
  © Pesticide Science Society of Japan 2020. This is an 
open access article distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 
License (https://creativecommons.org/licenses/by-nc-nd/4.0/)

J. Pestic. Sci. 45(3), 177–183 (2020)
DOI: 10.1584/jpestics.J20-03

Society Awards 2020

(on prominent achievement)

Synthetic studies of biologically active natural products contributing 
to pesticide development

Hiromasa Kiyota*
Grad. Sch. Environmental & Life Science, Okayama University, 

 1–1–1 Tsushima-Naka, Kita, Okayama 700–8530, Japan

(Accepted July 1, 2020)

Natural product research, including total synthesis, is becoming increasingly important for the discovery of pesticide seeds and 
leads. Synthetic studies of biologically active compounds such as antibiotics (enacyloxins, polynactin, pamamycins, spirofun-
gin A and B, glutarimides and antimycins), phytopathogenic toxins (pyricuol, pyriculariol, tabtoxinine-β-lactam, gigantenone, 
phomenone and phaseolinone), marine derived products (pteroenone, β-D-Asp-Gly, didemniselinolipid B, cortistatin A, sanc-
tolide A and gizzerosine), POPs (dieldrin, endosulfan, HCB), plant hormones (abscisic acid and jasmonic acid), insect phero-
mones (endo-brevicomin etc.), especially using a variety of biotransformation are described.
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Introduction

Since it was found that natural products (generally, low mo-
lecular weight organic compounds and secondary metabolites 
that exist in nature) govern the growth of living organisms and 
communication between individuals, humans have used natural 
products or compounds that mimic natural products as pesti-
cides. Utilization of pesticides has further developed through 
diversification and increased production of crops. While “planar 
drugs” centering on heterocyclic aromatic compounds are domi-
nant, drug design based on in silico analysis of target receptors 
is also in progress. While various heterocycles have been tried 
as effective central structures and structural modifications have 
been made to respond to the development of resistance, “natural 
products” that possess a steric skeleton have returned as prime 
targets. Novel scaffold compounds potentially possess many bio-
logical activities (including known and unknown mechanisms) 
and achievement of total synthesis in itself contributes to the 
birth of new drug leads and the development of new synthetic 
methods. Therefore, we have determined the structures of vari-

ous bioactive natural products (antibiotics, phytopathogenic 
toxins, marine natural products, plant components, insect pher-
omones etc.), elucidated their biosynthetic pathways and struc-
ture–activity relationships, and developed synthetic pathways 
for their production.

1.  Organic Compounds Derived  
from Microorganisms

1.1.  Antibiotics
Enacyloxins (ENXs) produced by acetobacter Frateuria sp. 
W-315 are expected to be next-generation drug leads because of 
their characteristic structure and selective antibacterial activity 
based on inhibition of protein elongation factor EF-Tu.1,2) The 
complete structure of enacyloxin IVa was solved from partial 
synthesis of natural enacyloxin degradation products and spec-
troscopic analyses including NMR with J-resolved HMBC (Fig. 
1).3–6) A new organocopper mediated coupling reaction with 
acid chloride was found during the synthetic studies.7–9) Polyn-
actin produced by Streptomyces actinomycetes comprises a series 
of unique tetrameric macrolides in which monomeric enantio-
mers are alternately ester-bonded.10) Streptomyces polynactin 
was once used as an acaricide, but later it has been commonly 
applied as a immunosuppressant and an antibiotic for multidrug 
resistant bacteria.11,12) From the result of structure–activity rela-
tionship studies, analogs having bulky i-Pr group (macrotetro-
lide α) and CF3 group (macrotetrolide β) in the side chain were 
designed and synthesized (Fig. 1).13–15) The key reactions were a 
selective iodoetherification to form the cis-tetrahydrofuran ring 
and a Mukaiyama–Corey–Gehlach macrolactonization. A de-
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signed isopropyl-type biosynthetic mimic of nonactin was trans-
formed to macrotetrolide α by polynactin producing Streptomy-
ces griseus.16)

In a similar manner, the L-acid and S-acid fragments of 
pamamycin congeners, aerial hyphal differentiation inducers of 
Streptomyces alboniger, were synthesized.17–20)

The proposed structures of spirofungin A and B produced by 
Streptomyces spp., were revised after synthesis of spiroacetal core 
fragments as C-15 epimers,21,22) and the formal total synthesis 
was also achieved (Fig. 2).23) A series of related glutarimide anti-
biotics including actiketal,24,25) streptimidone,26) and antimycins27) 
were also synthesized. 9-Methylstreptimidone was later found to 
induce selective apoptosis in adult T-cell leukemia cells.28)

1.2.  Phytotoxins
Pyricularia oryzae, a persistent phytopathogen of rice, produces 
salicylaldehyde-type toxins that induce brown lesions on rice 
leaves.29) Several derivatives including plausible biosynthetic in-
termediates were synthesized in either racemic and/or optically 
active forms via coupling reactions (Fig. 3).30–35) Through syn-
thetic studies, it was clarified that the blast fungus produces op-
tically active toxins such as pyriculol and pyricuol under shak-
ing culture conditions, while pyriculariol and dihydropyricular-
iol resulting from aeration and agitation culture are racemic.36)

Pseudomonas syringae pv. tabaci, the causative fungus of to-
bacco wildfire disease, produces tabtoxin which is converted 
into tabtoxinine-β-lactam by a plant peptidase, leading to inhi-
bition of glutamine synthetase and the non-selective death of 

plants (Fig. 4).37) Tabtoxin derivatives are expected to be effec-
tive herbicides for crops which contain a resistance-conferring 
transgene, and total synthesis was therefore performed for prac-
tical use.38,39)

Total synthesis of phytopathogenic compounds of an ere-
mophilane-type such as gigantenone (phytohormone mimic 
isolated from Drechslera gigantea), phomenone (Phoma exigua) 
and phaseolinone (Macrophomina phaseolina) was achieved by 
using baker’s yeast asymmetric reduction as the key step.40)

2.  Marine Natural Products

2.1.  Antifeedants
Many characteristic compounds have been discovered in marine 
animals. Pteroenone is a repellent substance from Clione antarc-
tica found in the Southern Ocean, and it is extremely interesting 
example as an adapted defense response of the amphipod Hype-
riella dilatata.41) This defensive polyketide is simple but easy to 
decompose, and the four stereoisomers were synthesized using 

Fig.  2.  Antibiotics: spirofungin, glutarimides, and antimycin.

Fig.  1.  Antibiotics: enacyloxins, polynactin, and pamamycins.
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Evans’ aldol reaction as a key step (Fig. 5).42,43) β-D-Asp-Gly 
found from Aplysia kurodai also showed repellent activity to 
saltwater fish, but was ineffective against freshwater fish.44)

2.2.  Antitumor compounds
We performed total synthesis of a new skeleton, serine glycerol 
didemniserinolipid B, which is produced by ascidian from In-
donesia (Fig. 6).45) Here, the absolute configuration was deter-
mined, the proposed structure was corrected, and a sulfate ester 
was clarified, for didemniserinolipid B.46) In addition, several 
analogs of cortistatin A and sanctolide A were synthesized.47)

2.3.  Gizzerosine
Gizzerosine is a byproduct of fish feed processing that causes the 

Fig.  3.  Salicylaldehyde-type phytotoxins from Pyricularia oryzae.

Fig.  4.  Tabtoxinine-β-lactam, and eremophilane-type phytotoxins.

Fig.  5.  Marine antifeedants.

Fig.  6.  Antitumor compounds and analogs from marine source.

Fig.  7.  Synthesis of gizzerosine.
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formation of muscle gastric erosions and gastric ulcers in chick-
ens (Fig. 7).48) Therefore a gizzerosine standard is necessary for 
better fish feed quality control. The total synthesis of this basic 
amino acid was performed from L-serine and histamine using a 
continuous two-step metal coupling reaction.49,50)

3.  Degradation Pathway of Dieldrin

In recent years, bioremediation has attracted attention as a 
measure against POPs (persistent organic pollutants) that are 
distributed in agricultural soil at low concentrations. Although 
the insecticide dieldrin was once widely used, its persistence in 
agricultural soil or crops is a serious problem due to its high 
stability. In Japan, cucumber and other Cucurbitaceae vegetables 
have a concentration (0.02 ppm) that exceeds the standard value, 
and soil has a maximum concentration of 2.6 ppm. Based on the 
synthesis of various putative dieldrin intermediates in a joint re-
search with the National Institute for Agro-Environmental Sci-
ences and Kyushu University, a metabolic pathway for dieldrin 
was proposed as Fig. 8.
1. The filamentous fungus, Mucor racemosus DDF, hydrolyzes 

dieldrin to aldrin-trans-diol, followed by phosphorylation. 
Synthetic studies have determined that there are two common 
stereoisomers of the phosphate ester. This phosphate conjuga-

tion phenomenon has only been reported in a few cases from 
insects, and is the first case with a microbial metabolite.51,52)

2. The aerobic bacterium Pseudonocardia sp. strain KSF27, 
which was discovered by selective culturing in the presence 
of charcoal, oxidizes aldrin-trans-diol to aldrin-diacid, and 
further converts the diacid to a hydroxy acid by oxidative de-
carboxylation.53)

3. The white-rot fungus Phlebia sp. (a type of mushroom) oxi-
dizes dieldrin to 9-syn-hydroxydieldrin.54)

Degradation pathways of other POPs such as endosulfan and 
hexachlorobenzene (HCB) were also studied.55–57)

Fig.  8.  Proposed degradation pathway of dieldrin, and structures of endosurfan and HCB.

Fig.  9.  Abscisic acid and related compounds. Fig.  10.  Jasmonic acid and related compounds.
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4.  Plant Hormones

4.1.  Abscisic acid
Abscisic acid (ABA) is a plant hormone that induces dor-
mancy, growth suppression, and stomatal closure.58) Epoxy-
β-ionylideneacetic acid (epoxy-β-IAA) was developed as an ABA 
analog that can be converted into active ABA in plants. The key 
synthetic intermedial alcohols for ABA and epoxy-β-IAA were 
prepared by the use of enzyme-catalyzed transesterification or hy-
drolysis (Fig. 9).59) Synthetic studies were carried out with the key 
to the enzyme-catalyzed reaction of these compounds and deriva-
tives.60) Several analogs were also synthesized.61)

4.2.  Jasmonic acid
Jasmonic acid is a plant hormone that induces ripening and 
aging of fruits and breaks dormancy.62) Practical preparation of 
both enantiomers of methyl jasmonate (MJA) has been devel-
oped using lipase-catalyzed hydrolysis/transesterification (Fig. 
10).63) (±)-Methyl tuberonate, a potato tuber-forming sub-
stance, was firstly synthesized via an intermediate (±)-A (Fig. 
10).64) Its enzymatic optical resolution leading to (+)-A, a com-
mon intermediate for MJA derivatives, succeeded.65) Several nat-
ural MJA and their analogs were also prepared.66–75)

5.  Insect Pheromones

Pheromones have been found in a variety of species throughout 
lower organisms such as bacteria and brown algae to mammals 
such as mice and elephants, among which these natural products 
have been extensively studied in insects.76) Insect pheromones 
have been put into practical use as pesticides by taking advan-
tage of their high species specificity, high attracting activity and 

high volatility. Several insect pheromones were synthesized to 
determine the absolute configuration using enzyme-catalyzed 
asymmetric reactions as shown in Fig. 11.77–81)

Concluding Remarks

The central dogma dictates that the origin of life is one and that 
all living organisms share a common biochemical language. Sec-
ondary metabolites consisting of limited elements such as C, H, 
O, N and S are common in multiple organisms. For example, 
jasmonic acid-related compounds were first discovered as jas-
mine aromas, but later were recognized as insect pheromones, 
phytopathogenic toxins, and now as plant hormones. Further-
more, the fact that secondary metabolites often play roles in 
multiple pathways suggests that a single novel pesticide lead may 
have potential to uncover multiple mechanisms of action. There-
fore, we will continue to pursue synthetic research aimed at dis-
covering new pesticide seeds, and targeting key substances that 
determine various life phenomena.
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