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Synthetic Plant Growth Regulators and Herbicides

N.N.Mel'nikov

The literature on the principal applications of various classes of inorganic and organic compounds as plant growth
regulators and as agents for the suppression of weeds is briefly reviewed. The most important classes of chemical
compounds employed for such purposes are quoted.

The bibliography includes 492 references.
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I. INTRODUCTION

The first studies on the synthesis of plant growth regu-
lators in the Soviet Union were carried out by Nametkin as
early as 1938.' He is justly regarded as a pioneer in this
field, which is important for the national economy. Sub-
sequent studies on these lines were continued in the labora-
tory organised by Nametkin at the Timiryazev Institute of
Plant Physiology of the USSR Academy of Sciences; the
results of this research led to the beginning of the manu-
facture in the USSR of preparations such as heteroauxin,
1-naphthylacetic acid, its potassium salt and methyl ether,
magnesium chlorate (a defoliant), the butyl ether of 2,4-D,
and certain others??,

Plant growth regulators and herbicides have now found
practical applications in the following principal fields*:

In the fight against weeds infesting a wide variety of
agricultural crops, in meadows, pastures, and in forests
and against undesirable plants on highways, in airports,
on industrial sites, in water reservoirs, etc.

In the removal of leaves prior to the harvest in order to
mechanise the harvesting of the crop or in the transplanting
of fruit and decorative plants and of the grapevine in order
to enhance their frost resistance and increase the yield
from the initial planting.

In the desiccation of plants to achieve partial drying and
mechanisation of the harvesting of potatoes, rice, soya
beans, and various other crops; desiccation by chemical
preparations in many cases replaces the partial drying of
feed crops prior to harvesting.

In the fight against the flattening of wheat, rice and
other crops under conditions of increased humidity.

To increase the harvest of soya beans, peas, leguminous
plants, and cotton seeds.

To increase the size of plums, pineapples, and other
fruit.

To stimulate plant growth by the treatment of seeds of
various crops prior to planting.®

To suppress the growth of young shoots to increase the
intensity of flowering and fruiting of apples, pears,
strawberries, and many other crops.

In the prevention of the shedding of apples and pears
prior to harvesting and for the improvement of their
commercial qualities and colour.

In the reduction of the strength of attachment of fruit
to the stem (tomatoes, citrus fruit, etc.) for the purpose
of mechanisation and in order to facilitate harvesting.

In the regulation of the metabolism of the cotton plant
in order to enhance and accelerate the growth of its crop.
To increase the content of latex in rubber producing
plants and to increase the content of sugar in sugar cane

and sugar beet.

To accelerate the ripening of peaches and cherries.

To increase the harvest and to obtain parthenocarpic
(seedless) tomatoes and other crops.

To retard the growth of tobacco shoots (chemical
sucker control).

In the prevention of the germination of potatoes, onions,
sugar beet, etc. on prolonged storage.

For the stimulation of the rooting of plants in their
vegetative propagation by cuttings.

For the termination of the state of rest of potato tubers
in or_lder to employ them as seeding material during har-
vest .

In the destruction of male plant pollen in the cultivation
of the hybrid seeds of various crops (mainly cereals).®

To accelerate the ripening of a number of crops.

To stimulate the opening of appleblossom and the blos-
som of certain other cultivated plants.

To retard the growth of lawns in order to reduce the
expense of cutting.

To increase the number of internodal sections and to
intensify the flowering and growth of decorative plants
(chrysanthemums, azaleas, peonies, lilies, etc.).

To increase the life of cut flowers.

To stimulate the rooting of trees after transplanting.

To protect plants from the harmful action of certain
herbicides.

Certain other practical applications of plant growth
regulators have been described, but the studies in this
field are at present in their early stages and their useful-
ness is not, as yet, entirely clear.
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The scale of the practical applications of synthetic plant
growth regulators and herbicides and the prospects for
their further utilisation can be assessed from the data in
Table 1,° which presents information on the sale of such
products in the world and in the USA, expressed in terms
of the 1974 prices.

Table 1. The sale of herbicides and plant growth regula-
tors in 1971-1980.

In the USA, million dollars Worldwide, million dollars
Preparation
1971 l 1974 1980 1971 1974 1980
Herbicides 640 1058 1523 131 2190 3422
Plant growth regulators 18 29 40 40 77 118
Defoliants and desiccants 8 18 23 12 19 3t
Total 666 l 1105 1586 1183 2286 3571

Evidently, chemical agents for the suppression of
weeds are employed on the largest scale, which is quite
understandable, since their application permits a sharp
increase of labour productivity in agriculture'®. It is
sufficient to point out that, solely as a result of the
expanded use of herbicides in the USA, labour productivity
in agriculture increased by almost 20% from 1970 to
1974.'° The scale of the employment of herbicides for
different crops can be inferred from the data in Table 2.°

Table 2. The consumption of herbicides in relation to

various crops (in terms of 1974 prices, million dollars).
In the USA Worldwide
Crop

1971 1974 1980 | 1em 1980
Maize 242 423 574 353 680 1061
Cotton 110 97 140 170 240 420
Wheat 40 47 " 100 200 281
S&}rghum 20 33 49 28 55 81
Rice . 30 23 33 106 181 309
Other grain crops 10 15 24 28 54 80
Soya beans 100 286 432 144 410 584
Tobacco — 6 9 — 1 18
Groundnuts 14 17 24 21 32 55
Sugar beet 9 1" 15 44 81 132
Other field crops 10 16 23 28 52 81
Alfalfa 5 6 9 8 16 27
Other feed crops 5 5 9 8 13 21
Meadows and pastures 15 24 36 22 40 64
Orc!mrd crops . 30 49 Ta 71 125 208
Fruit crops 10 19 32 29 51 86
Vegetables and potatoes 20 30 43 42 T4 122
Total 640 1058 1523 1131 2190 3422

Data concerning the application of different classes of
herbicidal materials are presented in Table 3,° which
shows that the increase of the consumption of different
classes of chemicals as herbicides is not uniform; the
greatest increase has been in the consumption of classes
of compounds which satisfy most fully modern require-
ments as regards selectivity of action and their influence
on various objects in the environment.

The increase in consumption is greatest for new pre-
parations, which decompose fairly rapidly in the soil and
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in the plant and do not leave toxic residues in the crop
being protected.

In connection with the necessity for the protection of the
environment, there has been an increase in the stringency
of the requirements which must be met by the preparations,
which significantly increases the cost of their synthesis.
Data on the screening and development of new pesticides
by ICI,** which are listed in Table 4, are interesting in
this respect. Whereas in 1956 one out of 1800 compounds
synthesised was subsequently manufactured on an industrial
scale, in 1972 not a single preparation of the 10000 com-
pounds tested was manufactured industrially. In connec-
tion with the large number of biological tests, the overall
period from synthesis to practical introduction into an
industrial manufa.cturin% process and agriculture lasts
between 7 and 9 years.'"’!

Table 3. The consumption of individual classes of herbi-
cides (in terms of 1974 prices, million dollars).
in the USA Worldwide

Class of compounds w07 I 1078 150 e 1950
Arsenic compounds 8.3 1 15 27 25
Aryloxyalkanecarboxylic acids 48.2 50 65 152 260
Urea derivatives* 72.5 70 o 173 313
Carbamates and thiocarbamates** 103.0 108 120 252 363
Triazines*** 340.0 M4 49 620 907
B« i id derivatives**** 72.0 100 15 140 213
fotiaprintosai M3.0 | 405 (98 826 | 134t

*Monuron, Diuron, Phenurone, Linuron, Cotoran,

and Thenoran*.

**IPC, Chloro-IPC, Ordram, Tillam, Darban*,
Vegadex, Avadex, Ramrod, Propanide, and Azak.

*** Atrazine, Simazine, Prometon, and Prometryn.
****x Amiben, Banvel-D, trichlorobenzoic acid.
*ookek Treflan, Paraquat, dinitrophenols, Planavin, Dynap,
Solan, Herban, Lasso, Pyramin, etc.

Table 4. Results of the screening and introduction of ICI
pesticides.
Type of test 1956 1964 1967 1969 1970 1972

Number of compounds

screened 10 000

1800 3600 5500 5040 8
60

000
p isolated ons 36 — 126 80 —
Compounds subjected to
field tests 6 4 — 9 4 —
Compounds subjected to
further investigation 2 2 —_ 3 2 —
Compounds offered for sale 1 1 1 1 1 1

Despite the high cost and considerable difficulties in the
utilisation and development of new preparations, intense
research is being continued in this field and new interesting
herbicides and plant growth regulators appear annually,
which is associated not only with the possibility of a sharp
increase in labour productivity in agriculture but also with
the greater economic efficiency in consequence of the con-
siderable increase in the harvest and the improvement of
the quality of agricultural produce'?™*,

An enormous number of compounds of different classes
with physiological activity in plants have now been
described; approximately 200 substances have found
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practical applications as plant growth regulators and
herbicides® °. Without concerning ourselves with the
general theoretical problems of the nature of the action of
various preparations, which have been described in fair
detail in the Proceedings of the Tth International Congress*®
and in reviews and monographs'®™®, we shall consider
the principal classes of chemical compounds which have
found applications as plant growth regulators and herbi-
cides in different branches of agriculture.

This review does not deal with cytokinins and gibbere-
lins, which are described in a recent monograph in
Russian, 22

II. INORGANIC COMPOUNDS

Among inorganic compounds, chlorates have found
fairly extensive applications as herbicides and defoliants.
Potassium chlorate is used in the fight against weeds® and
sodium, magnesium, and calcium chlorates are used to
defoliate and desiccate the cotton plant and other crop
plants for the purpose of the mechanisation of their har-
vesting®. In order to decrease the risk of explosion,
sodium borate is added to sodium chlorate and magnesium
chlorate is employed as an equilibrium mixture of sodium
and magnesium chlorates and chlorides, obtained on
treatment of sodium chlorate with magnesium chloride.
Calcium chlorate is used as the mixture produced by
treating lime with chlorine.

Among other morgamc compounds, copper compounds
(nitrate and sulphate)?”® and ammonium sulphamate have
found applications as algicides. However, the amount
of ammonium sulphamate consumed per hectare is about
200 kg, which sharply reduces its use?

InI. ALCOHOLS, PHENOLS, AND ETHERS

Allyl alcohol has found application as a herbicide®.
Cs~C 10 saturated alcohols are employed in sucker control
for the tobacco plant®. Their use in combination with
systematic plant growth regulators is particularly effec-
tive®. It isthen possible to reduce the labour required
for the cultivation of tobacco by more than 50%.

Methyl 1-naphthylmethyl ether has found application in
the suppression of the germination of potato tubers on
prolonged storage®. Derivatives of 4- nitrophenyl phenyl
ether containing a wide variety of substituents in the sec-
ond aromatic ring 3****°~3 including halogens and the tri-
fluoromethyl and alkoxycarbonyl groups, are most widely
used as herbicides in the fight against weeds infesting a
wide variety of crops. These and similar compounds are
obtained in high yields by the reaction of the phenoxides
derived from the corresponding phenols with p-chloronitro-
benzene and its analogues in various organic solvents and
in water*®.

2-Alkyl-4,6-dinitrophenols and their esters formed with
various amds, pentachlorophenol and its salts with various
organic and inorganic bases®”®, as well as 2,6-di-iodo-
and 2,6-dibromo-4- cyanoghenols and their salts and esters
with carboxyhc acids **’®, known as Ioxynil and Bromo-
ioxynil, are no less w1de1y used as contact herbicides.
These compounds are mostly employed in the fight against
weeds resistant to 2,4-D preparationss’36 in plantations of
grain cereals. Toxynil is obtained in a high yield by the
jodination of 4-cyanophenol; the iodination can be also
carried out electrochemically®, A number of other
cyanophenols have been proposed as herbicides %%,
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IV. AMINES AND QUATERNARY AMMONIUM SALTS

Amines and their derivatives have found fairly exten-
sive agricultural applications in recent years and the
scale of their practical utilisation is continuously
increasing ***®,  2-Chloroethyltrimethylammonium chlo-
ride, known as Chlormequat, CCC, or TUR6 is widely
used in Europe as a plant growth regulator In
doses ranging from 4 to 6 kg per hectare, chlormequat
is used in the fight against the flattening of wheat and rice
under conditions of increased humidity **™**#°7%"%,  The
application of this preparation to barley does not produce
such an effect owing to the decomposition of chlormequat
in the barley plants*®**’. The application of chlormequat
to wheat and rice has a major economic effect; for this
reason, up to 50% of wheat plantations are treated, for
example, in the German Federal Republic and in Finland.
Chlormequat is used successfully on strawberries*?,
vegetable cultures*®*", in the growing of fruit® and
cotton *’**, and in viticulture®. In the growing of cotton,
particularly satisfactory results have been obtained when
the preparation was applied jointly with succinic acid®.

A large number of chlormequat a.nalogues have now
been synthesised and investigated ™ "¢, Some of these
are highly active and may be of practical interest. In
particular, trlmethylalkylammomum salts containing a
terpenoid structure®*’®, cyclohexyl and cyclohexenyl
residues™”"®, and certain heterocyclic systems® in the
hydrocarbon group are very active. Dimethylmorpho-
linium: chloride (I) and 2-chloroethyldimethylhydrazinium
chloride (II), and some of their analogues obtained by the
reaction of allyl halides with the corresponding amines or
hydrazines® ™™  are of considerable interest. It is
interesting to note that, when cereals are treated with
2-chloroethyldimethylhydrazinium chloride, their ripening
is shortened by several days and the harvest is improved
as a result of the increase of the number of sheaves.
Dimethylmorpholinium chloride is active not only on wheat
but also on barley, which is very significant, since in
many regions barley is no less important than wheat.

CH,
CH,—CH CH, I
o/ ® 2\+< ’) cl- | H,N—N,—CH,CH,CI |CI~ .
\CH2 cHy,” NeH |
CH,

1) (1)

The study of the growth regulating activity of sulphur
analogues of chlormequat has shown that 2-chloroethyl-
dimethylsulphonium chloride is almost three times less
active than chlormequat®. The corresponding quaternary
pyridinium, piperidinium, pyrrolidinium, pyrazinium,
tetrahydrothiophenium, thiophenium, tetrahydroxanthin-
jum, dithianium, and azepinium salts have also been
investigated, but they are all less active®. The intro-
duction of a halogen into the heterocycle as a rule reduces
the activity of the compound. The activity of five- and
seven-membered heterocyclic compounds is significantly
lower than that of compounds with six atoms in the ring.
The replacement of the methyl group by others in most
cases 11kew1se leads to a decrease of the growth regulating
activity®. Ethanolammonium salts w1th inorganic acids
also exh1b1t growth regulating activity ”°

Aromatic amines have found apphca,tmns as herbicides
in the fight against weeds in cotton, vegetables, and many
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other crops®®®°7%,  Compounds having the general for-

mula (III) are most widely used:

R-=CH(CHy),, C (CHy)g, CF,,
SONHR, CH,S0;;

R’=Alk;

R'—-Alk, CICH,CH, .

Among the large number of compounds of this series,
Treflan (2,6-dinitro-NN-dipropyl-4-trifluoromethylaniline)
and nitraline (4-methylsulphonyl-2,6-dinitro-NN-dipropyl-
aniline) are used in greatest am0unts These compounds
can be obtained in high yields by the following procedure*:

R R R
| | |
7 7 R
HNO, +HN
Qj - OZN7<)~N02 R 02N_<j_wo2 .
| |
& a R'—N—R/

Z‘zalm (2,6-dinitro-NN-dipropyl-4-sulphonamidoani-
line)®#" etafloraline [N-ethyl-N-(2-methylallyl)-2,6-dini-
tro-4- tr1f1uoromethylamhne]’“’88 Pregard*t (N—cyclo pro-
pylmethyl-2,6-dinitro-N-propyl-4- tr1f1uoromethy1an1hne)
Dinir* \NN—chethyl 2,6-dinitro-»n- phenylenedla.mme) , and
certain others are bemg introduced into agricultural prac—
tice. The compounds of this group are not very toxic to
mammals and are effective in the fight against weeds (in
doses of 1-1.5 kg per hectare). However, one should note
that certain compounds of this series are extremely toxic
to fish®.

One should also mention 2-hydroxyethylhydrazine, which
is used in the USA to accelerate the growth of pineapples
and to increase their crop®’. It can be obtained by the
reaction of oxiran and hydrazine. Among hydrazine deri-
vatives, mention may be made of arylhydrazines having the
general formula (IV) , which have been recommended as
herbicides. These compounds are obtained similarly to
the corresponding anilines:

R--NI1,80,. CFy;

i
p
ogwﬂg)ﬁ;\?oi

] R! --H, Alk;
NRYj R?, R3=Alk
|

RENR?

av)

V. CARBOXYLIC ACIDS AND THEIR DERIVATIVES

One of the most important groups of compounds physio-
logically active in plants are carboxylic acids, among
which numerous herbicides and plant growth regulators
have been found. We may mention that natural plant
growth regulators such as gibberellins and heteroauxins
are carboxylic acid derivatives.

Among aliphatic compounds, derivatives of trichloro-
acetic, monochloroacehc d1chloropr0p1on1c and tetra-
fluoropropionic acids?® and their mixtures® have found
extensive application as herbicides. Alkali metal tri-
chloroacetates and dichloroprotionates are most widely
used, giving satisfactory results in the fight against mono—
cotyledonous weeds in doses of 10-50 kg per hectare®.

THere and henceforth the spelling of authors' names
marked with an asterisk is tentative (Ed. of Translation).
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Tetrafluoropropionate salts and their mixtures with di-
chloropropionate salts have been used successfully
recently *°

The anilides of monochloroacetic and other acids with
the general formula (V)**~®  which have a low toxicity
for warm-blooded animals and can be used on various
crops, are of considerable interest. For example, the
preparation Mechet* (VI) is used successfully in the fight
against weeds in rice seedlings and Anachlor* (VID) is used
in plantations of maize, soya beans, groundnuts, and other
crops. Propachlor (VIHO), used in the fight against weeds
in vegetable crops, soya beans, etc. belongs to the same
group of compounds.

—»COCH X
(J’W

CH3;0CH,—N—COCH,CI
|

_he
N

(vII)

CH¢CH,—N—COCH,CI
|

Cois—(/ )vczﬁb ;
N

(VD)
(CHy):CHN--COCH,CI

J

(VIII)

R, R’ =Alk;
X=Cl,Br, OAr;
Y=Alk, CH,0Alk

The 3,4-dichloroanilides of propionic and other acids
as well as the 3-chloro-4-methylanilides of various acids
have found extensive applications in the fight against weeds
in various crops. A common disadvantage of this group
of compounds is their relatively high toxicity to fish and
also the formation of azo-compounds as a result of their
metabolism in the soil®®. The application of compounds
having the general formula (V)*°, containing the furyl and
tetrahydrofuryl residues at the nitrogen atom, as well as
the chloralaxmdes [1,1,1- tr1chloroethyhdeneamldes] of
carboxylic acids® has also been patented.

Among aliphatic dibasic acid derivatives, the 2,2-
dimethylhydrazide of succinic acid, known as Alar is
widely used as a plant growth regulatorm" M8 Atar is
used to suppress the growth of young shoots of perennial
crops, which in many instanees leads to a significant
increase in the crop of apples and pears harvested,
reduces the shedding of the fruit prior to harvesting,
improves their commercial quality, facilitates the forma-
tion of the branches of young trees, and sometimes
reduces the time required for the ripening of the crop.
Alar is obtained in satisfactory yields by the reaction of
succinic anhydride with dimethylhydrazine. The influence
of Alar on the rate of ripening of fruit and the frost resis-
tance of ag)ple trees“’o’m’m‘*’““ on the rate of ripening of
peaches'®, morello cherries'®®, and plums 05, and on the
harvest of pears'® %2 gyeet cherries™ grapes us
alfalfa and clover''®, carrots and tomatoesug" pepper
brussels sprouts''®, and groundnuts has been 1nvest1gated
It has been noted that Alar has a favourable influence on
the majority of the crops investigated, but different types
of plants respond in different ways to treatment by this
preparation, so that the conditions and concentrations at
which the preparation gives the optimum effect should be
determined for each type of plant. Alar is usually
employed at a concentration of 0.5-3 g litre™

In the USA, Alar is used to suppress the growth of
young shoots of apple and pear trees, to increase the inten-
sity of flowering, to prevent the shedding of fruit prior to
harvesting and to improve their colour, to accelerate the
ripening of peaches and cherries, to increase the harvest
of certain types of grapes, and to improve the flowering of
azaleas and chrysanthemums. The increase in the harvest
of grapes when Alar is used may be very considerable.
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Thus in some years American investigators succeeded in
increasing the harvest by 25~ 30 centners [2500~3000 kg]
per hectare®

Among carboxylic acid derivatives, mention should be
made of preparations which began to be used several
decades ago. Such preparations include in the first place
aryloxyalkanecarboxylic acids and 2-naphthylacetic acid,
whose salts and amides are used to accelerate the opening
of apple blossom buds and to accelerate the rooting of
plants propagated by cuttings. In propagation by cuttings
the readily water-soluble salts of 2-indolylbutyric and
2-indolylacetic acids are also used?,

TH-656 (IX), the active principle of which is 3,5-dimeth-
yl-1-naphthylacetylpyrazole, has been proposed to acceler-
ate the setting of mandarin fruit*®’.

2,3,6-Trichlorobenzoic, 3,8-dichloro-2-methoxybenzoic,
3- ammo 2,5~ d1ch10robenzo1c, 2,3,6-trichlorophenylacetic,
and certa,m other acids®”, whlch are used in mixtures with
other herbicides in the form of water-soluble salts formed
with inorganic and organic bases, have found extensive
applications as herbicides. 2,3 5 tri-iodobenzoic acid*®"~
25 the application of which in doses of 125 250 g per hec-
tare increases the harvest of soya beans'®'#  alfalfa'?
peas ", and cotton, is a plant growth regulator However,
the effectiveness of 2,3,5-tri-iodobenzoic acid depends
greatly on the type of plant 27125,

Among carboxylic acid derivatives, mention should be
made of Orthonil (X) [2-(8-chloro-B-cyanoethyl)-6-chloro-
toluene], the tzpe of action of which resembles that of
abscisic acid*

Tomacone* [1- 2,4—dlchlorophenoxyacetyl)-3,5-d1methy1-
pyrazole] is used to increase the harvest of tomatoes and
to obtain seedless tomatoes. The water-soluble sodium
salts of @-(2,4,5-trichlorophenoxy)propionic, 4-chloro-
phenoxyacetic, and 2-naphthoxyacetic acids are used for
the same purpose. 2-Naphthoxyacetic acid is likewise
employed to improve the flowering of strawberries and
pineapples. m-Tolylphthalamic acid, which is used in the
USA to improve the harvest of cherries and Lima beans,
has also been applied to obtain seedless tomatoes. a-(3-
Chlorophenoxy)proplomc acid is used to increase the size
of plums?

3

CH,CON—C—CH,
| I

l Ccl CH
N CH s ¢t
<I> Y >/-<\ CH,CHON
0 N *
CH,
(IX) X)

Despite the fact that the herbicidal and plant growth
regulating properties of aryloxyalkanecarboxylic acids
were discovered more than 30 years ago, the study and
synthesis of new derivatives of this group are still being
continued'?**%®, This is quite understandable, since the
scale of the manufacture and application of this group of
substances 1s fairly large and there is no tendency towards
a decrease *’*%,

The salts a.nd esters of 2,4-dichlorophenoxyacetic,
4-chloro-2-methylphenoxyacetic, and 2,4,5-trichlorophen-
oxyacetic acids, the world manufacture of which has
exceeded 100 000 tonnes annually, have been most widely
employed®®'*®,  The use of 2,4,5-T has been interrupted,
since the technical product has been found to contain
2,3,17,8-tetrachlorodibenzo-1,4-dioxin, which is highly
toxic to warm-blooded animals and man and exhibits a
powerful irritant and teratogenic activity'*’. However,
after the development of methods for the elimination of the
above impurity, the employment of 2,4,5-T was renewed
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on virtually the same scale. (In most countries the rule
has been adopted that the preparation must not contain
more than 0.5 mg of 2,3,7,8-tetrachlorodibenzo-1,4-dioxin
per kilogram.)

It has been established that the majority of the esters
of the above acids exhibit a high herbicidal activity, which
is proportional to the content of the corresponding acid in
the ester. Furthermore, studies have been continued on
the synthesis of new esters'®’'4%'M2; gome of them are so
expensive that they can hardly have practical apphcatmns.
Derivatives of aryloxyalkanehydroxamic acids'®®, the
sugar esters of aryloxyalkanecarboxylic acids 13 , deriva-
tives of aryloxyalkanethiocarboxylic and aryloxyalkanedl-
thiocarboxylic acids*¥’**3, aryloxyalkanecarboxylic acid

amides*®*’1*® a5 well as aryloxyacrylic acid*®® have also
been synthesised. We may note that Nametkin and his
coworkers have made a s1gn1flca.nt contribution to the field
of aryloxyalkanecarboxylic acids®.

The esters formed by 1-naphthylacetic acid with poly-
(ethylene glycol) continue to be used for the setting of
mandarin fruit'*® and unsaturated alkoxycarboxylic acid
are used in the treatment of oranges Various deriva-
tives of fluorinecarboxylic acid (XI) have found fairly
extensive applications as herbicides and plant growth regu-
1a.t0rs 3959150153

The employment of the imide of oxoglutaric acid**® and
of a-amino(hydroxyphenyl)butyric acid*®® to stimulate
plant growth by treating the seeds prior to sowing has been
suggested. #rans-2-Amino-@-2-aminoethoxybutenoic acid
in doses of 1-4 kg per hectare has been proposed as a
herbicide to be used against beardgrass, darnel, cocklebur
and other weeds.

The esters of substituted phen 5leropwmc acids are of
interest as selective herbicides'®; methyl @-chloro-(p-
chlorophenyl)proplonate is used in the fight against bearded
oats in wheat®’®. It can be obtained in high yields by the
following procedure®®’

CICHNHHC 2%, 10 Nl
— CICH,CH,CHCICN 2=

+CH,¢CHCN
+H:03CHOH, 1 H,CH,CHCICOOCHS .

The esters of aromatic thiocarboxylic acids have also
been proposed as herbicides'®®

Among carbonyl compounds, numerous aldehydes and
ketones have been proposed as herbicides and plant growth
regulators'®®%, Thus Cs—C,s ketones have been sug-
gested for the chemical sucker control in tobacco'®®,
hexahalogenoacetones have been sug§ested as 1nh1b1tors
of the germination of potato tubers'®, and aromatic and
aliphatic-aromatic ketones have been sug%ested as herbi-
cides'®™®*, Both aryloxyacetophenones'®® and aminoke-
tones'®® have been proposed as selective herbicides.

o

ROOC OH
(X1

Together with phenoxyalkanecarboxylic acids, naphth-
oxyalkanecarboxylic acids and their derivatives, the study
of which was first began in Nametkin's laboratory , have
been recommended in recent years for practical applica-
tions. NN-Diethyl-1-naphthoxy-2-propionamide, recom-
mended as a herbicide effective against weeds in cabbage,
may serve as an example of such preparations*® ’*®,

Among carboxylic acid derivatives, substances have
been found, which are used as herbicide antidotes®®.
The anhydrlde of 1,8-dinaphthoic acid and the diarylamide
of dichloroacetic acid may serve as examples of compounds
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of this kind. The latter has been fairly widely used to
protect maize from damage by herbicides consisting of
thiocarbamic acid derivatives. Mixtures of Eptam with
diaryldichloroacetamide known as Eradicaine are nowadays
used in the fight against weeds in maize plantations.
Eradicaine contains 8.3% of the diallylamide of dichloro-
acetic acid and 91.7% of Eptam.

V1. CARBAMIC AND THIOCARBAMIC ACID DERIVATIVES

One of the fairly numerous groups of compounds with
high physiological activity in plants comprises derivatives
of carbamic and thiocarbamic acids®®. Several decades
ago, preparations such as IPC, Chloro-IPC and certain
others found practical applications. During recent years,
the range of arylcarbamic acid derivatives has been con-
stantly expanding;, several tens of carbamic derivatives
are used at the present time *****"°*%, For example, it
has been found that 1sopropy1 N-(3-chlorophenyl)-N-pro-
poxymethylcarbamate® °, which is moderately toxic to
animals, can be used as a plant growth regulator for the
retardation of the growth of grasses, sucker control in
tobacco, and in a number of other instances. Betanal,
the active principle of which is Phenmedipham (XII)?,

NHCOOCH; Cl“la
|

<)\ocom{/<)

(X11)

is fairly widely used as a herbicide in the fight against
weeds in sugar beet plantations. A large number of ana-
logues of this preparation'™**®27'% " including carbamic
acid derivatives containing a urea residue together with
the carbamoyl residue in the molecule!®?7183,189188,189,18,=
192,1%  have now been synthesised and proposed as herbi-
c1des It is interesting to note that, among such deriva-
tives, meta-substituted compounds exhibit the highest
activity; para- and ortho-derivatives are much less
physiologically active in plants.

Oxime carbamates have also been suggested as herbi-
cides and plant growth regulators”a'm. Thus it has been
suggested that compound (XIII)®® be used to spray orange
trees in order to facilitate harvesting and that ca.rba.moyl-

arylenebiurets (XIV) be used as herbicides'*

R
NHCONHCON<

/' CH,
Q), OCONHR

(X1V)

(C,Hy);NOCONHCH,CH,CI

(X1

It is of interest that certain mixtures of carbamates act
in the soil much longer than each component separately.
For example, a 4 :1 mixture of Chloro-IPC and the
4-chlorophenyl ester of cyclohexylcarbamic acid are active
for almost 14 weeks, whereas Chloro-IPC alone remains
in the soil for not more than 4 weeks when used in the
same doses'¥’

Among the carbamic acid derivatives investigated,
bifunctional derivatives containing various other functional
groups apart from the carbamic acid residue have been
found recently to occupy an important place ™% 1y
particular, compounds having the general formula (XV)!
have been suggested as agents suitable in the fight against
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foxtail and compounds having the general formula (XVI)

have been proposed as herbicides to combat other weeds*®.

R 7 N\ _ :
NCOOCH,C=C—CH,SCN X—{__)—SO,NHCOOCH,
R

(XV) (XVI) X=NH,, CH,NH .
The most convenient methods for the synthesis of the
alkyl and aryl esters of aryl- or alkyl-carbamic acids
involve reactions of the corresponding isocyanates with
alcohols or phenols?:

RNCO -+ ROH —» RNHCOOR!
or of chlorocarbonates with the corresponding amines:
ROCOCI +- NH,R* - ROCONHR! 4 HCI .

Carbamic acid esters can also be obtained by the reac-
tion of phenols or alcohols with carbamoyl chlorides in the
presence of hydrogen chloride acceptors’:

Rl>Nc0c1 +ROH + B - RI>NCOOR’ +HBC .

Together with carbamic acid derivatives, those of thio-
and dithio-carbamic acids have found extensive applications
in agriculture in the fight against weeds in various crops®’
More than 15 derivatives of thiocarbamic acids, which
include preparations such as Diallate, Triallate, Yalan,
Tillam, Eptam, Vernolate, Sutan, Ro-Neet, Saturn and
others, have now found practical applications®”®. Thio-
carbamic acids are used in the fight against weeds in
wheat, rice, maize, sugar beet, soya beans, certain
vegetables and other crops. The majority of preparations
of this class are introduced into the soil and then dug into
a depth of 2-5 ecm. The latter is necessary because of
the relatively high volatility of this group of substances.

Thiocarbamic acid esters have found applications not
only independently but also in mixtures thh herbicide
antidotes'®® and various other compounds®®. A very
large number of aliphatic, alicyclic, aromatic and hetero-
cyclic derivatives of thiocarbamic acid have now been
described; the search for new preparatlons belongmg to
this class is being vigorously continued?® 22

Derivatives of thmcarba.mw acid obtained from substi-
tuted cyclopropylamines®®, alkyleneimines®°*®  and
alkyl- and dialkyl-amines, derlvatlves containing various
substituents in the ester group®®#?* the benzyl and
2-chlorobenzyl esters of dlalkylthlocarba.rmc acids 29°12%
the 4-substituted benzyl esters of dialkylcarbamic acids for-
A6 the thienylmethyl esters of dlalkyltmocarbamlcamdsa"’

, the pyridylalkyl esters of thiocarbamic acids®®, and
ma.ny others have been descmbed recently. Certain
sulphenyl carbamates®°?*°  which are the first products
of the metabolism of thiocarbamic esters in the soil and
other objects in the environment **, also possess herbi-
cidal properties.

Three main procedures have been described for the
Eoffzga.}‘ahon of various types of thiocarbamic esters **2%>

The interaction of mercaptans with carbamoy! chlorides:

“NCOSR? -+ HC! .

R R
NCOCI + R?SH —
RV

v

The interaction of alkyl chlorothiocarbonates with
amines:

R R N
/NH -+ R?SCOCI — /NCOSR’ + HCl .
RY Rt

Both reactions take place satisfactorily in the presence of
hydrogen chloride acceptors.
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The reaction of salts of dialkylthiocarbamic acid with
alkyl halides constitutes an interesting general method for
the synthesis of thiolocarbamates. The salts required
are formed in high yields when amines and strong alkalis
react with carbonyl sulphide:

R R
N i . .
N NaOH + €05 = NCOSNa HO

R R
“\NCOSNa |- R?X — >NcosR2 4+ NaX .
Rl/ R]

1. UREA AND THIOUREA DERIVATIVES

Urea and thiourea derivatives constitute one of the most
wportant classes of chemicals which have found fairly
tensive applications in the agriculture of different coun-
es?%224728°  we may note that more than 40 different
iphatic, alicyclic, aromatic, and heterocyclic urea

«erivatives are used nowadays in the fight against weeds
in a wide variety of agricultural crops.

Among the aliphatic urea derivatives, we may mention
dichloralurea, used in the fight against grass weeds in
sugar beet and certain other crops®. Dichloralurea can
be synthesised in high yields by the reaction between urea
and chloral ®*°:

2CC1yCHO -} CONH,),= (CC1,CHNH),CO ,
b

A number of asymmetric alicyclic ureas have been
proposed as herbicides ***™®7; among these NN-dimethyl-
N'-{perhydro-4,7-methylene-5-indanyl)urea, known under
the commercial name of Herban (XVII), has found practical
applications. This preparation is used in the fight against
weeds in plantations of cotton plants, soya beans, peas,
potatoes, and certain other crops in doses of 1.5—-4 kg per
hectare. N-Cyclo-octyl-N’'N'-dimethylurea or cycluron
(XVII) has also found some applications®; it is used in
plantations of beet and other vegetables in mixtures with
other preparations. Other alicyclic ureas are also being
investigated?®2%;

,; Z /NHCON(CHy), ONHCON(CH,),

(Xvi) (XVID

Ureas of this type are usually obtained by the reaction
of the corresponding alicyclicisocyanates with amines 272%;

RNCO - NH(CHy), — RNHCON(CHy), «

Aliphatic-aromatic derivatives of urea, some of which
exhibit a highly selective action and may be used for a
wide variety of crops, have found the most extensive appli-
cations. For example, 4-isopropylphenyl-NN’-dimethyl-
urea has been suggested as an agent against weeds in winter
wheat plantations®*"****; 3-chloro-4-methylphenyl-NN'-
dimethylurea ®®’?* and its homologues and 3-chloro-4-
methoxyphenyl-NN-dimethylurea and its homologues 22652345
235,239,2425245 2150 give satisfactory results in the fight against
weeds in wheat. Cotoran [NN-dimethyl-N’-(3-trifluoro-
methylphenyl)urea], N-(3-chloro-4-trifluoromethylphenyl)-
N'N'-dimethylurea??, N-(3-chloro-4-trifluoromethoxy-
phenyl)-N'N'-dimethylurea, and certain others are widely
used to combat weeds among cotton plants and other crops.
Practical applications have also been suggested for N-(3-
tetrafluoroethoxyphenyl)-N’N'-dimethylurea®®. A series
of urea derivatives containing various acyl groups at the
nitrogen atom 2**72% 35 well as compounds having the
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general formula (XIX)2*°72®  containing a wide variety of

substituents in the aromatic group, have been 3[{roposed.
Compounds having the general formulae (XX)2%, (xxX1)%%,
and certain others ®*°®™ can be classified as urea deriva-
tives:

(CHg),NCONH—¢ —N—onN

(XIX)
/—-\ R
A /
tNHCON  (CH,), ArNCON
|
CH,—CH,
%) (XXT)

Complexes of substituted ureas with acids®® and urea
derivatives of hydroxylamine ®”® containing a hydroxy-
group [compound (XXI)]*’** or a methoxy-group [com-
pound (XXII)]%***® at one of the nitrogen atoms have like-
wise been proposed as herbicides:

R /CH,
_CO—N
Al‘f‘l CO N\ , AI’NHCON\
OH R OCH,4
(XX11) (XXIID)

Compounds (XXII) are obtained in high yields by the
reaction of arylhydroxylamines with dialkylcarbamoyl
chlorides or alkyl isocyanates *:

ArNHOH 4 R;NCOCI — ArN—CONR,;, -+ HCI;
1 .

OH
ArNHOH -+ CH;NCO — ArNCOTI\l}i ,
|
OH CH,
and compounds (XXII) are obtained by the following series
of reactions®:

OCH,
- ArNHCON<
CH,

+(CH3),S0,

AINCO + NH;0H — ArNHCONHOH “ 325

4 NaSO,CH -

Compounds having the general formulae (XXIV)**,
(XXV), and (XXVI)®* %€ have been proposed recently as
herbicides. Compounds (XXV) are obtained in high yields
by the reaction of the corresponding substituted ureas with
sulphur dichloride in pyridine or another similar sol-
vent #2:

ArNHCON R SCI, — AN scl R
rl ‘ — ArN
Npe TR <CON< +HO
-

Chlorine is readily substituted in these compounds by
various other groups®®. Compounds having the general
formula (XXVII) have also been put forward as herbi-

cideg 2467249:253,
R® R R
NeoNd —_cone /
RNCON anN—cONG ANHOONG
o sl
CH,—N¢
\RZ
(XXIV) (XXV) (XXVI)
[ R N——N—co_n¢
c‘,}1.~(‘:—r~mcorxz<Rl " I TNGH,
CH, CH:0,57 W7
(XXVII) (XXVIII)

Numerous heterocyclic ureas, including representatives
of a wide variety of classes of compounds, have been
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suggested as agents suitable in the fight against undesir-
able plants. 1-(N-Ethyl-N-propylcarbamoyl)-3-propyl-
sulphonyl-1,2 4-triazole (XXVII) may serve as an
example®*°, Urea herbicides include derivatives of 1,2 4~

oxadiazole®’, 1,2 4-thiazole®’, furfural and pyran®”

thiazole #*2%¢ jgothiazole 2™, 1,3,4-thiadiazolez“’m’z“"‘,
dichlorothiazole *™ 267

, sulphonylthiadiazole 279% pyridine *,
and certain other heterocyclic compoundg 2737%°°7282,285:288
Certain heterocyclicureas have found practical applications.
These include in the first place N-(2-benzothiazolyl)-N'-
methylurea (Benzthiazuron), N-benzothiazolyl-NN '-
dimethylurea (Metabenzthiazuron), N-[5~butyl-2-(1,3,4-
thiadiazolyl)]-NN'-dimethylurea (Tebuthiuron),
1,3-dimethyl-1-[5-trifluoromethyl-2-(1,3,4-thiadiazolyl)]-
urea (Thiazfluron) and others.

Despite the fact that a very large number of urea
derivatives have now been described and investigated as
herbicides and plant growth regulators, the research in
this field is being vigorously continued and new prepara-
tions, promising for practical applications, are being
systematically produced.

Certain conclusions concerning the dependence of
herbicidal activity on the structure of the urea derivatives
can be reached on the basis of the available data. Since
this problem cannot be dealt with in detail here, we shall
merely mention certain general postulates concerning
substituted dialkylarylureas. Dialkylarylureas containing
not more than two substituents in the benzene residue and
with at least one of the o7tho-positions relative to the
amide group containing hydrogen are the most active
herbicides. The total number of hydrogen atoms in the
two alkyl residues at the nitrogen atom must not be more
than five; in the presence of a larger number of carbon
atoms in these groups, the activity of the compound falls.
However, this does not apply to arylcycloalkylureas. For
example, N-(2-methylcyclohexyl)-N'-phenylurea is an
active herbicide. With increase of the number of carbon
atoms in the alkyl or cycloalkyl residues, the overall
herbicidal activity falls, but the selectivity of the action
of the preparation rises.

Among NN-dialkyl-N'-arylureas, the chloro- and iodo-
derivatives are the most and least active respectively.
Ureas containing substituents in the 3,4-positions of the
phenyl group show the most selective activity. NN-Dial-
kyl-N'-naphthylureas exhibit a weaker herbicidal activity.
The derivatives of thiourea among which only NN-dimethyl-
N’-(3-methylphenyljthiourea has found a practical applica-
tion are of lesser interest as herbicides. Other thiourea
derivatives are more interesting as fungicides®.

VII. ORGANOPHOSPHORUS AND ORGANOARSENIC
COMPOUNDS

Among arsenic compounds, arsenic acid has found a
practical application for the defoliation and desiccation of
the cotton plant®*%; in the USA considerable areas of
cotton plantations are treated with this substance. Salts
of methylarsenic and cacodylic acids are also used in the
fight against weeds. However, one should note that the
wide-scale employment of arsenic in agriculture leads to
its accumulation in the soil and in the plants®*. Salts of
methylarsenic and cacodylic acids have been used on a

particularlg large scale in mixtures with various other
herbicides®® and also in the fight against certain weeds in
meadows 2%,

The herbicidal and growth regulating properties of
organophosphorus compounds have been investigated on a
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large scale during recent years and considerable advances
have been achieved in this field®*™*®,  Among the organo-
phosphorus compounds investigated, there are representa-
tives of a wide variety of phosphorus derivatives with
different biological activities. The interest in organo-
phosphorus compounds is quite understandable, since the
majority of these compounds readily decompose in the soil
with formation of phosphoric acid and other simple com-
pounds, leaving practically no toxic residues in the
environment 3* "2, The accumulation of organophosphorus
compounds in the environment has not so far been
observed ™,

Some of the first organophosphorus herbicides were the
preparations Falone (XXIX), Zytron (XXX), and Prefar
(XXX1), which have found comparatively limited applica-
tions. Butifos (XXXII) and Merphos (XXXIII) are used on
a much larger scale as defoliants for the removal of leaves
from the cotton plant prior to harvesting?.

S

7
2,4-Cl,CeH,0P—OCH,
(2,4-ClyCeH,OCH,CH,0)4P |

NHCH(CHy),
(XXIX) (XXX)
CeHSO,NHCH,CH,
|
? (C,H,S)sPO
[(CHg).CHOLP (S) (XXXII)
(XXXI)
(C4H,S)5P
(XXXI1T)

A large number of Zytron analogues containing the
nitro-group in the 2-position of the phenyl substituent have
be en synthesised recently 33393409344 9352 9367 9368 y370 ,374; com-~
pounds of this type, having the general formula (XXXIV),
are at present being investigated in Japan under experi-
mental industrial conditions.

NO,

- R’ S
{}OPG) .Arﬁ()JNil()lllCIJ,SPZOll
A= N AN

NHR' onr'

(XXX1V) (XXXV)

Together with the synthesis and study of a large number
of Prefar analogues having the general formula (XXXV)*7,
numerous compounds having the general formula (XXXVT) 332’
338134538 and containing aliphatic®®, aromatic®® and
heterocyclic®® residues at the nitrogen atom, have been
synthesised. In most instances, these compounds exhibit
selective herbicidal activity; among them, there are
derivatives of both phosphorothioic and phosphorodithioic
acids *%2,

R‘Z
N<
RO R RO I \R® R*
wo” ™ )SCHZCXN\RS g0 POUSCHE=NSONC
(XXXVI) (XXXVIT)

Prefar and its analogues can be synthesised by the
following procedure":

ArSO,NHCH,CH,C! -- NaSP(S)(OR), — (RO),P(S)SCH,CH,NHSO, Ar - NaCl.

A number of other phosphates®®, phosphorothioates®*®’

350,359,360 ' phosphoramidates, and phosphoramidothio-

ates 7% have been synthesised and their herbicidal and
growth regulating properties investigated. For example,
SS-dialkyl phosphorochloridodithioates, obtained by the
reaction of dialkyl disulphides with phosphorus trichloride
in the presence of anhydrous aluminium chloride, have
been proposed as defolia,ntsm, while phosphorus-containing
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derivatives of s-triazine ** and 2,3,6-trichlorobenzoyl-
phosphazo-N-aryliminotrichloroacyl®*® have been proposed
as herbicides.

The use of phosphonate analogues of compounds (XXXIV),
having the general formula (XXXVIII)*"®, which are safe
for the cotton plant, carrots, potatoes, and certain other
crops, has been patented.

Systematic studies on the ester-amides of methylphos-
phonic and methylphosphonothioic acids and their deriva-
tives, containing various substituents in the methyl group
attached to the phosphorus atom, have shown that deriva-
tives of chloromethylphosphonothioic acid exhibit the
highest activity *®”*"° and the ester-amides of alkylphos-
phonothioic acids can be arranged in the following sequence
in terms of their decreasing herbicidal activity *'®~*":

CICH,—P >CH;—P=ROCH,—P >CICH,CH,—P >C,Hy—P>C3H,—P>RSCH,—P >CgH;—P

The study of the conformational transitions of the ester-
amides of chloromethylphosphonothioic acid has shown that
compounds with the smallest difference between the free
energies of the rotational isomers have the highest herbi-
cidal activity*"**"°, This observation can also explain the
lower herbicidal activity of phosphonates compared with
phosphonothioates®”. In this group of substances, the
preparation known as Isophos-3 (XXXIX) is of considerable
interest ¥™°:

i . C(c}l',PziH«:{?“l
. 701|>(S)N1m, \ €yl

Call
2t§ 0‘\//},&\(,

{XXXVIH)
(XXXIN) QL

The use of Isophos-3 gives good results in the fight
against weeds in rice, wheat, maize, soya beans, tomatoes,
and a number of other crops. This preparation is par-
ticularly effective in the fight against millet-like weeds ™.
A large number of Isophos analogues with herbicidal activ-
ity have now been synthesised®*°”®. It is interesting to
note that the ester-amides of chloromethylphosphonothioic
acid containing secondary amine residues are the most
active. The structure of the ester residue also has a
considerable influence *’°.

Phosphonomethylglycine (XL), which exhibits powerful
herbicidal properties in the form of its salts with aliphatic
amines, being effective against monocotyledonons perennial
weeds, including witchgrass, is of great interest. This
preparation, known as glyphosate, is obtained by the
reaction of chloromethylphosphonic acid or its derivatives
with glycine®®. A large number of derivatives and mix-
tures of glyphosate with various other herbicides have been
deSCribed 342 9353 9358 362 9363 .

Various carbamoylphosphonates have been proposed as
growth regulators and herbicides %°73%33$%2 ' ymong
which the ammonium salt of O-ethyl carbamoylphosphonic
acid (XLI)** has found practical applications in the fight
against certain perennial plants.

0
Ve
(HO),P d
)P CHNHCH.COOH Ctﬂso{ ONH,
CONH,
L) (xL1)

2-Chloroethylphosphonic acid and some of its deriva-
tives®®7%* (the acid is known as Ethrel, Ethephon, etc.)
have found extensive applications as plant growth regula-
tors. The action of 2-chloroethylphosphonic acid is based
on the fact that, at pH > 4.5, ethylene, which possesses a
high growth activating activity, is evolved. 2-Chloro-
ethylphosphonic acid is obtained by the hydrolysis of its
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2-chloroethyl ester with hydrochloric acid or hydrogen
chloride #°737%38%  gatisfactory yields are obtained when
the most concentrated hydrochloric acid is employed.

The 2-chloroethyl 2-chloroethylphosphonate required for
synthesis is obtained in high yields by Kabachnik's
method®®® from tri-(2-chloroethyl) phosphite. Together
with 2-chloroethylphosphonic acid, its various deriva-
tives*3373% | homologues *****"®, and many other phospho-
nic acid derivatives>* %% have been proposed as plant
growth regulators.

Depending on the concentration of the preparation and
the stage of development and species of the plant, 2-chlo-
roethylphosphonic acid can have various physiological
effects: stimulation or inhibition of growth, the awakening
of dormant buds, the acceleration of the ripening of fruit
and vegetables, the acceleration of axillary branching of
plants, the induction of flowering, the increase of frost
resistance of buds, and the acceleration of the shedding of
leaves, flowers, and fruit**°”**, When Ethrel was used
to vernalise wheat, an increase of the earing of the seed-
lings by a factor of 8~53 compared with the control seeds
was noted®?, The use of 2—ch10r0eth3¥1phosph0nic acid on
tomatoes **7*® mandarin oranges*%*!, lemons, oranges,
and grapefruits *!, peaches®?, cucumbers®®*° cherries,
onions *¢, strawberries®”, hazelnuts®®, %roundnutsm,
walnuts **°%*# | gunflowers®27*?® tobacco®®*, and the cotton
plant®® has yielded satisfactory results in the acceleration
of ripening and the facilitation of the mechanisation of
harvesting.

Ethrel is particularly promising for the mechanisation
of the harvesting of fruit including citrus fruit. When the
preparation is used, the facilitation of the removal of fruit
from the plant is accompanied by the acceleration of their
ripening, which promotes an increase in the harvest and
an improvement in its quality. Thus peaches ripen b days
earlier than usual 2 and the crop of tomatoes increases
by 20-30%°°" and that of strawberries by 36-44%. %"
Ethrel is also an effective agent for the termination of the
dormant state of groundnuts®°. Depending on its pur-
pose, Ethrel is used at concentrations ranging from 0.25 to
10 g litre™. It is used as a concentration of 0.5-1 g
litre ™ as a plant growth regulator and at higher concentra-
tions as a defoliant. Depending on the plant to be treated,
its dose is 2560-3000 g per hectare and the employment of
even the highest concentrations of the preparation is
economically justified. Ethrel leaves no toxic residues
on the plants, since it decomposes almost completely with
formation of phosphoric acid, which is assimilated by the
plants.

It is interesting to note that certain derivatives of
2-chloroethylsilicon **°**®® and the esters of 2-chloroethyl-
phosphinic acid**® have properties resembling those of
Ethrel.

We may note that Ethrel is of interest also as a gameto-
cide ®’, since at concentrations of 2—3 g litre™ it com-
pletely sterilises the male pollen of plants, which is of
interest for the preparation of hybrid seeds.

Among phosphonic acid derivatives, mention must be
made of NN-di(phosphonomethyl)glycine, which has been
proposed for the acceleration of the ripening of sugar cane
and for the increase of its sugar content 3%,

Together with phosphorus acid derivatives, quaternary
phosphonium salts have found practical applications in
plant cultivation®®729»%5  the preparation Phosfon-D (XLII)
being the best known representative of these. Phosfon-D
is used as a broad-spectrum retarding agent mainly in soil
under cover in relation to flowering plants. The CHE-
8728 preparation {tributyl-2-chlorothienylmethylphospho-
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nium chloride (XLIII)], recommended for increasing the
crop of cotton, soya beans, kidney beamsé and sugar cane,
has been widely investigated recently ?**7%°"»*°, When the
above plants were sprayed with aqueous solutions of the
preparation (25-30 mg litre™), the crop increased by
7-15%.

(CqHy), H,— 7N 1 ( ). " ﬂ 1
PC —C C4Hyg)3P—CHy— Vs C
4y}’ 27T\ / AN

|
Cl

(XLII) (XLI11)

Tributyl-2-chlorothienylmethylphosphonium chloride is
obtained in high yields by the reaction of tributylphosphine
with 2-chloro-5-chloromethylthiophen®®, The tributyl-
phosphine required for the synthesis can be obtained from
tributylaluminium and phosphorus trichloride. According
to patent data, trialkyl-2-chlorothienylammonium salts
also possess plant growth regulating properties®*. 1t is
seen from the above by no means complete survey that
organophosphorus compounds occupy a firm position in
agriculture both as herbicides and as plant growth regula-
tors.

IX. HETEROCYCLIC COMPOUNDS OF DIFFERENT
SERIES

Heterocyclic compounds of different series include the
greatest number of substances physiologically active in
plants, which have found practical applications in agricul-
ture®. Indolylacetic acid (heteroauxin) and indolylbutyric
acid, which are still widely used to accelerate the rooting
of plants in their vegetative propagation by cuttings 3, as
well as maleic acid hydrazide, used to inhibit plant
growth®® | a rational method for the manufacture of which
had been developed in Nametkin's laboratory ?, have been
known for the longest time.

A large number of modern herbicides are pyridine
derivatives, among which the quaternary salts of 4,4'-
bipyridyl and 2,2’ -bipyridyl occupy the first place as
regards the scale of manufacture and applications **°; the
former are obtained by the alkylation of 4,4'-bipyridyl
using various alkylating agents and the latter by the reac-
tion of dibromoethane with 2,2’ -bipyridy! **°*%°,

4-Amino-3,5,6-trichloropicolinic acid, which is excep-
tionally long acting, is a broad-spectrum herbicide 3,

Among pyridine derivatives, we may also mention
tetrachloropyridinol, dichlorodifluoropyridinol®, the
esters and other derivatives of 4-amino-3,5,6-trichloro-
picolinic acid®®?, 3,5,6-trichloropyridylacetic acid®®,
sulpho- and nitro-derivatives of chloropyridine 3*7%%,
poly chlorocyano- and dicyano-pyridines>***%", 3,5-dichlo-
roalkoxyethoxypyridines **®, 3,5-difluoro-2,4,6-trimethoxy-
pyridine **°, 2-amino-6-chloro-4-trichloromethylpyri-
dine?®, 2,3,5,6-tetrahalogeno-4-mercaptopyridines*®,
polyhalogenopyridines®*®™**, perchlorovinylcyanopyri-
dine %, halogenoalkylpyridines*®®, polysubstituted dipyri-
dyla.mines‘107 and sulphonium derivatives of polychloro-
pyridines*®’*°, which have been proposed as plant growth
regulators and herbicides. We may also note that substi-

tuted pyrrolidines®° and maleimides®* have been suggested

as plant growth regulators.

Among oxygen-containing heterocyclic compounds,
6,8-dichlorochromone®? and various ethers of substituted
hydroxytetrahydrobenzofuran®®™*° have been proposed as
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herbicides. In this group of preparations, 2-ethoxy-2,3-
dihydro-3,3-dimethyl-5-benzofurylmethanesulphonate
(XLIV), known under the commercial name Nortron, is of
considerable practical interest. This preparation is used
in the fight against weeds in sugar beet plantations®®. It
can be obtained in high yield by the reaction of 1-ethoxy-
2,3-dihydro-5-hydroxy- 3,3-dimethylbenzofuran with
methanesulphonyl chloride in the presence of hydrogen
chloride acceptors®®. A number of other derivatives of
dihydrobenzofuran ®** some of which also exhibit herbi-
cidal activity but have not so far found practical applica-
tions, can be synthesised by a similar procedure.

cuasozo—( N ey,

(XL1V)

Numerous studies have been devoted to the herbicidal
and plant growth regulating properties of five- and six-
membered heterocyclic compounds with two heteroatoms
in the ring, including derivatives of imidazoline®®™*7
benzimidazoline and benzimidazole *27*2° indazole*®,
pyrazole “®*7*%5  gxazole and oxazolidine "ée, thiazolidine and
thiazole *¥"7*#° " igothiazole **°, hydantoin*® ** and certain
others.

Among the classes of heterocyclic compounds enumer-
ated above, the following have found practical applications:
Benazolin (XLV), BKh-584 (XLVI), Chlorofluorazole
(XLVII), RP-17623 (XLVIII), Diphensoquat* (XLIX), NN-
dimethyl-2-(3,4,5-tribromo-1-pyrazolyl)propionamide (L),
and certain others have found practical applications.
Benzglycerite* (LI)**® is a heterocyclic compound with two
oxygen atoms in the ring, which has found practical appli-
cations.

0 CH,Ce0H 1
"l‘\ &N NN
=0 m‘@[\/c—cmcﬂ;, 9 i ’>c—cr,
s o
k A
XLV} {XLVI} {XLVI])
QC,H;
& N-—N CoHls }{/cfzﬂ
[ E}L s CH,s0;
Cl /(‘\O /C’C(CHJ, CeHls
(XLVII) (1)

CHy—GHCON(CH)y CH’_CC: s g

N (l) (I’cmocu,

BTLLHt \C/ Gt
) cﬁa\cﬂ, (i}

Heterocyclic compounds with two heteroatoms in the
ring have found even wider practical applications. Sub-
stituted uracils *******¥"  pyrimidines ***™*** and pyrazines
and pyridazinones®**™** are used on the largest scale.
The most frequently used compounds of this group are
Lenacil (LI) (in the fight against weeds affecting various
useful plants), uracil derivatives having the general
formula (LOI), Pyramin (LIV) (in the fight against weeds
in sugar beet plantations), 3-phenoxypyridazine (LV), and
certain others.

Cyclopropyl-(4-methoxyphenyl)-5-pyrimidinylmethanol
(LVI) has found some applications as a plant growth regu-
lator for the improvement of the flowering of chrysanthe-
mums, lilies, and peonies**; it is employed as a spray
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in the form of a 0.026% solution on plants or in the treat-
ment of soil.

17 H
N O CH I\Il X=(l, Br;
& \/ §/ /CHZ_G,{ NN R=C (CH,),
* N—CH CH, M N—R 80-CHr
/ 3-CqH
CH, Y i “ew—cH; N ’
0
(LlI) (LI1D)
NH2
/N
1\/\ N SN— \/ 7 o
( | \N=
o” N ()
c.m OC»H' oen
'3
(LIV) (V) (LVD)

A large number of analogues of the above compounds
have been synthesised and some of them may be of signifi-
cant practical interest. However, their investigation has
not yet been completed. There is no doubt that many
interesting compounds physiologically active in plants will
be found among them.

Heterocyclic compounds with three and more hetero-
atoms in the ring, including triazole®, s-triazine®”5°74
tetrahydro-s-triazine* , a,symmetrlctrmzme"”’"“"ma
2,2-dioxybenzo-2,1,3-thiadiazine ***°, thiadiazole **®,
oxadiazole®®® and others #4742 have been investigated
in detail.

Derivatives of s-triazine, having the general formulae
(LvI), (LVIO) and (LIX), which are readily obtained by
the substitution of chlorine in ecyanuryl chloride by the
appropriate groups, have been most widely used as herbi-
cides.

CI XCHj, ?(
|
/\ /\ AN
sl ™ P La® el
4 N / L
R‘/ / N\Ri RG/N \N N\Rg RIHN Y NHR
(LVU) (LVvII) (L1X)

Derivatives of s-triazine occupy one of the leading
places® among other preparations in terms of the scale
of manufacture and their applications in the fight against
weeds in various plantations. It is sufficient to point out
that Atrazine (LX) alone is used in amounts up to 40 000
tonnes annually in the fight against weeds in maize plan-
tations

°cl o 1)
| i I
7N N\ /N
N N (CH,),C7“ N—NH, Hscﬁ“ N—NH,
iswC.HqHN—LN/||—NHCzH. N N/—SCH, N‘N/—CH,
(LX) (LXD) (LXII)

The first herbicide among derivatives of asymmetric
thiazine is Metribuzin (Sencor) (LXI), obtained by the
following procedure*™;

o]

e v |

“ N—NH, (CH,),C—I/ \N—NH,
I\K—SH r\(N

This preparation is used in the fight against weeds in
soya bean, tomato, potato, and alfalfa plantations.

(CH,),CCOCOOH + CS (NHNHy), ->

—SCH, .
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Another mterestmg preparation of this series is Meta-
metron**™ (LXII), obtained by the following reactions:

o
i)
7N\
CgHs—C OR
I
N PCly
COCH, 4 —=—
CeH;COCOOR - CH,CONH—NH, — AN
L+ NaHL
0 o
| I
N N
—CgHs—C  OR Cg¢Hs—C  N—NH,
o e Vol
N CCH, N
N7

Metametron* has been proposed as an agent against
weeds in sugar beet plantations. Particularly satisfactory
results have been obtained when it was used together with
certain chloroacetanilide derivatives.

Tetrazoles having the general formula (LXII) have been
proposed as plant growth regulators, mh1b1t1ng the growth
of shoots and stems of various plants*® :

N—N
R—-—Il\l l(:—R’
\n7

(LX111)

---000---

It has not been possible to characterise fully in this
review the research designed to discover and develop new
chemical weed killers and plant growth regulators, but the
examples quoted are sufficient to give a general idea about
the scale of such studies and about the importance which
chemical preparations have assumed in plant cultivation.
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