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Abstract - This review aims to give an overview of the significance of
pyrimidine derivatives in crop protection. The main herbicidally, fungicidally
and insecticidally active pyrimidine classes are presented, together with their
synthetic routes, their modes of action and their biological efficacies.

Quinazolines and other bicyclic pyrimidine derivatives are also covered.
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6 CONCLUSION

1 INTRODUCTION

Pyrimidine is probably the most important diazine. Pyrimidine is essential for any form of life due to its
presence in all naturally occuring nucleobases. Since the discovery of the first pyrimidine derivative in
1818,% there has been a great interest in this heterocycle as a component of agrochemicals or
pharmaceuticals. The progress in the extensive preparative and theoretical investigations on pyrimidines®
and quinazolines* has been summarized periodically in exhaustive reviews. In addition, specific facets of
the chemistry of pyrimidines and quinoxalines, such as their metallation,® their N-oxides,® their oxo
derivatives’ or their name reactions, such as the Biginelli reaction® and the Pinner reaction,® have been
reviewed recently. This review deals with the agrochemical aspects of pyrimidines and their bicyclic
derivatives. All pesticidally active nucleosides with a pyrimidine or purine nucleobase have already been

covered already in the preceding issue of this series of reviews on chemistry in crop protection.

2 HERBICIDES

2.1 Sulfonylureas

Sulfonylurea herbicides'®*?inhibit acetolactate synthase (ALS), an enzyme involved in the early stage of
the biosynthesis of branched-chain amino acids, resulting in a rapid cessation of plant cell division and
growth.”®* The three branched-chain amino acids valine, leucine and isoleucine are called “essential”
because mammals lack biosynthetic pathways to produce them and therefore must obtain them from their
diet. This selectivity towards plants undoubtedly contributes to the favorable environmental and
toxicology profile of sulfonylureas. Other features such as high efficacy and thus extemely low use rates
(5 - 30 g/ha) as well as excellent crop selectivity meant that the discovery of sulfonylureas in 1975 by G.
Levitt at DuPont™ was the beginning of a completely new era in chemical weed control. The subsequent
tremendous worldwide research and development effort has led to the commercialisation of, so far, 22
different pyrimidine sulfonylureas for selective weed control in over a dozen major crops.
Sulfometuron-methyl (5),*> one of the first pyrimidine sulfonylureas on the market, clearly demonstrates
the structure-activity requirements: two rings are linked via a sulfonylurea bridge. The sulfonyl moiety is
usually connected to a phenyl ring with an electron-withdrawing ortho-substituent. Linked to the amine
end of the sulfonylurea bridge is most often a 2-pyrimidine bearing two alkyl and / or alkoxy substituents
in the 4- and 6-positions. Even small alterations from this basic structure lead to distinct differences in the
selectivity between crop and weed plants. Nevertheless, many variations of this general structure are
known. The phenyl ring can be replaced by a five-membered™ or six-membered*’ heterocycle, as in

pyrazosulfuron-ethyl (1) and nicosulfuron (2), a bicyclic system,™® as in 3 or even by an acyclic chain,*®



HETEROCYCLES, Vol. 68, No. 3, 2006 563

connected to the phenyl ring via a methylene group, as in bensulfuron-methyl (9),% a nitrogen atom, as in

orthosulfamuron (8)* or an oxygen atom, as in ethoxysulfuron (7).
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Furthermore, the elongation of the sulfonyl urea bridge to a vinylogous sulfonyl urea,® as in 4, or the

24 as in 10, a sulfide,®

shortening to a sulfonylamide, as in pyriftalid (11), or to an ether,®® as in
pyriminobac-methyl (12), while the other typical structural elements, leads to very active ALS inhibitors
(Figure 2). The methyl or methoxy substituents in the pyrimidine ring can be replaced by halogen or
haloalkoxy groups, as in chlorimuron-ethyl (14)*" and primisulfuron-methyl (17).2% Last, but not least, a
very important variation of pyrimidine sulfonylurea herbicides is the replacement of the pyrimidine ring
by a similar substituted triazine, as demonstrated by metsulfuron-methyl (16).*° Also the application of
pyridine, as in 13, and pyrazine rings, as in 15, as pyrimidine replacements have been described.*

The substitution pattern of the pyrimidine ring usually exerts a strong influence on the selectivity of the
sulfonylurea herbicides, which means the tolerance against crop plants. Therefore a thorough exploration
of 4,6-disubstituted 2-aminopyrimidines was undertaken. The pyrimidine sulfonylurea (22) is a selective

post-emergence cotton herbicide with excellent activity against Sinapis alba (white mustard) and Stellaria
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media (chickweed).®" It is synthesized by coupling of 2-amino-4-methylthio-6-trifluoromethylpyrimidine
(21) with an appropriate sulfonyl isocyanate, which is usually prepared in situ from the corresponding
sulfonamide (Scheme 1). The pyrimidine building block (21) is obtained in three steps by condensation of
ethyl 4,4 4-trifluoroacetoacetate (18) with guanidine hydrochloride,* subsequent chlorination with
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phosphorus oxychloride and finally nucleophilic substitution with sodium methylthiolate.®*

The methyl carbamate (23) can be cleanly converted with two equivalents of lithium diisopropylamide
into the soluble dianion (24), which undergoes electrophilic fluorination with N-(exo-2-norbornyl)-N-
fluoro-p-toluenesufonamide (Scheme 2).* The resulting carbamate (25) is then hydrolized with aqueous
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base to afford the 6-fluoromethylpyrimidine (26), which can be further tranformed into sulfonylurea

herbicides such as 27.1%
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Scheme 3
Sulfonylthioureas such as 32, which can be prepared by condensation of a sulfonamide (31) with a

pyrimidin-2-ylisothiocyanate, may be converted under oxidative conditions into herbicidally active 1,2,4-
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thiadiazolo[2,3-a]pyrimidine derivatives such as 33 (Scheme 3).1*3* 33 exhibits especially good activity
against Cyperus difformis (smallflower umbrellaplant) and Lindernia procumbens, an annual paddy rice
weed. 33 can also be regarded as a sulfonylisothiourea, with the thiourea sulfur atom linked to the
pyrimidine ring, which suggests the possibility that 1,2,4-thiadiazolo[2,3-a]pyrimidines might act as pro-
herbicides because metabolic hydrolysis could result in the active ring-opened form. Similar

oxadiazolopyrimidines have also been described.*

2.2 Triazolopyrimidine Sulfonanilides

%3¢ also inhibit acetolactate synthase (ALS).*” This class of

Triazolopyrimidine sulfonanilide herbicides
compounds, which was discovered in the mid-1980’s at Dow, closely related in structure to the
sulfonylureas, having some parts of the sulfonylurea bridge inverted and other parts of it incorporated into
a five-membered ring, which is annelated to the sulfonylurea pyrimidine. They are very effective for
controlling various broadleaf and grass weed species at low doses while maintaining high levels of

selectivity to agronomically important crop species such as corn, soybean and wheat. The seven
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triazolopyrimidine sulfonanilide herbicides commercialised so far are displayed in Figure 3.

The influence of halogen,® alkyl,*® haloalkyl®® and alkoxy®® substituents in the heterocyclic portion of
triazolopyrimidine sulfonanilides on their herbicidal activity was investigated thoroughly. During such
structure-activity relationship studies, the synthesis of 5,6-disubstituted 1,2,4-triazolo[1,5-a]pyrimidine
derivatives was envisaged. In the standard triazolopyrimidine synthesis from a 3-aminotriazole and a -
dicarbonyl compound, the 7-position is always occupied by a substituent.”* The selective removal of
chlorine from this 7-position in 43 with zinc-copper in the presence of acetic acid allows the

straightforward synthesis of the interesting herbicide (47) (Scheme 4).%*
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Further examples of herbicidally active, fused bicyclic pyrimidine derivatives include furo[3,2-
d]pyrimidines,**  thieno[2,3-d]pyrimidines,*®  pyrazolo[1,5-a]pyrimidines,** and  imidazolo[1,2-

a]pyrimidines.”

2.3 Uracils
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An important step in the biosynthesis of chlorophyll is the transformation of protoporphyrinogen-1X into
protoporphyrin-1X. This dehydrogenation is catalyzed by the enzyme protoporphyrinogen-1X-oxidase
(PPO). The inhibition of this enzyme results in the accumulation of the substrate protoporphyrinogen-1X,
which acts as a kind of photosensitizer and induces the formation of radicals. These radicals attack in an
uncontrolled autoxidation essential elements of the plant cell, e.g. lipids in the cell membrane, resulting in
a rapid burning of parts of the plant.*® Examples for such PPO-inhibitors are uracils, of which the

commercialized ones are shown in Figure 4.
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The 3-benzyluracil (58) displays good pre-emergent control of broadleaf weeds like Abuthilon
theophrasti (velvetleaf), Amaranthus albus (pigweed), Convolvulus arvensis (field bindweed), Pharbitis
purpurea (tall morningglory), Polygonium lapathifolium (pale smartweed), Solanum nigrum (black
nightshade), Stellaria media (chickweed), and grasses such as Digitaria adscendens (crabgrass), Setaria

faberii (giant foxtail) and Sorghum halepense (Johnsongrass) at use rates of 10 — 30 g / ha.*’ It can be
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prepared by condensation of the trichlorobenzyl isocyanate (56) with ethyl 3-amino-4,4,4-

trifluorocrotonate and subsequent N-methylation (Scheme 5).*’
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The uracil (59) with a special dimethylbenzofuranone moiety possesses excellent pre-emergent efficacy
against Abuthilon theophrasti (velvetleaf) and Pharbitis purpurea (tall morningglory) (Figure 5).* The 3-

alkoxyuracil (60) shows good activity against Sinapis arvensis (wild mustard) and Lolium multiflorum
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(Italian ryegrass).* Further examples of herbicidally active uracils are the glucosamine derivative (61)*°

and the quinazolinedione (62).”* Analogues of the latter were prepared because of its surprising broad-
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spectrum herbicidal activity against Artemisia vulgaris (mugwort), Chenopodium album (lambsquarters),
Lamium amplexicaule (henbit), Polygonium persicaria (ladysthumb), Sinapis arvensis (wild mustard),
Stellaria media (chickweed) and Urtica urens (burning nettle), leading to the discovery of bentazone
(63).

2.4 Miscellaneous Herbicidally Active Pyrimidines

We have already seen in the first two chapters that the dimethoxy substitution in a pyrimidine ring plays
an important role in herbicide chemistry. In contrast to the structurally related ALS inhibitor (65), the
pyridine derivative (64) acts as a bleaching herbicide and is especially active against Echinochloa crus-
galli (barnyardgrass), Digitaria sanguinalis (large crabgrass), Polygonium lapathifolium (pale

smartweed), Scirpus mucronatus (roughseed bulrush) and Setaria faberii (giant foxtail) (Figure 6).>
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The straightforward synthesis of 64 is demonstrated in Scheme 6. The nucleophilic ipso-substitution of
the 2-pyrimidinyl sulfone> leads in the conversion of 4,6-dimethoxy-2-methanesulfonylpyrimidine (66)
with 2-chloro-3-pyridinol to the 2-(pyridin-3-yloxy)pyrimidine (67), which is then converted with
benzylmercaptan into the final product (64).>
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The diarylpyrimidine (68)°® and the phenoxybenzylpyrimidine (69)*° are further examples of phytoene
desaturase inhibiting bleaching herbicides (Figure 7).

68 CF, 69

Figure 7

The simple dimethoxypyrimidine derivative (69) is highly active against Echinochloa crus-galli
(barnyardgrass), Digitaria adscendens (crabgrass), Polygonium lapathifolium (pale smartweed),
Amaranthus albus (pigweed), Chenopodium album (lambsquaters) and Cyperus iria (rice flatsedge).>® It
is prepared by condensation of O-methylisourea® with the 3-trifluoromethylphenoxyphenylacetoacetate
(70) to give the hydroxypyrimidine (71), which is then converted into the desired dimethoxypyrimidine
(69) via chlorination and methoxylation (Scheme 7).>®
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Pyrimisulfan (73)*® and the acetohydroxy-acid synthase-inhibiting bis-pyrimidylpyrazolinone (74)>° are
further examples of the broad variety of dimethoxypyrimidine herbicides (Figure 8).

The 2-(pyrazolyl-1-yl)-4-phenoxypyrimidine (75)%° and its benzyl analog (76)®* displayed strong
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broadleaf weed control at use rates of 5 — 10 g / ha in cereal field trials (Figure 9). Their herbicidal

activity results from the inhibition of carotenoid biosynthesis.®®* The thienopyrimidine (77) is especially
active against Setaria faberii (giant foxtail).*
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3  FUNGICIDES

3.1 Strobilurins

The strobilurin fungicides are inhibitors of mitochondrial respiration, by binding at the Qol site of
cyctochrome bc; (complex 111).% Strobilurin A (78) was isolated from the mushroom Strobilurus
tenacellus. Although its fungicidal properties were soon discovered, its agrobiological testing was
difficult because of its photoinstability. The incorporation of the Z-olefinic bond of strobilurin A (78) in a
phenyl ring was a first breakthrough in attempts to prepare photostable strobilurin analogues. The
replacement of the stilbene double bond of 79 by an ether bridge and the exchange of the phenyl ring by a
pyrimidine are further steps in the invention pathway to the broad-spectrum fungicide azoxystrobin (81)
(Scheme 8).%

The pyrimidine system seems to play a distinguished role in the sidechain of strobilurin fungicides,

because it often results in low log P values and therefore enables the systemic movement of the
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compound through the plant. Figure 10 displays three commercialised strobilurins bearing a pyrimidine

ring. Azoxystrobin (81) and fluoxastrobin (82) are fungicides, while fluacrypyrim (83) is an insecticide.
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Key steps in the laboratory synthesis of azoxystrobin (81) are the consecutive aryloxylation of 4,6-
dichloropyrimidine with two different phenol components. (Scheme 9).%
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Because of the positive influence of the pyrimidine heterocycle on the physical properties as well as the

biological activity of azoxystrobin (81), other derivatives, such as 88 and 89,°® have also been prepared,
wherein the positions of the pyrimidine and phenyl rings have been switched (Figure 11).
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The strobilurin fungicide (88), having the pyrimidine ring bearing the 3-methoxyacrylate pharmacophore,
could be obtained by the reaction sequence shown in Scheme 10. Pinner-type condensation of dimethyl
acetylsuccinate (90) with thiourea led to the pyrimidine (91), which was transformed into 93 via
desulfurization and chlorination.®” Ullmann coupling of this versatile intermediate to the phenoxyphenol
sidechain and subsequent formylation and O-methylation resulted in the azoxystrobin analog (88), in
which the phenyl ring bearing the -methoxyacrylate pharmacophore and the pyrimidine ring have been
exchanged. Compound (88) is very active against Botrytis cinerea (grey mould), Puccinia recondita

(brown rust) and Septoria nodorum (glume blotch).
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Scheme 10

The installation of the B-methoxyacrylate function in the 8-position of a 2-substituted quinazoline also led
to highly active strobilurin derivatives. Their preparation starts from the condensation of 2-
methoxymethylenecyclohexanone (95) with an appropriate amidine salt (Scheme 11). This reaction
generates in good yield the 2-substituted 5,6,7,8-tetrahydroquinazoline (96), which can be further
transformed in a regioselective aldol-type condensation with methyl glyoxylate methyl hemiacetal as

carbonyl component to the acrylate (97).°® The aromatization of the tetrahydroquinazoline (97) to the
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quinazoline (98) is achieved by benzylic bromination with bromine followed by elimination of hydrogen
bromide under basic conditions.®® A similar aromatization of tetrahydroquinazolines has been described
using N-bromosuccinimide as bromination agent.®® Finally, formylation and O-methylation delivered the
target molecule (99), which showed especially good activity against the cereal diseases Erysiphe graminis

(powdery mildew) and Puccinia recondita (brown rust).
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3.2 Anilinopyrimidines

Andoprim (100),” pyrimethanil (101),”* cyprodinil (102)"? and mepanipyrim (103)"® constitute the class
of anilinopyrimidines, which is very effective against phytopathogens such as Botrytis cinerea (grey
mould), Venturia inaequalis (apple scab) and Pseudocercosporella herpotrichoides (eyespot) (Figure 12).
Different hypotheses have been put forward for their mode of action. These anilinopyrimidines inhibit the
fungal secretion of hydrolytic enzymes such as protease, cellulase, lipase or cutinase which play an
important role in the infection process.” On the other hand, several amino acids, particularly methionine,
reverse the fungitoxicity of anilinopyrimidines.” Biochemical studies conducted with Botrytis cinerea
indicated that these compounds inhibit the biosynthesis of methionine, the primary target site being

cystathionine-p-lyase.” The anilinopyrimidines are readily accessible either by cyclocondensation of a
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phenylguanidine with the appropriate B-diketone or by reacting an aniline with a suitable pyrimidine

bearing a leaving group in the 2-position.

H H
N\l/N\ CH, N\l/N\ CH,
I I
N~ N~
CH,0
100 CH,§ 1o1 CH,
andoprim pyrimethanil
_ CH,
H
No N N_ _N 4
A A
e Y
NP% N~
102 CH, 103 CH,
cyprodinil mepanipyrim

Figure 12

The fungicidally active anilinopyrimidine (106), which was later optimized to the commercial product
cyprodinil (102), was coincidentally discovered during a study of the hydrolytic behaviour of the
sulfonylurea herbicide (104) (Scheme 12).” Under basic conditions, the asymmetric disubstituted urea
derivative (105) was formed, which in turn was further hydrolyzed to the anilinopyrimidine (106). Similar
metabolic transformations of sulfonylureas to anilinopyrimidines have also been observed in soil.”

CH,

O NH,
Y

02 | © O)OJ\ )N\)E\ 2
s X N _N.__OCHF
N7 N7 N7 TOCHF, NaOH, rt Y A 2
H H e |

N~
104 105 CHs
NO,
N N_ _ocHF
NaOH, 70°C T A 2
—_—
N~
106 s
Scheme 12

The pyrimidinylhydrazone ferimzone (107)"" and its cyclic analog (108)"® are a kind of vinylogous

anilinopyrimidines (Figure 13). Both compounds are very active against Erysiphe graminis (powdery
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mildew), Septoria nodorum (glume blotch) and Magnaporthe grisea (rice blast).

CH
CH, CHy :
\N/N\“/N\ CH, \N/N\“/N\ CH,
N~ N~
107 CH, 108 CH,
ferimzone

Figure 13

Also the class of pyrimidinol fungicides possesses striking similarities to the anilinopyrimidines (Figure
14).79

CZHSNYN\ CH, (CH3)2N\|/N\ CH, CZHSNYN\ CH,
\ N .
= C,H, CH, = CHq
OH OH H,CO) N O
109 110 oo 111
ethirimol dimethirimol bupirimate
Figure 14

3.3 Miiscellaneous Fungicidally Active Pyrimidines

The pyrimidin-5-ylmethanol fungicides fenarimol (112), nuarimol (113) and triarimol (114) exhibit
protective and curative action against a variety of fungal diseases, including Erysiphe graminis (cereal
powdery mildew), Uncinula necator (grape powdery mildew), Venturia inaequalis (apple scab) and
Sclerotinia fruticola (peach brown rot) (Figure 15).% They are, like the large and commercially important

family of triazole fungicides, inhibitors of sterol biosynthesis in fungi by preventing C-14 demethylation

Cl Cl Cl
OH

\:/> \:/> c' \:/>

Cl E
112 113 114
fenarimol nuarimol triarimol

Figure 15
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and C-22 dehydrogenation of sterols.®°

Furthermore, pyridylpyrimidines such as 115 are fungicidally active against a broad range of
phytopathogens (Figure 16).%" Their efficacy is due to their ability to complex copper and to cycle this
metal through fungal cell membranes, where it accumulates internally to toxic levels.?? Molecular
modelling suggested that the phenyl ring of 115 should be twisted out of plane relative to the pyridine for
optimum copper chelation to occur. Therefore conformationally restricted analogs of 115 with a carbon
bridge between the phenyl and pyridine rings have also been prepared to control the dihedral angle
between these two rings.** 116, one of these bridged analogs, exhibits excellent activity against Septoria
nodorum (wheat leaf blotch), Pseudocercosporella herpotrichoides (wheat eyespot) and Magnaporthe

grisea (rice blast).®

115 116

Figure 16

The synthesis of 116 starts from 1-benzosuberone (117), which is converted into the enaminone (118) by
condensation with N,N-dimethylformamide dimethyl acetal (Scheme 13). Subsequent pyridoannulation is
effected by reaction of the potassium enolate of 2-acetyl-4-methylpyrimidine with the enaminone (118).

Ring closure of the resulting non-isolable 1,5-enedione with ammonium acetate leads directly to the

N(CH,), )\U
— t-C,HoOK

(CH,0),CHN(CH,), o 2. NH ,OAc, CH,CO ,H

-

117 118

Scheme 13
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desired pyrimidine-substituted tricyclic ring system (116).2%54

Several pyrazolo[3,4-d]pyrimidines have been reported to possess fungicidal activity. The pyrimidine-4-
thione (119) is very active against Pythium ultimum (damping-off),%> Corticium solani (black scurf)® and
Magnaporthe grisea (rice blast)®®, whereas the pyrimidin-4-ones (120)®’ and (121)® are able to control

121

122 123

pyrazophos

Figure 17

Helminthosporium oryzae (brown spot of paddy)®’ or Botrytis cinerea (grey mould)® respectively (Figure
17). Pyrazolo[1,5-a]pyrimidines also display fungicidal activity. 122 is a potent inhibitor of mycelial

growth of Rhizoctonia solani (black scurf).2° The phosphorothionate pyrazophos (123) was developed as

N|_N NH Nl—N NH
/@A\OJ\\N /©)\O)\\N
ol cl Cl OCH,
124 125

Figure 18
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a fungicide because of its excellent activity against the barley diseases Erysiphe graminis (powdery
mildew) and Pyrenophora teres (net blotch).*

The 1,3,4-oxadiazolo[3,2-a]pyrimidine scaffold also seems to be linked to fungicidal activity. For
example, the benzamide (124) is a potent inhibitor of Helminthosporium oryzae (brown spot of paddy),®*
whereas the glycine dipeptide (125) is active against Fusarium oxysporum (root rot) (Figure 18).%

Further examples for fungicidally active fused bicyclic pyrimidines are the thiazolo[3,2-a]pyrimidin-7-
one (126), which is active against Helminthosporium oryzae (brown spot of paddy) and Fusarium
oxysporum (root rot),*® and the triazolo[1,5-a]pyrimidine (127), which is a powerful inhibitor of
Rhizoctonia solani (black scurf) (Figure 19).%*

cl O__OCH,
CH,
o,N
Y ROy x ﬁ
Cl X S (@] = —

S N~ o \( S N N CH
e s
N—N

126 127

Figure 19

Several quinazolin-4-ones are also known to possess fungicidal efficacy. The aminothiazole (128), for
example, displays high levels of activity against Helminthosporium sativum (root rot) (Figure 20).*
Fluguinconazole (129) belongs to the triazole class of fungal sterol biosynthesis inhibitors, which block
the C-14 demethylation of lanosterol. Fluguinconazole is particularly active against diseases of apple,

giving excellent control of Venturia inaequalis (apple scab) and Podosphaera leucotricha (powdery

128 129
Cl

(@]
NN
N
YL
N Cl
130

Figure 20

fluguinconazole



582 HETEROCYCLES, Vol. 68, No. 3, 2006

mildew).*® The N-quinazolinone-N’-phenylurea (130) is quite active against Cercospora beticola
(sugarbeet cercospora) and Mycosphaerella fijensis (banana black sigatoka).®’

The large-scale synthesis of the urea derivative (130) starts from anthranilic acid (131), which is cyclized
with phosgene to give isotoic anhydride (132) and then ring-opened again with hydrazine to obtain 2-
aminobenzohydrazide (133) (Scheme 14). A second ring-closure leads to 3-aminoquinazolin-4-one (134),

which is directly converted with 4-chloropheny! isocyanate into the desired phenylurea (130).%’

o] 0 0
d\OH cocl, Cjﬁl\o H,NNH, d\N/NHZ
E— /& [ H
NH, N o) NH,
131 132 133
Oxs
0 o}
NH H H
e >
7 7 (0]
N) N) Cl
134 130
Scheme 14

The quinazolin-4-one proquinazid (135) and the thienopyrimidin-4-one (136) exhibit extraordinarily high
curative activity against powdery mildew diseases of cereals (Erysiphe graminis), grape (Uncinula

necator) and apple (Podospharea leucotricha) (Figure 21).%

O O

I\d‘\N/Cngn /d‘\N/C%H?-H
N/)\OC3H7-n /)\

135 136

proquinazid

Figure 21

The synthesis of 136 is outlined in Scheme 15. The key intermediate (139) is usually prepared by ring-
closure of an isothiocyanate with an amine, but the isothiocyanate can be linked either to the thiophene
starting material, as in 138, or to the acyclic coupling partner. After methylation of the thione function of

139, the resulting methylthio group is substituted with a propoxyl group. Finally, regioselective
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introduction of a chlorine atom in the ortho-position of the sulfur atom of 141 is achieved by reaction

with N-chlorosuccinimide in pyridine.*®

0 o
@ | OCH, CSCl,, NaHCO, ] OCH,8
—_— =
S7 ONH, SN
N
137 138 S
CH3CH,CH,NCS, CH,CH,CH,NH,
K,CO,
0 o
CH 4CH,CH,ONa,
| | N/C3H7 CHjl, NaH | | N/C3H7 CH4CH,CH ,0OH
J— . -
/& /)\
s” N7 s s7 N7 scH,
139 140
o o

N/C3H7 NCS _CH,

] — - 1 )
/)\ of S N/)\OC3H7

141 136

Scheme 15

Diflumetorim (142) has been commercialized because of its high activity against Erysiphe graminis
(powdery mildew) and Puccinia recondita (brown rust) in cereals and ornamentals (Figure 22).%° The
quinazoline (143) efficiently controls Erysiphe graminis (cereal powdery mildew).*®® Both compounds
are respiration inhibitors, acting on the mitochondrial complex I. This mode of action will be discussed in

detail in the next chapter.

OCF,
(@)

HN
CH
c | \)N OCHF, : | \)N
~ —
CcH, N N
142 F o1

diflumetorim

Figure 22

4 INSECTICIDES
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4.1 Complex I Inhibitors

The excellent activity of the acaricide fenazaquin (144)'*

against several different spider mite species,
e.g. Tetranychus urticae (two-spotted spider mite) and Panonychus ulmi (European red mite), results
from its ability to interrupt the mitochondrial electron transport by inhibition of NADH:ubiquinone
oxidoreductase (complex 1) (Figure 23).°2 This prevents the respiration of the target organisms. The
quinazoline (145), in which the tert-butyl group of fenazaquin is mimicked by a cyclic ketal, also offers
excellent control of both T. urticae and P. ulmi, and it was once evaluated for development as a
commercial acaricide.’® The introduction of a fluorine atom on the quinazoline scaffold of fenazaquin
and the addition of a further phenyl ring in the phenethyl side chain, to give the analog (146), leads to a
dramatic change in biological efficacy. Fenazaquin is predominantly active against mites, whereas 146
has a much broader insecticidal spectrum with good activity against e.g. Aphis gossypii (cotton aphid),

Diabrotica undecimpunctata (Southern corn rootworm) and Trichoplusia ni (cabbage looper).***

144 145

fenazaquin

Figure 23

Several different fenazaquin analogs have been prepared in which the phenyl moiety of the quinazoline
scaffold is replaced by a heterocyclic ring, such as purine, pteridine, furopyrimidine, thienopyrimidine,
pyrazolopyrimidine, isoxazolopyrimidine, isothiazolopyrimidine, pyridopyrazine or pyrimidino-
pyrimidine. The pyrido[3,4-d]pyrimidine fenazaquin analog (152) could be prepared starting from
pyridine-3,4-dicarboxylic acid (chinchomeronic acid, 147), which is converted into chinchomeronimide
(148) (Scheme 16).'® This imide can be regioselectively ring-opened under Hofmann rearrangement
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conditions to give 3-aminoisonicotinic acid (149),)%* which is cyclized to 4-hydroxy-pyrido[3,4-
d]pyrimidine (150) with formamide. Compound (150) is then converted via the chloride into the triazole
(151), which is activated for nucleophilic substitution in this position, but much more stable than the

usually used chloride. The triazolyl group is finally replaced by the required sodium alkoxide.'®*

0 0 o)
1. (CH,CO),0,
Xy~ SoH 2 CH;CONH, = NH  Bry, NaOH Xy~ ToH HCONH,
| - s | i —
N~ OH Na N~
(0] NH,
147 O 148 149

N
u:——% ONa
OH N”
1. POCI;, pyridine t -C,Hg
=z | NN 2.1,2,4-triazole =z | SN
N Z N
M A

150 151

Y

-
Y

Scheme 16

Pyrimidifen (153) and flufenerim (154) are two modern complex | inhibitors, developed especially for the
control of mites in fruits and vegetables (Figure 24).1%

o OCF,
3
o CH /\/©/
HNT : HN
cl cl
SN OC,H SN
| 3 CH, | 3
CH N N

153 F o154
pyrimidifen flufenerim

Figure 24

The cyclopropyl derivative (155), which bears the pyrimidine moiety of pyrimidifen (153), possesses
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excellent activity against Plutella xylostella (diamondback moth), Nilaparvata lugens (brown rice
planthopper) and Tetranychus urticae (two-spotted spider mite) (Figure 25).2" The control of
Tetranychus urticae (two-spotted spider mite) is also the strength of the oxime derivative (156).*% Finally,
the arylacetamide (157) shows good activity against Heliothis virescens (tobacco budworm) and Aphis

108

gossypii (cotton aphid).

155

157

Figure 25

4.2 Miscellaneous Insecticidally Active Pyrimidines

Several 2-aminopyrimidines display strong insecticidal activities. The 2,4-diaminopyrimidine (158)
inhibits dihydrofolate reductase and is quite efficient against Helicoverpa zea (corn earworm), Heliothis
virescens (tobacco budworm) and Trichoplusia ni (cabbage looper) (Figure 26).}° The 2-

isopropylaminopyrimidine (159) was found to possess good activity, especially against rice pests.**

cH, cH, NH, CF,
L Q LA,

cl HC” N N, 07 N7 ONHCH, i
158 cl 159

Figure 26

The substitution of the pyrimidine ring with a tert-butyl group seems to be favorable for insectidal

activity. The GABA-gated chloride channel blocker (160) is very active against Musca domestica (house
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fly) (Figure 27).*! The pyrethroid analog (161) exhibits selective activity against spider mites.'? The 3,4-

dihydroquinazolin-2-one (162), which is a bicyclic analog of pymetrozine, is quite active against

pyrethroid or carbamate resistant aphids.'*
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Figure 27

Due to its unique physicochemical properties, the pyrimidine ring is a common structural feature in the
older insecticide classes of phosphorothionates and carbamates, which inhibiting acetylcholinesterase.
This enzyme plays a central role in the transport of nerve impulses, and its inhibition results in a steady
excitement with lethal results. Most phosphorothionate insecticides are relativly poor intrinsic inhibitors
of this target, but are converted by cytochrome P-450-containing monooxygenase systems into the

corresponding phosphates, which are potent inhibitors.*** Figure 28 shows four examples from these
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insecticide classes which are still in use today.

5 PYRIMIDINE AS AN ISOSTERIC REPLACEMENT FOR OTHER HETEROCYCLES
5.1 Herbicidally Active Pyrimidines
The quarternary pyridinium salt (168) was prepared as an analog of the total herbicide paraquat (167), but

the herbicidal activity is clearly weaker (Figure 29).**> The pyrimidinone (170) was found to have good

N
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cl ™ HONS Br =~ H,CN.
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pre-emergence broad spectrum herbicidal activity, equivalent to that of the triazolone lead compound
(169).1'° Both compounds are bleaching herbicides and inhibit carotenoid biosynthesis by accumulation

of phytoene, phytofluene and zeta-carotene. The same mode of action applies also to the

117

diphenylpyrimidine (172),"*" which is an analog of the herbicidal diarylpyridine (171).*® 172 possesses

pre- and post-emergent activity against Abuthilon theophrasti (velvetleaf) and Echinochloa frumentacea

17 Also fluridone (173) and its tetrahydropyrimidinone analog (174) are bleachers.!*®

(Japanese millet).
The cyclic urea (174) is very active against monocotyledonous weeds, such as Setaria virides (green

foxtail) and Sorghum halepense (Johnsongrasss) as well as dicotyledonous weeds, such as Chenopodium
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album (lambsquarter) and Portulaca oleracea (purslane).**® The imidazole derivative (175), which was
prepared in a program towards fungicidal activity, showed surprisingly high herbicidal activity against
Digitaria sanguinalis (large crabgrass)."®® This compound inhibits sterol biosynthesis in plants by
blocking obtusifoliol 14a-methyl demethylase. Its pyrimidine analog (176) is also an efficient herbicide,
especially against rice weeds.*

Two completely different synthesis routes to 176 have been worked out, both of which use 2,2-
dimethylindan-1-one (182) as source for the indanyl scaffold of 176 (Scheme 17).*** The first approach
starts from 5-bromopyrimidine (177), which can be hydroxylated with peracetic acid to give 5-
bromopyrimidin-4-one (178).}* The hydroxypyrimidine (178) is transformed into the methylthio-
pyrimidine (181) via the chloride (179) and the thiuronium salt (180). Metal-halogen exchange of 181
with butyl lithium and subsequent addition of the lithiated pyrimidine intermediate to 2,2-dimethylindan-
1-one (182) led to the tertiary alcohol (183), which could be converted into the desired herbicide (176) by
Lewis acid-mediated silane reduction.*?* The second synthesis of 176 employs the transformation of 2,2-
dimethylindan-1-one (182) into the 4-aminopyrimidine (186) via the two nitrile intermediates (184) and
(185), which takes place in liqguid ammonia (Scheme 17). The 4-amino substituent can then be

transformed into the methylthio group of the final product (176) via hydroxy and chloro intermediates.**

5.2 Fungicidally Active Pyrimidines
Quinoxyfen (188) possesses significantly better activity against Erysiphe graminis (cereal powdery

mildew) than its quinazoline analog (189) (Figure 30).'?® The strobilurin derivative (190), in which the
o oy
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common B-methoxyacrylate pharmacophore is replaced by a triazolinone, displays astonishing good
efficacy against a broad range of plant diseases,*** and its pyrimidinone analog (191) is fungicidally
active as well.'®

The critical step enabling a concise synthesis of 191 is the Suzuki coupling of 2-formylphenylboronic
acid with the key intermediate (194) (Scheme 18). This tetrasubstituted pyrimidine (194) can, in turn, be
obtained in two steps from 4,6-dimethoxypyrimidine (192) by N-methylation and subsequent
regioselective bromination of the resulting pyrimidinone (193). Reduction of 195 with sodium
borohydride followed by bromination of an intermediate alcohol gave the benzyl bromide (196), which

was linked to 3-trifluoromethylacetophenone oxime to afford the desired product (191).*%
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5.3 Insecticidally Active Pyrimidines

Fipronil (197) is a highly efficient insecticide which acts by blocking the GABA-regulated chloride
channel (Figure 31).'® The pyrimidinone analog (198) also displays high insecticidal activity especially
against public health pests like mosquitoes and cockroaches.™®’ The triaminopyrimidine dicyclanil (200)
is at least as active against blowfly strike on sheep and screwworm infestation on cattle as its triazine role
model cyromazine (199).}% Both compounds are insect growth regulators, inhibiting the biosynthesis of

chitin. The same mode of action applies to the oxazoline (201), which is a broad-acting insecticide and



592 HETEROCYCLES, Vol. 68, No. 3, 2006

acaricide."® Its tetrahydropyrimidine analog (202) is highly active against Spodoptora littoralis (cotton
130

leafworm).
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N (§
N” TNH, N~ ~o
Cl Cl Cl Cl
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197 198
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NH,

A | A |
J AL,
199 200

cyromazine dicyclanil

Figure 31

The synthesis of the tetrahydropyrimidine (202) is depicted in Scheme 19. The key step is the coupling of
the vinamidinium salt (204) with 2,6-difluorobenzamidine to give the diaryl-substituted pyrimidine
(205),"*" which is subsequently reacted with 4-trifluoromethylphenylboronic acid under Suzuki coupling
conditions. The resulting pyrimidine (206) is reduced to the desired tetrahydropyrimidine (202) via

catalytic hydrogenation.**

6 CONCLUSION
Many pyrimidine derivatives display significant biological activities in the control of weeds, insects and
fungi. Their structural diversity is impressive as well as the wide range of different modes of action
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involved. It seems that, in pesticidally active compounds, several different five and six membered

heterocycles can be replaced by pyrimidine without loss of biological efficacy.
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