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The Agrochemical Industry

A. M. Malte* and A.T. Lilani*

INTRODUCTION

Scope of the Chapter

This chapter deals with the chemicals used in
agriculture mainly to protect, preserve, and
improve crop yields. The term “agrochemical”
is used broadly. Much agrochemical research
and some advanced development is directed
toward the introduction of genes that may pro-
vide disease, insect, or viral resistance into
plants or other organisms. Further progress is
being made in improving the protein, fat, or
carbohydrate composition of the plant itself.
Microorganisms are being propagated and
currently marketed that are insecticidal
(e.g., Bacillus thuringiensis) fungi that are herbi-
cidal, bacteria that are fungicidal, nematodes that
are widely biocidal, and so on, are all products
or candidate products for use in agriculture.
Arbitrarily excluded from discussion in this
chapter are those substances that serve as fun-
damental nutrients, which are treated in
Chapters 24 and 22 on fertilizers and nitrogen

*Gharda Chemicals, Ltd., Dist. Thane, Maharashtra,
India.

technology, respectively. Nevertheless, it is the
current practice of the farmer, particularly in
advanced agriculture, to integrate nutritional
and plant-protection application schedules,
and even provide single formulations that
include both fertilizers and pesticides. Further,
plant nutrition at this stage of scientific
sophistication is far more complex than the
older classical “N-P-K” applications alone.
Many chemicals that accelerate plant growth
act as hormonal agents, modifying plant meta-
bolic processes at some stage of development.
Because these substances are manufactured and
marketed by the agrochemical industry, they
are included as subject matter here. Also
included in this chapter are chemicals that are
significant to public health. Many organisms
are vectors in the dissemination of human and
animal disease. Because products of the pesti-
cide industry control the insect, the rodent, the
mollusk, and so forth (the vectors), they often
are the most effective and sometimes the only
practical means for controlling some of the
most serious health problems of humankind,
especially, but not exclusively, in the underde-
veloped countries. An historical analog would be
the use of rodenticides in the control of plague.
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History

It is probable that farmers’ treatment of crops
with foreign substances dates back into pre-
history. The Bible abounds with references to
insect depredations, plant diseases, and some
basic agricultural principles such as periodic
withholding of land in the fallow state. Homer
speaks of “pest-averting sulfur” More
recently, in the nineteenth century, there was a
great increase in the application of foreign
chemicals to agriculture. Discovered or, more
precisely, rediscovered was the usefulness of
sulfur, lime sulfur (calcium polysulfides), and
Bordeaux mixture (basic copper sulfates).
With the exception of the organic compound
formaldehyde, inorganic chemicals provided
farmers with their major weapons.

The earliest of the organic compounds
generally were chemicals derived from
natural products or crude mixtures of chemi-
cals in states of very elementary refinement.
Extracts of ground-up plant tissue were useful
in the control of insects. Such extracts were
employed in agriculture quite often before the
chemist had elucidated the structure or
synthesized the molecule responsible for
biological activity. These extracts included the
pyrethroids, rotenoids, and nicotinoids, which
continue to be derived in large part from plant
extracts. Crude petroleum fractions were rec-
ognized for their effectiveness in the control
of mites, scale, and various fungi, as well as
for their phytopathological properties.

Although a few synthetic organics were
already known, the great revolution in the use
of organic chemicals in agriculture roughly
coincides with the period of the onset of World
War II. The more important of these discover-
ies were DDT (invented by Othmar Zeidler in
late 1800s, insecticidal properties discovered
by Mueller in 1939), 2.4-D (Jones patent—
1945), benzenehexachloride (ICI and French
development—ca. 1940), and the organic
phosphate esters (Schrader—begun in the late
1930s, revealed in the 1940s).

These new chemicals were so enormously
more potent than their predecessors in
their biological activity (frequently by
orders of magnitude) that they very rapidly

displaced almost all of the chemicals previ-
ously employed. The classical chemicals of
today, some discovered in the 1950s and 1960s,
are predominantly extensions of this almost
revolutionary transition from inorganics to
synthetic organics that dates from the period of
World War II (Table 17.1). It is fair to say that
within the United States the agrochemical
industry since the late 1950s has been domi-
nated by synthetic organic chemicals.

ROLE OF THE AGROCHEMICAL
INDUSTRY

The world’s population, which stands as
6 billion today and will continue to grow over
the years, needs food. This food needs to be
grown on the arable land available today, with-
out further destruction of forest resources,
wetlands, or mangroves. Thus, improving farm
productivity by reducing losses experienced
during crop cycles and post harvest is a major
challenge. Agrochemicals, which are selective
toxicants, provide an important tool. Available
agrochemicals need to be deployed judiciously
and newer ones must be developed to
minimize impacts on water supplies and food
quality. Presently, it is believed that more than
a third of global farm output is lost due to
ineffective pest control.

The agrochemical industry has the respon-
sibility of using the power of science and
technology for providing the world population
with not only sufficient food but with food of
increased nutritional value. On another, less
obvious front, it needs to be noted that some
75 percent of the global population use
medicinal plants for primary health care, and
these plants also require crop protection. In
yet another related area, public health, vector
control is more dependable than are curative
drugs in combating diseases such as malaria,
yellow and dengue fevers.

The agrochemical industry is large,
complex, and involves many facets and many
players. Listing several of these, from
multinational manufacturer to individuals
who apply the product in the field, will help
in visualizing the breadth of the industry.
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The “players” include:

1. Large, multinational companies engaged
in discovery, manufacture, and distribu-
tion of agrochemicals, seeds, and other
products of biotechnology.

2. Large corporate entities engaged in the
manufacturer and distribution of off-
patent agrochemicals.

3. Companies engaged in the formulation
and distribution of agrochemicals pur-
chased from (1) or (2) above.

4. Retailers who make end-use products
available to growers.

5. Extension workers from governmental
or nongovernmental sources who provide
guidance on the proper use of agrochem-
icals in the field.

6. Professional consultants who perform
activities in (5) to individual growers.

7. Pest control operators who are profession-
ally trained to properly apply restricted
use of agrochemicals as well as other
agrochemicals deployed in disease vec-
tor control and termite control.

For the year 2000, it was estimated that the
global sales revenue of the agrochemical
industry amounted to US$30 billion. This
breaks down as follows.

Herbicides US$14 billion 73% for cereals, maize,
soybeans, fruits,

vegetables

Insecticides US$8 billion  71% for fruits, vegetables,
cotton, rice

Fungicides US$6 billion ~ 70% for cereals, fruits,
vegetables

Others US$1 billion

The revenues were distributed globally
approximately as follows: North America—
27.2 percent; Far East—26 percent; Europe—
25.5 percent; Latin America—14.8 percent;
and the rest of the world—6.5 percent.

CHARACTERISTICS OF THE
AGROCHEMICAL INDUSTRY

Among the distinguishing characteristics of
the agrochemical industry are: (1) the multi-
tude of chemical agents employed, (2) a
limited price range (which derives from the

THE AGROCHEMICAL INDUSTRY 739

limited chemical complexity, in turn driven by
by the economics of agricultural production),
(3) a fairly rapid obsolescence of the chemi-
cals used, and (4) a high degree of government
regulation for the production, application,
shipment, and use of agrochemicals.

Government Regulation

In the United States, the first state laws on
insecticides were enacted in 1900 to establish
standards of purity for the arsenical Paris
green (copper acetoarsenite) which is no
longer used in agriculture in the United States.
Gradually these laws were extended to cover a
wide list of inorganic compounds and plant
extracts, many of them, like Paris green,
extremely toxic to humans. Included in this
group are such compounds as arsenic com-
bined with copper, lead, and calcium; phos-
phorus pastes for ants and roaches; strychnine
in rodent baits; thallium in ant and rodent
baits; and selenium for plant-feeding mites.
Mercury, both as a corrosive sublimate and as
calomel, was used as an insect repellent and
later as a seed disinfectant. Sodium fluoride
was a common ant poison, and sodium
cyanide, calcium cyanide, and HCN itself
were general fumigants (Table 17.2). Nicotine
sulfate was used generally in the garden and
on the farm. These compounds, among the
most toxic of any known at that time, were
widely marketed without supervision under
any of the early state laws. There was no pro-
vision for public health, either in regulating
the amounts applied or regarding the possible
danger of minute amounts (residues) remain-
ing on the marketed produce. The need to pro-
tect the applicator, farmer, laborer, and the
general public against the dangerous qualities
of the insecticides, or their residues on crops,
provided the motives for all the legislation
that followed.

Governmental concern was first related to
standardization of the manufactured chemical
and protection of the farmer in relation to the
product that he or she purchased. This was
then extended to the handling of the chemical
in interstate commerce, to the protection of
the consumer of raw agricultural products
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TABLE 17.2 Fumigants

Chemical
(Chemical Class) Structure Biochemistry
Chloropicrin CLCNO, —
Dazomet s _s Nonselective
(Methyl (Y inhibition of
isothiocyanate NN enzymes by
precursor) CHy h CH, degradation
products

1,3-dichloropropene
(Chloroalkene)

Methyl Bromide CH,Br

Mode of Action Environmental Fate

Fumigant

Plants. Following application to
strawberries, noresidues of
dazomet or of its degradation
products methyl isothiocyanate,
dimethyl- or monomethylthiourea
were detected at >0.01 ppm
in the fruit

Soil. In the presence of
moisture, undergoes degradation
to methyl-(methylaminomethyl)
dithiocarbamic acid, which then
undergoes further degradation
to methyl isothiocyanate,
formaldehyde, hydrogen sulfide
and methylamine

A pre-planting soil
fumigant, acting by
decomposition to
methyl Eothocyanate

Soil fumigant
nematicide

Animals/Plants. Metabolism not
totally elucidated; inorganic
bromide ion is formed

Fumigant insecticide
and nematicide

(e.g., apples, corn, and lettuce), and, in other
legislation, to the protection of the consumer
of finished goods (e.g., canned juice, mar-
garine, cereal food, meat, and milk). Included
in this legislation were provisions that protect
the shipper of the chemical, the applicator of
the chemical, and all personnel proximal to the
application of the chemical. Legislation now
regulates chemicals applied to crops or foods
as protective agents—pesticides, emulsifiers,
solvents, packaging materials (wax, container
materials, plasticizers, antioxidants, etc.).
Toward the end of the 1960s, a new area of
concern arose: the effect of the manufacture
and application of pesticide chemicals on the
environment was recognized. Concern for the
environment was the subject matter of Rachel
Carson’s book, Silent Spring, which was pub-
lished in 1962. In 1970, this new focus led to
the establishment of the Environmental
Protection Agency (EPA; aka US-EPA), which
was given authority to regulate virtually all
aspects of agrochemical manufacture and use
in the United States. Since its inception, the
principal objectives of the EPA’s agrochemi-
cal activities have been to: (1) establish pro-
cedures that ensure that new pesticides will

not pose unreasonable risks to human health
and the environment, and (2) terminate the
use of those previously registered pesticides
that exceed certain risk criteria. Among the
requirements called for are studies on mam-
malian toxicology (including lifetime animal
feeding studies), environmental chemistry
(persistence, mobility, etc.), and effects on
fish and other wildlife. New product regis-
trations are granted only after EPA scientists
and administrators are satisfied that use of
the product does not pose unreasonable risk
to humans or hazard to the environment. All
aspects of the environment are considered.
Soil, air, and water (streams, lakes, oceans,
rivers, marshes, and underground aquifers)
are matters of environmental concern, as
are the living organisms that reside therein.
The protocols employed to ensure safety are
complex and not infrequently are at the
boundaries of scientific capability. The
registration of any new product is a highly
complicated and expensive procedure. As to
the second objective, much the same criteria
are used in judging whether or not to
allow continued use of previously registered
pesticides.



Although comprehensive regulatory legisla-
tion was developed first and most extensively
in the United States, all the technically devel-
oped nations of the World now regulate the
manufacture, sale, and use of agricultural
chemicals. The criteria used are not unlike
those which were developed over the past
several years in the United States. In Europe,
the European Economic Community (EEC) in
1991 adopted Directive 91/414/EEC which,
included the following goals.*

1. Coordinate the overall arrangements for
authorization of plant protection products
within the European Union. Whereas it is
intended to coordinate the process for
considering the safety of particular sub-
stances at the Community level, individ-
ual Member States have responsibility
for product authorization.

2. Establish a list of active substances
which have been shown to be without
unacceptable risk to humans or the
environment.

3. Maintain an up-to-date listing (Annex I
of the Directive) of active substances
which have been authorized.

4. Member States can authorize the sale
and use of plant protection products only
if they are listed in Annex 1.

Under provisions of directive 91/414/EEC,
all existing agrochemicals are being reviewed
and new ones approved using common data-
base criteria. The review process started in
1993 and is expected to be completed by
2008. Many agrochemicals will cease to
be used in the European Union because of
the failure of participating companies to sub-
mit full dossiers on them. Additionally,
water quality directive 98/83/EC demands
detectability for a given agrochemical in
water below 1 ppb.

The 29 country member Organization for
Economic Cooperation and Development
Working Group offers a common platform to
the national pesticide regulators for discussion

*http://www.pesticides.gov.uk/

Thttp://www.fao.org/ag/agp/agpp/pesticid/Code/
References.htm
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of activities on conventional, biological, and
microbial pesticides.

On a broader scale, several years ago the
Food and Agriculture Organization of the
United Nations adopted the International
Code of Conduct on the Distribution and Use
of Pesticides.” A few of the many provisions
of that Code are listed below to give a general
idea of its thrust.

1. Governments have the overall responsi-
bility and should take the specific powers
to regulate the distribution and use of
pesticides in their countries.

2. The pesticide industry should adhere to
the provisions of this Code as a standard
for the manufacture, distribution, and
advertising of pesticides, particularly in
countries lacking appropriate legislation
and advisory services.

3. Manufacturers and traders should supply
only pesticides of adequate quality,
packaged, and labeled as appropriate for
each specific market.

Manufacture of Agrochemicals

The manufacturing route to an agrochemical
can have multiple options. The route chosen
may depend on commercial availability of
desired reagents, engineering capabilities,
byproduct formation, separation techniques,
and so on. This is on par with the manufacture
of drugs, dyestuffs, or speciality chemicals.
One feature unique to agrochemicals is a
detailed and precise label preapproved by a
regulatory body on the product safety, usage
instructions, compatibility statements, and
other statements as deemed necessary for the
needs of medical professionals and general
public information.

Classes of Agrochemicals

Agrochemicals that control insects by growth
regulation, or by mortality through contact
or stomach action are called insecticides
(Table 17.3a,b). Those that control competing
weeds (grasses, broad leaved plants, or
sedges) through preplant incorporation, pre-
emergence, early post- or post-emergence
application with respect to the main crop are
called herbicides (Table 17.4a—d). These
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interfere with chlorophyll formation and/or
activity, and various other metabolic
processes in the weeds at much higher effi-
ciency than the main crop. Agrochemicals
that control fungal diseases are called fungi-
cides (Table 17.5a,b), and those with plant
hormonelike action are called plant growth
regulators (Table 17.6). Agencies such as
WHO (World Health Organization) and the
US EPA separate agrochemicals into different
classes as per agreed upon toxicity levels, as a
useful guide to consumers. In many countries,
field usage of more toxic agrochemicals is
restricted to trained personnel only.

DELIVERY SYSTEMS OF
AGROCHEMICALS

Agrochemicals are generally formulated with
surface-active agents in dry forms (WP, WDG)
or wet forms (EC, SC) for efficient delivery at
the site of action. This might include sticking
to the foliage, translaminar action in the leaves
or through uptake by the root system. An effi-
cient delivery system plays an important role in
optimizing dosages per hectare of a given agro-
chemical in order to achieve maximum effi-
ciency of pest control while reducing risk to
personnel and livestock. Selective uses of
appropriate sprayers, nozzles are other aids for
the same purpose. Good farm practices during
spray application and clean-up controls waste-
ful nontarget dissipation.

Obsolescence of Agrochemicals

Resistance to agrochemicals occurs through
the natural selection. Fungi with short life
cycles exhibit the most pronounced resistance
development. Insects are in an intermediate
category with respect to life cycle, while weeds
(plants) take much longer. Resistance
management is brought through rotational
or combination uses of agrochemicals with
differing modes of action. Sublethal dosages
are strictly to be avoided, as are extreme
over-applications. These measures improve
the functional lifetime of a product. These
practices are very pertinent since major break-
throughs with a new class of agrochemicals

usually occur only once in 25 years or so.
Availability of safer, more efficacious, cost
effective agrochemicals tends to render pre-
vailing agrochemicals obsolete.

Even with all of the advances to date, it
would be wrong to state that all issues of plant
protection are adequately addressed. There
are still issues defying solutions, and these
will continue to attract R&D efforts. As
higher and higher farm productivities are
achieved, coupled with more judicious distri-
bution of food, the growing global population
should enjoy higher levels of nutrition.
Agrochemicals will continue to play an
important role in health care, protection of
farm produce, production of medicinal plants
of value, and offer recyclable feedstock to
produce chemicals currently derived solely
from diminishing petroleum feed stocks.
Hence, the value of the agrochemical industry
should be judged more on its multiple impacts
on the improved human condition rather than
its modest size.

PRODUCTS OF THE AGROCHEMICAL
INDUSTRY

Many of the chemical structures of agro-
chemicals demonstrating similar target-
{enzyme) specific biological activity can be
rationalized under the term BIOISOS-

TERISM. Bioisosterism is a phenomenon

where molecules possessing related structure
have similar or antagonistic properties.
Bioisosterism is the biological analogue of
isosterism, which is the close physical simi-
larity of molecules or ions having the same
number of atoms and valence electrons, such
as CO and N,. This similarity is thought to
explain certain analogies among the physical
constants of molecules.

No two substituents are exactly alike. Any
substitution impacts size, shape, electronic
distribution, lipophilicity, pKa, chemical reac-
tivity, susceptibility to metabolism, and the
like. The bioisosteric approach is the total
change induced by substituent replacement on
the potency, selectivity, duration of action,
bioavailability and toxicity, of an agrochemi-
cal. The following groups are examples of
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bioisosterism:
(A) -CO,H, -SO,NHR, ~SO,H, -PO(OH),, ~PO(OH)NH,, -CONHCN
(B) -, ClI, -Br, —CF;, —CN, —SCN, -N(CN),, -C(CN),

i Nj\_NOZ )I‘\I(C—N )NK—C—NOZ
-N N- -N N- -N N~ -N N-
H H H H o, H H H H
(0]
|
C — CF,
h S
-N N—
H H
(C) ~OH, -NHCOR, -NHSO,R, -CH,0OH, -NHCONH,,, -NHCN, -CH(CN),
{O)n COR
(O)n I | NC CN
7\, 7N\, 7N, 7\, 7N\,
N
(E) —(CH=CH)WA©T @ || || , and so on
N/ S
(F) —g=H  —c=N
@]
| |
(G) —c— —Si—

| | STRUCTURAL BASIS OF

. . . AGROCHEMICALS
The concept of bioisosterism has been used

to theoretically evaluate structural variation Qrganophosphorous Agrochemicals
within the lead structures of synthetic or nat-

ural origin prior to and during the preparation Insecticides (Tables 17.3a,b). Organophorous
of molecules of specified efficacy, safety, sta- insecticides bind to Acetylcholinesterase (AchE),

bility, and so on. that is,
] i
Y-P-R +———> Y-P-R "~ ECHOH ——»
nors | i T lwy
(A ChE) A
R'
1 X
ECHO-P-R E— Ho-r-R + ECHDOH
R R
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where R and R’ are lower alkyl alkoxy, Others are: fosamine (herbicide used on
alkylthio, or substituted amino groups; X is noncrop areas, in meadows and pastures),
oxygen or sulfur; and Y is a good leaving piperofos (used in rice), and anilofos (used on
group, for example aryloxy groups substi- —rice).

tuted with electron with drawing substituents.

) 00
o] N\ Cg
2 |N N )
~ P Ph — N _
o NGO
No, O, ol -
Organochlorine
cI::
Y can also be a mixed (C, N, S) heterocycle as Cl—Cc—Cl
in the case of the nematicide Fostiazate. |
OO
R3
R, =R, =Cl, R,=H-DDT
R, =R, =Cl, R, = OH-Dicofol.
o
)K 0 H Organochlorine—Cyclodiene
Il | c
Nematicide a
N—p—sg—cCc—C )
S , "’ S ‘,3 HCHs  (Fosthiazate) o o
OCH,CH, CH, Heptachlor
cl
c
c ¢
c cl
Herbicides (not numerous) (Tables 30.4a—d).
Organophosphorous herbicides are derived from o
amino acids, for example, c \ Endosulfan
cl
SO
o
HN-CH,COH (OH),P-H,C-NH-CH,-CO,H Glyphosphate
Glycine derivative N-(phosphonomethyl) glycine
I I
+ .
H,CH,C—G—CO,H CH3|PCH20H2f:HcozH NH, Gluphosinate
NH, o- NH,

Homoalanine derivate Ammonium 4{Hydroxy(methyl)phosphonoyljhomoalalinate




776 KENTANDRIEGEL'S HANDBOOK OF INDUSTRIAL CHEMISTRY AND BIOTECHNOLOGY

Carbamates Ureas
o o
I A .
R,~O-C-NH-CH, 1 N
R2
@e carvr o
R, =CH(CHy, R,=H Ry= N Isoproturon
i N
R = CH,  Carbofuran CH,
1]
o R,=R,=Ci RS:r‘(c"‘z)sCHa Neburon
CH,
Isoprocarb
R,= /CHS
CH(CHy), R=R,=Cl, Ry=N Diuron
CH,
Pyrethroids
R, H O
| I
= c—O0-—R
_e=c o, s
R2
CH,
(a) o}
Ry=R,=CH, ~ R,= CH—N Tetramethrin
0
(b) CH,
R,=R,=CH, Rs= CH;CH=CH,  Bioallethrin
0
()
R,=R,=Cl, Ry = _cp,
Permethrin
0
(@) OH

i
R1=R2=CI , R3 = —‘C
Cypermethrin
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(8) cl’“
R=R,=Br, Ry=—¢C

I
CN o Deltamethrin

M T“
R‘ =Cl , R:’ CFS . Rag —
l Lemdecyheicthrin
CN [o)
(@ CH,
Bifenthrin
R,=Cl, R,=CF, R,= CH,

777

Nonester pyrethroids/*“Si” in lieu of “C”

[e)
CH,
|
H,C,0 X —CH, =Y~ CH,— Z

CH,

X=C, Y=0, Z=H Ethofenprox

X=8i, Y=CH, Z=F Silafluofen

Triazenes

Y
Na. IN
Y
R3
R,=Cl, Ry=NHCHCH, R =NHCHCH, Smazine
R,=Cl, R,=NHCH,CH,, R, = NHCH(CH,), atrasine
Ry=Cl.  R,=NHCHCH,, R;= NH-T(CHs)z Cyanazine

CN




778 KENTAND RIEGEL'S HANDBOOK OF INDUSTRIAL CHEMISTRY AND BIOTECHNOLOGY

Azoles
RS
|
R—CH— R
I
N
N

R,= NHCH(CH,CH,),  R,=CH,

R, =N(CH,CH,CHy), .  R,=CF,.

Chloracetanilides

Sulfonyl Ureas

o]

T
A ——
"IN

(o]

H H
Aryt

R,= (CH,),CH, R,=OH

R,+R,= -<

Hexaconazole

o]
Propiconazole

)
CH,

R,= - C(CH,), R,=OH lebuconazole

=CH, Pendimethalin

R,=H Trifluralin

N — Heterocycle

Heterocycle
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o
I OCH,
C—OCH, Rice Herbicide
</ \ Bensulfuron
CH:% OCH,
0
4 OCH,
C\ Rice Herbicide
! / \ OC H, </ \ Pyrazosulfuron
\N _
I OCH,
CH,
N=—N
/OCH3 Rice Herbicide
\ N Azimsulfuron
o e ()
N N—
N ) N
T OCH,
CH,
CH,
2L N
) SOCHCH, /4 \N Wheat Herbicide
>~ _N Sulfosulfuron
—=(
CH,
CO,CH,
CH,
N Wheat Herbicide
</ \N Metsulfuron
=(
CH,
N H,
7 N\ N
) /7 \ Com Herbicide
—_— N Nicosulfiiron
CON(CH,), N <
CH,
N
H
S yad
. /4 \N Com Herbicide
Rimsulfuron

SO,CH,CH,

779
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Aryloxyphenoxypropionic Acids
(Cereal Herbicides)

Clodino/cyhalo/diclo/fenoxa/fluazi/
haloxypropaquiza-fops

0
\

N _
X C—0—R,
{5 {0)~
R,

|
C—H
I

CH,

I. X=H, R=H, R, =H, R, = Methyl-

Diclofop

2. X=H, R =F R,=CN, R,=n-
Butyl-Cyhalofop

3. X=N,R,=CLR, =ER;=CH-C=
CH-Clodinofop

4. X=N, R, =H, R,=CF,, R, =n-

Butyl = —Fluazifop 4.5

Diarylether Carboxylic Acids (Cereal
Herbicides)

’o CH,
ct
0~ C——CO,CH,CH, HC-252
F,.C 0 — Ci
H
CH,
co, — C— CO,CH,CH, Fluoroglycofen
NO,

Ci
R
. R, “ Y, R,
R, R,

C——NH —C—N
Il H
o (o]
R1=R2=F' R3=C' R4=
c
R, =R, =F R, = R, =
s 70 CF,
Ry = R, =F R, = OCF,CHF, R, =H,
C(CH,)n-CH
H,C(CH,)n-CH, (CH),-R, R, = CHy
H H

R, = OCOCH,

Benzoyl Ureas (Insect Growth Regulators)
(Table 17.7)

R3
R, =R, =H Diflubenzuron
. Ry = R =y Flufenoxuron
R, =R, = Ci Hexaflumuron
Pheromones
- Mating hormone of
n=11
housefly
Sex pheromone of
n=1 orientat fruitmoth
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Strobilurins (Fungicide)

Strobilurin A

(naturally occuring
fungicide, unstabie in vivo
due to photoinstability)

Neonicotinoids (Sucking pest
control insecticides)

CH,
R——N NH R—-——L CH,
H=C~ NG, N\

LC,, (Against Rice Plant hopper)

R = (a) 4-chlobenzyl—40 ppm
(b) 3-pyridinobenzyl—08 ppm—improved
spectrum of activity
(c) 6-chloropyridino-3-benzyl—0.32 ppm
(D—Imidacloprid
(d) 6-chloropyridino-3-benzyl-(11)—
Acetamiprid
a..... d having isosteric relationships. Distance
between “N” in pyridine to acidic proton in
(I) crucial to activity.

ROLE OF CHIRALITY

Whenever a chemical structure has one or
more asymmetric centers or double bonds,
either diastereoisomerism or geometric iso-
merism is possible. Usually only one of the
specific stereoisomers is responsible for all or
most of the biological activity. An example is

THE AGROCHEMICAL INDUSTRY 783

CHy
NN
—_— —
. OCH, ¢
HyCO,C H,CO— N
3 o] '
_OCH,
HyCO,C

Photostable

-

—

(o]

OCH,

Kresoxim methyl

X~ OCHs

H,CO,C
Azoxystrobin

cypermethrin,

B9 Ca020

Cypermethrin

which possesses three asymmetric centers and
hence eight possible isomers. Of eight possible
isomers, the 1R-cis-S isomer is the most bio-
logically active isomer, and the bromo analogue
1s deltamethrin, commercialized in 1984. In the
search for low-dose agrochemicals, chiral syn-
thesis plays an important role. For example, one
methodology, as used for deltamethrin, is the
separation of cis and trans acids, resolution of
the cis acid using a chiral amine to prepare the
1R-cis-acid. Condensation of the 1R-cis-acid
chloride with in situ generated cyanohydrin,
derived from metaphenoxybenzaldehyde, offers
a mixture of “IR cis « §” and “IR cis < R”
deltamethrin. The crystallization of the mixture
under conditions of epimerization allows isola-
tion of high purity IR cis < S deltamethrin.
Today, stereoisomer separations are also rela-
tively facile using chiral phases in preparing
HPLC.

Table 17.8
agrochemicals.

lists examples of chiral
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Basis of Chemistry Used in
Synthesis of Agrochemicals

Agrochemicals belong to a variety of chemical
classes. Each chemical class demands certain
key building blocks. Some examples are:
cyanuric chloride (triazines), iminodiacetic
acid (glyphospate), 2,6-disubstituted anilines
(chloracetanilides), dialkoxythiophosphoryl
chlorides (organophosphorous group), metaphe-
noxybenzaldehyde/alcohol (pyrethroid),
isocyanates—alkyl/aryl (carbamates / ureas),
sulfonyliso-cyanates (sulphonyl ureas), dialkyl/
dihalovinyl-dimethyl-cyclopropane carboxylic
acid chloride (pyrethyroids), dihalophe-

nols (phenoxyherbicides), chlorocresols
(dichlorophen,  etc.), ethylenediamine
(dithiocarbamates).

During the synthesis of specific building
blocks (key intermediates, penultimate inter-
mediates, or target-active ingredients) a whole
range of chemical reactions are deployed.
Examples obviously include aromatic elec-
trophilic and nucleophilic substitution, Diels
Alder cycloadditions, telemerizations, “N,” or
“0” alkylations, and so on. New and safer
reagents are often employed, for example
diphosgene/triphosgene/diarylcarbamates, in
lieu of phosphene in the manufacture of car-
bamates and sulfonyl ureas. Toxic reagents are

generated for immediate chemical reaction
(consumption) avoiding hazards of storage
through leakage. As an example, the standard
production of alkyl isocyanates for production
of carbonates—from alkalimetal cyanates and
alkyl halides or sulfates—can be replaced with
the in situ generation of arylisocyanates from
arylamines and urea to produce target aryl
alkyl ureas.

Case Study—Chemistry and
Manufacture of Metolachlor

A typical example of agrochemical
manufacture is provided by the maize herbi-
cide (Table 17.2b), metolachior.

The chemistry of metolochlor synthesis is
shown below, followed by a description of the
manufacturing process.

CH,CH,

XNH .
\ € —CHOCH, Metolachlor (Maize

HB
CH,
Mol W1.283.8

Building blocks for synthesis of metolachlor
are:

NH, Mol.wt.135.21
A) 2-ethy-6-methy-aniline bp. 226.8°C
CH,
B) Chloroacetyl chloride CHCH,CCl Mol.Wt.
Il o
5 bp 105-6°C
C) Methoxyacetone
) xy CH,C-CHOCH, Mol . Wt.
Il bp 118°C

o]
Synthesis

HO
A+B s N=C-CH,-OcH, @t/ _
H+ [
cH,

D)

T H
N-C

3

CH,
I

5]



E CICH,-CC

The nature of the catalyst employed during
the hydrogenation of (D) offers (E) as a race-
mate of 1S and IR isomers, or enriched in 1S
isomer which leads into racemic (R/S) meto-
lachlor or S-metolachlor. A chiral catalyst
allows the 1S isomer enrichment to be
favored.

The raw materials used in the commercial
synthesis of metolachlor include 2-ethyl 6-
methyl-aniline, which can be built up from

O

CH,

ortho-toluidine and ethylene (ex ethanol if
required) at high temperature and pressure
over metallic aluminum. Methyoxyacetone is

built up from
7

o]

propylene oxide and its reaction with sodium
methoxide in methanol, which favors opening
from the least hindered side and results in

I
H,CO-CH,-CII-CHS

OH
(F)

the methylether of 2,3-propanediol. Due
operational care is necessary in handling
propylene oxide as it is extremely flammable
and poisonous.

The methyl ether of 2,3-propanediol can be
oxidized to methoxyacetone in the vapor or
liquid phase using a suitable catalyst or oxi-
dant, respectively. To achieve production of
high purity metolachlor, which is a liquid
(mp. 62.1°), it is necessary to control the quality
of all input materials, monitor reaction progress,
terminate each reaction step effectively, and
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Metolachlor

use solvents that can be effectively eliminated
to very low levels without volatilization losses
of metolachlor (100°C/0.001 mmHg).

Reaction step I is conveniently carried out
in a stainless steel reactor using a hydrocar-
bon solvent to expel water of the reaction as
an azeotrope. Completion of the reaction can
be determined by measuring the water of
reaction or through disappearance of both the
2-ethyl-6-methyl aniline and methoxyacetone
by gas chromatography (GC) or high per-
formance liquid chromatography (HPLC).

In the reaction step II, the energetics of sat-
uration of an olefinic Schiff base linkage are
favorable and quantitative over most hydro-
genation catalysts. 1S isomer enrichment can
be achieved through use of a chiral catalyst
and the enrichment may be monitored
through chiral HPLC. A stainless steel reactor
is considered adequate for this operation.

Reaction step III is “N-acylation.” It is con-
veniently carried out in a refluxing chlori-
nated aliphatic hydrocarbon; the hydrogen
chloride gas which is evolved should be
scrubbed in aqueous caustic soda. Precautions
are necessary when handling the highly cor-
rosive chloroacetyl chloride. This step should
be carried out in a glass lined reactor.

Effluents from the reaction are the water of
reaction in step I, and hydrogen chloride gas
in step IIL

Usage of Agrochemicals

Agroclimatic conditions, soil type, irrigation,
as opposed to rain as the source of water, and
other factors all govern the nature of crop
cultivation and also the nature of pest attack.
Soil preparation, seed dressing, pre-sowing,
pre-plant incorporation, pre-emergence, early-
post-, or late post-emergence, right through
harvest are all various stages during which
agrochemicals find use. Protection of farm
produce or seeds from pest attack is dependant
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on the use of agrochemicals. Ectoparasite con-
trol of livestock and poultry is another area of
agrochemical usage. Disease vector control
from flies, mosquitoes, and cockroaches on
one hand and protection of dwellings from ter-
mites and other wood borers on the other are
both significant consumers of agrochemicals.
Different insecticides are used to control
insects during the different stages of insect life
cycle. The habitat of the insects, whether
dwelling above or below the soil surface, and
the different feeding habits of individual
groups of insects dictate the use of specific
insecticides. Use of herbicides depends upon
the weed spectrum as per crop and climatic
conditions. The competing growth stages of
the weeds, as compared to the crop, as well as
nature of weeds (e.g., grasses, broadleaf weeds,
or sedges) and the efficacy characteristics of
individual herbicides need to be synchronized
for effective control. Biannual versus annual,
or perennial weeds need be treated with differ-
ent specific herbicides.

The various fungicides have either specific
or broad spectrum efficacy. These can be
deployed for either prophylactic or curative
action. Beyond the farm crops and horticul-
ture, maintenance of turf and lawns free of
insects and weeds, and the preservation of
natural and agricultural forestry are signifi-
cant markets for insecticides and herbicides.

All agrochemicals must be used at well-
researched recommended dosages. Sublethal
dosages as well as single agrochemicals used
repeatedly leads to resistance development. It
is therefore important to use agrochemicals
with an independent mode of action in rota-
tion or in well-conceived mixtures to decrease
resistance development. Different formula-
tions of a given agrochemical are deployed
when the intention is for soil application for
absorption by root system or by foliar uptake.
Different sprayers with specific nozzles allow
better efficacy. Aerial spraying demands yet
different formulations.

Differential selective or broad spectrum
agents include nematacicides (Table 17.9),
acaracides, ovicides, molluscicides (Table 17.10),
algicides (Table 17.11), bactericides

(Table 17.12), and rodenticides (Table 17.13),
which control damage from nematodes,
mites, eggs, snails/slugs, algae, bacteria, and
rodents, respectively.

Insecticides control insects with differential
feeding habits, which have a reasonably pre-
dictable pattern per crop and agroclimatic
condition. Systemic insecticides (Table 17.3a)
find use to control insects that feed by suck-
ing plant juices. Insecticides with contact and
stomach action control insects feeding (Table
17.3b) on foliage, stems, and fruits. Insect
growth regulators (Table 17.7) find a comple-
mentary role to make insects more prone to
control. Plant growth regulators (Table 17.6)
direct nutrition to fruit formation by control-
ling vegetative growth. Herbicides (Tables
17.4a-d) are used for farm preparation, pre-
plant incorporation, pre-early post, and post-
emergence application to control competing
weeds. Fungicides (Tables 17.5a,b) are used
for seed dressing (control from soil fungi),
and for the prophylactic and curative protec-
tion from fungal attack. Economic threshold
levels, use of pheromone traps (Table 17.14)
to measure insect population and the like are
tools to use agrochemicals judiciously.
Agrochemicals, when used rotationally or in
mixtures of two with differential modes of
action (e.g., mixture of an insecticide with
insect growth regulator, mixture of herbicides
or fungicides with different modes of action)
help tackle the problem of resistance develop-
ment.

BIOTECHNOLOGY FOR
FARM PRODUCTIVITY

Biotechnology using recombinant DNA has
affected farm productivity in some areas and
may become more significant over time. A
full discussion of this interesting subject is
beyond the present scope of this chapter, but
mention of some aspects may be appropriate.

The determination of DNA sequences of
genes for resistance to pests and pathogens,
cloned from a number of crop species, sug-
gests the existence of certain domains in the
protein products. These are shared among
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plant species and are shared among genes,
which can provide resistance to viruses,
fungi, bacteria, nematodes, and insects. It
may be possible to design durable resistance
genes that have a broad spectrum of activity.
Modification of genes controlling key steps
in signal-transduction pathways and resulting
in the generation of defense responses may
influence the speed and type of plant
response. This may then lead to pest and dis-
ease resistance. Herbicide tolerance is
already widely used in the United States.
Genetic modification of secondary plant
metabolism through the synthesis of novel
toxins or increased levels of existing toxins
and through synthesis of molecules which
regulate pest or pathogens colonization,
development or morphogenesis may enhance
crop resistance to pests and pathogens.
Knowledge of plant signaling processes and
the role of secondary plant metabolites in
regulating insect behavior offer opportunities
to manipulate relevant biosynthetic path-
ways. This, in turn, may increase the ability
of plants to deter pest colonization, inhibit
pest development and reproduction, and
attract natural enemies of its pests through
semiochemical production.

Genes of microbial, animal or plant origin,
coding for toxins, inhibitors of pathogenicity
factors, such as the lecithins, or degradative
enzymes, such as chitinases and proteases,
may enhance resistance to pests or pathogens
when expressed in transgenic plants (e.g.,
genetically modified (GM) crops expressing
B. thuringiensis (Bt) toxins) (Table 17.15).
However, the effect of GM crops on predator
and parasites, as well as on pollinators, need
to be monitored. Also, development of resist-
ance to GM plants by target insects requires
careful monitoring. Genetically modified
predators and parasites for enhanced adapt-
ability or baculoviruses with modified genes
for toxin production for enhanced efficacy
of viruses as biological control agents are
currently being investigated. Virus resistant
squash and papaya are already available in
U.S. markets. Good levels of antibody
expression in plants have not yet been
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achieved due to technical problems.
Discovery of new essential processes of pests
and pathogens and their genetic make-
up/gene function could lead to novel
chemistries having such processes as target
systems. Combination of genomics and bio-
chemical screening procedures may lead to a
range of new chemical control methods for
agrochemical industry while increasing the
screening rates of the molecules. Genetic
processes are also used to understand
pesticide resistance within pest populations,
leading to high-resolution diagnostics
for resistant alleles, especially for pests
with multiple resistance mechanisms.
Molecular techniques, used in ecological
research to elucidate the structure of
populations and to estimate gene flow
between populations occupying discrete
habitat patches, help in the formation of
ecological modification strategies for
maintaining biodiversity as farmland pro-
moting sustainable pest management. The
risk assessment of the release of GM organ-
isms in the environment may be aided by
assessing the gene flow among populations in
agricultural systems.

Regulatory Scene Regarding
Products of Biotechnology

The health effects of eating genetically modi-
fied foodstuffs, especially the allergenicity, are
being investigated by the FAO/WHO Codex
Alimentarius Commission, and its relevant
subsidiary bodies have reflected the result of
these studies. An Intergovernmental Task
Force of Foods Derived from Biotechnology
is being established to develop standards,
guidelines, and recommendations as deemed
to be appropriate for foods developed through
biotechnology.

In the United States, the U.S. Department of
Agriculture (USDA), EPA, and FDA are
involved in the regulation of products of
biotechnology. State and federal statutes and
standards must be satisfied prior to registra-
tion. At present, no requirements are in place
for the varietal registration of new crops. The
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TABLE 17.15 Biological Agents

Biological Agents
Amblyseius spp.

(a number of predatory mite species)

Anagrus otomus

Aphelinus abdominatis
Aphidius colemani
Aphidoletes aphidimyza
Chrysoperla carnea
Cryptolaemus montrouzieri

Dacnusa sibirica
Diglyphus isaea
Encarsia formosa
Hippodamia convergens
Leptomastix dactylopii

Metaphycus holvodus
Orius spp.
Phytoseiulus persimillis
Trichogramma spp.
Bacillus sphaericus

Beauveria bassiama

Helicoverpa zea NPV

Heterorhabditis bacteriophora and H. megidis

Mamestra brassicae NPV
Metarhizium anisopliae

Spodoptera exigua NPV
Steinernema spp.

Ampelomyces quisqualis

Bacillus subtilis

Candida oleophila

FEiliocladium spp.

Streptomyces griseoviridis
Trichoderma spp.

Microlarinus lareynii
Urophora sirunasova
Bangastemus orientalis
Coleophora parthenica

Usage
Control of thrips

A wasp, parasite of leathoppers

A wasp, parasite of aphids used in protected crops

A wasp, parasite of aphids used in protected crops

Predatory midge, consumer of aphids in protected crops

Entomophagus lacewing larva

Beetle, consumer of mealybugs used in orchards, vines, and
protected crops

A wasp, parasite of leaf miners used in protected crops

A wasp, parasite of leaf miners

A wasp, parasite of glasshouse whitefly—most widely used

Ladybird—consumer of aphids and other pests

A wasp, parasite of mealybugs used in horticultural and fruit
crops

A wasp, parasite of soft scales used in orchards and in protected
crops

Predatory bug. A number of species are used for control of thrips

Spider mite consuming mite, used in protected crops

A number of species of wasp, parasitic of Lepidotera in
protected crops

Used against mosquito larvae

Entomopathogenic fungused under development for use on
control of a wide range of coleopteran, homopteran, and
heteropteran pests

Nuclear polyhedrosis virus used for control of heliothis and
Helicovenpa in cotton and tobacco

Insect parasitic nematodes used for control of Japanese beetles,
black vine weevils, etc.

NPV used for control of lepidoptera

Entomopathogenic fungus under development for control of
locusts

For control of beef armyworm in various crops

Parasitic nematode that searches for enters and kills target
pests

Hyperparasite of the Erysiphaceae genus, which causes
powdery mildew diseases

Seed treatment for control of Rizoctonia solani, Fusarium spp.,
Alternaria spp., Aspergillus spp., etc. in cotton, legumes of
other crops

Selective fungal antagonist for control of post harvest diease in
citrus and pome fruit

Used for the control of foliar pathogens in seedlings and as a
post-harvest treatment. G. vorens is used for the control of
soil diseases

Bacterium used for control of Fasaurium and other pathogens

Mitosporic fungi used for control of range of soil/foliar
pathogens

Attacks seedheads of puncture vine

Gallfly attacks seedhead of yellow star thistle

Weevil—attacks seedhead of yellow star thistle

Attacks stem of Russian thistle




following table gives a picture of the present
regulatory review process.
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the structural features of such secondary
metabolites will act as important leads in the

Regulatory
Review
New Trait/Organism Conducted by
Viral resistance in food crop USDA
EPA
FDA
Herbicide tolerance in food crop USDA
EPA
FDA
Herbicide tolerance in ornamental crop USDA
EPA
Modified oil content in food crop USDA
FDA
Modified flower color ornamental crop USDA
Modified soil bacteria EPA

Reviewed for

Safe to grow
Safe for the environment
Safe to eat

Safe to grow
New use of companion herbicide
Safe to eat

Safe to grow
New use of companion herbicide

Safe to grow
Safe to eat

Safe to grow

Safe for environment

Degrades pollutants

FUTURE DIRECTIONS

Allelopathy

Herbicides comprise 60-70 percent of total
usage of pesticides in developed countries.
Plants develop resistance to herbicides which
in turn demands altered management strate-
gies through improved herbicides and/or her-
bicide mixtures. This may involve different
modes of action, for short-term efficacy and
long-term control to be effective.
Allelopathy is the action of secondary
metabolites in plants, algae, bacteria or fungi,
which influences the growth and development
of other species. This may help in overcoming
such problems of resistance through develop-
ment of crop varieties having greater ability to
smother weeds, use of natural phytotoxins
from plants or microbes as herbicides, and
use of synthetic derivatives of natural prod-
ucts as herbicides. Another way allelopathy
may be used in agriculture is through
isolation, identification, and synthesis of the
active compounds from an allelopathic plant
or a microorganisms species. Knowledge of

development of future herbicides to tackle
resistance phenomena.

Biorational Approach to
Chemical Synthesis

Knowledge of pest biochemistry will open
multiple target sites to which agrochemicals of
appropriate structure could be directed. This is
to say that new modes of action will emerge
and may overcome some of the presently
unmet needs. These include such items as:

+ Need for insecticides with multiple modes
of action

* Need for higher selectivity herbicides to
control weeds that resemble the main
crop

 Fungicides and insecticides of high safety
to preserve agricultural produce

* Contro! agents for plant intake to mini-
mize damage from soil fungi, soil insects,
and nematodes

* Safer and more effective rodenticides and
bird repellants

* Antivirals and antibacterials
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