhibition of the
strain, hyphae and conidia. It has been shown that the inhibition
of the strain and conidia by the (R)-(-)-enantiomer was greater
than that of the S-(+)-enantiomer. "2 If the mechanism of selective
bioactivity against F. verticillioides and fumonisin biosynthesis are
assessed for the enantiomers of mefentrifluconazole, then the
(R)-(—)-enantiomer shows a stronger binding to proteins than S-
(+)-enantiomers."’? In addition, based on AlphaFold2 (AF2)
modeling and molecular docking, both enantiomers demonstrate
different binding modes with key target proteins in pathogens
and zebrafish, which may be the main cause for their stereoselec-
tive differences in bioactivity and biotoxicity.''

5.5 Selected chiral development candidate fungicides

Two more chiral fungicides with the already mentioned MoAs are
currently in development by Corteva Agriscience. The pro-
fungicide metarylpicoxamid (Haviza; ISO-proposed, March 2021)
(Fig. 52),""*""® the third generation of picolinamide fungicides
acting as Qils (see Section 5.2). It has the potential for strong pro-
tective and curative control of ASR, caused by the biotrophic path-
ogen Phakopsora pychyrhizi, continues to be a devasting disease
in soybeans.

It is planned, that Haviza will be offered in mixtures primarily
with the strobilurine fungicide picoxystrobin (2010, Onmira
active, originator Zeneca and current owner DuPont), providing
market-leading control of ASR and expanding control to key
late-season diseases. The triazolinthione fluoxytioconazole (ISO-
proposed, March 2021) (Fig. 52),'">""® discovered by Viamet Phar-
maceuticals (now Mycovia Pharmaceuticals) and registered by
Corteva Agriscience is a new sterol-C;,-demethylase inhibitor.
After prothioconazole (2024, Proline, Bayer Crop Science),'® is
the second member of the triazolinthione sub-group according
to the FRAC MoA classification. Fluoxytioconazole controls a
range of significant plant diseases, including Septoria and rust

on cereals and sugar beet, and the leaf-spot disease black siga-
toka on bananas.

6 INSECTICIDES

Table 3 lists the IRAC MoA grouping of the latest generation of chi-
ral insecticides. Accordingly, of the 12 insecticides launched on
the market in the period from 2018 to 2023, four products (around
33%) are chiral, mostly with one or more stereogenic centers.
These insecticides mainly show efficacy at the TRPV (transient
receptor potential vanilloid) channel of the chordotonal organ
as well as its undefined target site and the y-aminobutyric acid
(GABA)-controlled chloride channel.

6.1 Chordotonal organ TRPV channel modulators

The chordotonal organ TRPV channel modulators bind to and
disrupt the gating of Nanchung (Nan) and Inactive (lav) form
complexes in chrodotonal stretch receptor organs, which are
critical for hearing, gravity, balance, acceleration, propriocep-
tion, and kinesthesia. This disrupts feeding and other behaviors
in target insects.

6.1.1 Afidopyropen
Afidopyropen (2018, Inscalis, BASF/Meiji Seika Pharma)
(Fig. 10)""”"8 is a potent and specific TRPV channel modulator,
which can be over-stimulated and eventually silenced by the
two commercial insecticides such as pymetrozine and pyrifluqui-
nazone. The natural, fungal fermentation process for afidopyro-
pen uses a recombinant strain of the amorph filamentous
fungus species Penicillium coprobium to manufacture the pyropen
skeletal (see Section 2.2, Table S3), thereby provided eight stereo-
genic centers and four oxygen functionalities with high
selectivity.'"®

By this procedure afidopyropen can be prepared in an unselec-
tive two step manufacturing process. In the first step pyripyro-
pene A is O-deacetylated under basic conditions (saponification)
without any racemization of the eight stereogenic centers in the
natural product. After O-acylation of two hydroxyl groups with
cyclopropane carbonyl chloride, mainly afidopyropen is formed.
The tri-O-acylated by-product can be easily recycled into
O-deacylated pyripyropene A through an efficient combination
of saponification and recovery process.''?"%°

Afidopyropen is a foliar insecticide that acts quickly by disrupt-
ing feeding, which leads to reduced virus transmission in vegeta-
ble crops. It shows good translaminar distribution but is not

restoration process by cleavage of both O-carbonyl cyclopropyl groups

Pyripyropene A

O-Deacylated pyripyropene A

O-acylation

V)L

Afidopyropen (2018, BASF)

Figure 10. Manufacturing process of afidopyropen based on the natural product pyripyropene A.
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Dimpropyridaz (2023, BASF)
Insecticidal activity:

(R)-enantiomer < (S)-enantiomer [Tj =
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Me
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Figure 11. Proposed metabolic pathways of dimpropyridaz in green peach aphid. Dimpropyridaz is either first transformed to the N-de-ethylated dim-
propyridaz, which can be further hydroxylated to the major metabolite (pathway A), or it is first transformed to the hydroxylated dimpropyridaz followed
by N-de-ethylation resulting in the major metabolite (pathway B) (according to Spalthoff et al.'*).

Fluxametamide (2019, Nissan Chem. Ind.)
Insecticidal activity:
(R)-(-)-enantiomer < (S)-(+)enantiomer

Isocycloseram (2021, Syngenta)
(5S,4R)-stereoisomer (major component)

Fluralaner (2014, Nissan Chem. Ind./MSD)
Insecticidal activity:
(R)-enantiomer << (S)-enantiomer

Structur-activity relationship:

X =3,5-Cl,
Y = 4-CO-NH-CH,CF;

Ranking of insecticidal activity:
R = CH; << CHF, < CF,Cl < CF3
(5R)-enanti <(5S8) ti

Figure 12. Structures of the racemic fluxametamide in comparison with the racemic fluralaner and isocycloseram as (5S5,4R)-stereoisomer (major com-
ponent). Structure-activity relationship of isoxazoline insecticides depending on R in 5-position of the 4,5-dihydro-isoxazole moiety.

completely systemic. Afidopyropen enables effective control of
stinging and sucking insect pests such as aphids, whiteflies,'*'
various scale insects, cicadas, certain psyllids (e.g., Asian citrus psy-
llides) and dandruff, including those that have already developed
resistance to other insecticides. It is registered by the
United States Environmental Protection Agency (US EPA) for use
in soybeans, tubers and corms, Brassica head and stem, fruiting
and leafy vegetables, cucurbits, potatoes, pome fruit, stone fruit,
tree nuts, and ornamentals. Afidopyropen has been classified as
the first member of the novel class of pyropenes of MoA sub-
group 9D according to the IRAC MoA classification.

6.2 Cordotonal organ modulators - undefined target site

The cordotonal organ modulators with undefined target
site (IRAC MoA main group 36) interfere with the function of the
chordotonal distension receptor organs, which are critical for
hearing, gravity, balance, acceleration, proprioception, and kines-
thesia. This hinders feeding and other behaviors in target insects.
The pyridazine pyrazolecarboxamides (PPCs) exemplified by dim-
propyridaz (Section 6.2.1) of this group act in a different place
than chordotonal organ TRPV channel modulators (IRAC MoA
main group 9; see Section 6.1.1, afidopyropen from MoA sub-
group 9D) and chordotonal organ nicotinamidase inhibitors

wileyonlinelibrary.com/journal/ps
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(IRAC MoA main group 29) and do not affect TRPV channels or
nicotinamidase.

6.2.1 Dimpropyridaz

The racemic dimpropyridaz (2023, Axalion, BASF) (Fig. 11),'??
is a pro-insecticides that is metabolized in target insects by
N-de-ethylation to its active form, which acts directly on chordo-
tonal organs.'?*'?* It was found that dimpropyridaz is either first
N-de-ethylated at the amide, forming N-de-ethylated dimpropyr-
idaz, which can be further hydroxylated at the iso-propyl! frag-
ment resulting in the major metabolite, or it forms the
hydroxylated dimpropyridaz as intermediate which after N-de-
ethylation forms the major metabolite.

Independent of dosing, the majority of dimpropyridaz can be
metabolized to the major metabolite (above 90% of the sum of
the determined metabolites) and N-de-ethylated dimpropyridaz
as well as the hydroxylated dimpropyridaz as minor metabolites
in aphids plus honeydew samples.'**

The insecticide Axalion controls a broad spectrum of problem-
atic piercing and sucking pests (e.g., use rates for aphids range
from 24 to 60 g a.i. ha™"), including whiteflies (life stage control:
adults, eggs, larva second to fourth instar)."*? Its uses include
fruits, vegetables, soybeans, legumes, cotton, cereals, beets, oil-
seed rape and ornamentals. By using foliar spray, drench and drip
applications, the translaminar and inherent systemic properties of
Axalion provide long-lasting residual control and make possible
growers a wide window of application timing during early to late
growth stages. This includes late growth stage spraying. Finally,
the product Efficon® (soluble liquid, SL), containing 120 g I”" dim-
propyridaz (Axalion active), has been approved for the control of
silverleaf and glasshouse whiteflies in cotton, cucurbit, and fruit-
ing vegetable crops. It is also active against green peach aphids
and cabbage aphids in brassica and leafy vegetable crops, and
cotton (or melon) aphids in cotton and cucurbit crops. In addition,
a reduction of beet yellow virus (BYV) transmission up to 96% with
a use rate of 44 g a.i. ha™" has been described.'® So far, no cross-
resistance has been found, therefore it will be an effective tool for
insect resistance management (IRM) strategy.

6.3 GABA-gated chloride channel allosteric modulators
The function of the GABA-gated chloride channel is to regulate
membrane electrical excitability, specifically, by causing neuronal
inhibition. GABA is the most important inhibitory neurotransmit-
ter in insects.'?® To date, unfortunately, major insects evolved
resistance to the first generation of non-competitive antagonists
(NCAs), the so-called GABA-gated chloride channel blockers
(IRAC MoA main group 2) such as the cyclodiene (IRAC MoA
sub-group 2A) and phenylpyrazoles (fiproles) (IRAC MoA sub-
group 2B). Since 2019, however, the new IRAC MoA group
30 has been established, which contains three members and
two of them are stereoisomeric isoxazolines such as fluxameta-
mide (Section 6.3.1) and isocycloseram (Section 6.3.2) (Fig. 12).

These insecticides act on the nervous system of insects and allo-
sterically inhibit the GABA-activated chloride channel, leading to
overexcitation and convulsions.

6.3.1  Fluxametamide

The first member of isoxazolines within the new IRAC MoA group
30 is the racemic fluxametamide (2019, Gracia, Nissan Chemical
Industries) (Fig. 12).°%'27128 |t contains a N-[(E,2)-(methoxyimino)
methyl]-2-methylbenzamide moiety and demonstrates a broad
activity against various lepidopteran, thysanopteran, and dipteran
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pest species, and shows acaricidal activity. The insecticidal effi-
cacy in vitro of rac-fluxametamide and both enantiomers has been
studied on important agricultural insects such as diamondback
moth (Plutella xylostella), cotton aphid (Aphis gossypii), and
carmine spider mite (Tetranychus cinnabarinus). In this test
rac-fluxametamide and (S)-(+)-fluxametamide showed high activ-
ities toward these pests. The consistent order of activities against
three insects was found to be R-(—)-fluxametamide < rac-
fluxametamide < (S)-(+)-fluxametamide (for chiral separation see
Section 2.2, Table 51).2° Furthermore, acute contact toxicities
against honey bees (Apis mellifera) increased in the order R-
(=)-fluxametamide < (5)-(+)-fluxametamide < rac-fluxametamide.
Although rac-fluxametamide had a 4.3-fold higher acute contact
toxicity in honeybees than (5)-(+)-fluxametamide, its toxicity is
far lower than that of other GABA-controlled chloride channel
blockers such as fipronil. The lack of a low-cost asymmetric
manufacturing process for fluxametamide means that only the
racemic mixture is preferably prepared, although the (S)-
(+)-enantiomer is more active. This economic decision correlates
well with the structurally related and commercial racemic isoxazo-
line ectoparasiticide fluralaner.

6.3.2 Isocycloseram

Isocycloseram (2021, Plinazolin, Syngenta) (Fig. 12), a mixture
comprising 80-100% of the (5S5,4R)-sterecisomer and 20% to 0%
the (5R4R)-, (5RAS)- and (55,4S)-stereoisomers, is the second
member of isoxazolines within the new IRAC MoA group
30 GABA-gated chloride channel allosteric modulators.”>° A
matched molecular pair analysis (MMPA) for the aryl ring at the
C-5 stereogenic center of the 5-trifluoromethylated 2-isoxazoline
moiety as well as multiparameter optimization and faster cycles
of design synthesis test analysis (DSTA) was used to find isocyclo-
seram. The cost-efficient asymmetric manufacturing of the active
isocycloseram (5S,4R)-stereocisomer is described in Section 2.2
(see Table S2). The (S)-configuration at this stereogenic center
has a remarkable impact on biological activity for all commercial-
ized isoxazolines.'” In the case of isoxazoline insecticides, the
activity of the mixtures enriched with (S)-enantiomer is higher
than that of the respective racemic mixtures. As a broad-spectrum
insecticide and acaricide isocycloseram can be used for control of
a range of pests on several crops such as lepidopteran, hemip-
teran, coleopteran, thysanopteran and dipteran pest species, with
potential for both foliar and seed treatment applications. In the
last year Syngenta Seedcare lauched Equento®, a new seed treat-
ment based on isocycloseram. Equento® can be applied across
multiple crops including cereals and canola and is intended to
control a variety of soil pests, including wireworms and
red-legged earth mites. Recently it has been reported, that isocy-
closeram demonstrates effectiveness against ants, specifically
leaf-cutting ants, contributing to the development of efficient
and environmentally safe ant baits.'*'

58,129

6.4 Selected chiral development candidate insecticides
Based on the structure of the dipolar compound class ‘mesoionics’
(inner salt and tautomers for the negative charge given), exempli-
fied by the non-chiral triflumezopyrim (2018, Pexalon, DuPont)
(Fig. $3)°®'3? as a member of the nAChR competitive modulators
from the IRAC MoA sub-group 4E, fenmezoditiaz (ISO-proposed,
June 2021) (Fig. $3)'*® has been developed as the first chiral
compound.

As pure (R)-enantiomer, fenmezoditiaz (Axalio) has excellent
systemic properties and a broad insecticidal spectrum. It can be
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used in diverse application methods against piercing and sucking
insects in a range of crops including cereals, root crops, vegeta-
bles, and ornamentals. Furthermore, it can control the rice hopper
complex, and a lack of cross resistance in the neonicotinoid resis-
tant brown planthopper (BPH) and small brown planthopper
(SBPH) strains. Therefore, fenmezoditiaz can be an excellent tool
of integrated pest management (IPM) and IRM, especially for the
rice hopper complex.

7 ACARICIDES

Acaricides are mandatory for the efficient control of phytopha-
gous mites. According to their significance to the global acaricide
market, spider mites in genera such as two-spotted spider mite
(Tetranychus urticae), citrus red mite (Panonychus citri) and
European red mite (Panonychus ulmi) are the most important mite
species causing severe damage to a broad range of crops includ-
ing fruits, vegetables, and tea.

7.1 Calcium-activated potassium channel (Kc,2)
modulators

The new IRAC MoA main group 33 contains a.i.s acting on nerve
and muscle targets with negative modulation of calcium-
activated potassium channel (Kc,2) in insects causing hyperexci-
tation and convulsions. The Kc,2 channels are activated by an
increase of the intracellular calcium concentration and are
involved in the regulation of action potentials. By using electro-
physiological techniques (patch-clamp) it has been found, that
the new chiral acaricide acynonapyr (see Section 7.1.1) modulates
the activity of Kc,2 channels in the two-spotted spider mite
(T. urticae).”*

7.1.1 Acynonapyr
Starting with acaricidal active, non-chiral 1-[(hetero)aryl]piperi-
dine derivatives represented by the optimized first lead structure,
chiral 3-endo/3-exo-azabicyclic lead structures were designed
having a relative stereochemistry (Fig. 13).5%%°

The relative configuration is the experimentally determined
relationship between two enantiomers, even if the absolute con-
figuration is not known. By optimization of the [-(CH;),-] bridge
element A in the tropane ring it was found, that the ethylene
group (n = 2) leads to the best acaricidal efficacy. Surprisingly,
oxidation of this tropane by meta-chloroperbenzoic acid resulted
not in the expected amine N-oxide, but in the N-pyridyl-oxyamine
acynonapyr. Possibly, the in situ formed amine N-oxide rear-
ranged to 3-endo-(1R,3R,55)-stereoisomers acynonapyr via an oxi-
dative rearrangement (OR) similar to the Meisenheimer
rearrangement. Acynonapyr (Danyote, 2020, Nippon Soda)
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(Fig. 13)"*° blocks T. urticae calcium-activated potassium channels
(TurKca2) in a concentration-dependent manner. Finally, a com-
parison of its acaricidal activity against T. urticae with inhibitory
activity against TurKc,2 revealed that these channels are the pri-
mary toxicological targets.'* The acaricide acynonapyr, is tar-
geted at use on fruit and vegetables and tea and is reported to
have no adverse effects on beneficial insects. In 2020, the product
Daniote Flowable® has been launched in Japan for the selective
control of spider mites (T. urticae) and the European red mite
(Panonychus ulmi) on fruit and vegetable crops, including citrus,
apple, pear, strawberry, watermelon, and eggplant.

8 NEMATICIDES

Today, agriculture around the world is challenged by plant para-
sitic nematode (PPN) infections. PPNs are destructive pathogens
that can cause significant damages and yield losses of up to
12% globally per year, equating to an estimated loss of $150 bil-
lion every year for farmers and are a threat to food security. For
decades, synthetic nematicides have been important in PPN con-
trol. In the meantime, however, concerns about environmental
toxicity and human safety have led to the fact that the numerous
nematicides are no longer permitted.'*® The lack of available
nematicides for PPN control is enormous. Of the top 20 nemati-
cides used in the 20th century, only four are currently approved
for use in the European Union and only three in the
United States without restriction.'*® While these withdrawals are
justified, they leave farmers with limited opportunities for satisfac-
tory nematode control. Therefore, there is an urgent need for new
nematicides with improved selectivity.'’

8.1 Cyclobutrifluram

The nematicide cyclobutrifluram (2022, Victrato, Syngenta Seed-
care)'*® has been classified together with fluopyram®® in the nem-
aticide MoA classification scheme in group N-3 as mitochondrial
complex Il electron transport inhibitors — succinate-coenzyme Q
reductase inhibitors (Table 4). Victrato contains the Tymirium®
technology (see Section 5.1.3),” which provides long-lasting pro-
tection against a broad spectrum of parasitic nematodes and fun-
gal diseases across major crops, including soybeans, corn, cereal,
cotton, and rice. Cyclobutrifluram targets root-knot nematode
(RKN), cabbage cyst nematodes and maize short body nematodes
on crops such as cucumber, tomato, corn, and sugar beet. It can
be used for soil treatment or seed treatment, long-term control
of nematodes and diseases in major crops and various environ-
ments. By using the nematode Caenorhabditis elegans as a model
organism, it has been shown that cyclobutrifluram strongly
impacts the survival and fertility rates of the nematode by

FsC FsC Acaricidal activity: % CF3
=~ A= -(CH),- W \
\ y n=4<3<2

o o [OR]

S0 T MR, F
N = 3\ A n=

L U

€ N~ ~CF3 Me 1 N_/CF, " "Me

Optimized first lead structure Azabicyclic lead structures Acynonapyr

[non-chiral]

(1R,3rs,55) [relative stereochemistry]

(1R,3r,55) [relative stereochemistry]

Figure 13. Further optimization of the first lead structure and resulting azabicyclic lead structures leading to the acaricide acynonapyr; OR, oxidative rear-

rangement, proposed by Hamamoto et al.>*
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