
Photosynthetic Electron Transport Inhibition by Pyrimidines and Pyridines 
Substituted with Benzylamino, Methyl and Trifluoromethyl Groups
Shinpei Ohkia, Hideomi Takahashib, Nobuhiro Kuboyamac, Kazuya Koizumic, 
Hitoshi Kohnob, Jack J. S. van Rensend, Ko Wakabayashib and Peter Bögera *
a Lehrstuhl für Physiologie und Biochemie der Pflanzen, Universität Konstanz,

D-78434 Konstanz, Germany 
b Graduate School of Agriculture, Tamagawa University, Machida-shi, Tokyo 194-8610, 

Japan
c Chemical Institute, Tomono Agrica Co. Ltd., 290 Ohyanagi, Shimada-shi,

Shizuoka-ken 427-01, Japan 
d Graduate School of Experimental Plant Sciences, Wageningen University, Laboratory of 

Plant Physiology, Arboretumlaan 4, 6703 BD Wageningen, The Netherlands
* Author for correspondence and reprint requests
Z. Naturforsch. 56c, 203-210 (2001); received January 22, 2001
PET Inhibitory Activity, Atrazine-Resistant Chenopodium album ,
4-Benzylamino-2-methyl-6-trifluoromethylpyrimidines

The decrease of the number of ring nitrogen atoms of 2-benzylamino-4-methyl-6-trifluoro- 
methyl-l,3,5-triazines on herbicidal activity and inhibition of photosynthetic electron trans­
port (PET) was assayed using thylakoids from Spinacia oleracea or atrazine-resistant Cheno­
podium album. Three 2-benzylamino-4-methyl-6-trifluoromethyl-l,3,5-triazines, nine pyrimi­
dines with a benzylamino-, methyl- and trifluoromethyl-group, 2-benzylamino-6-methyl-4- 
trifluoromethyl- pyridine and N-benzyl-S-methyl-S-trifluoromethylaniline were synthesized 
and assayed. 2-(4-Bromobenzylamino)-4-methyl-6-trifluoromethylpyrimidine exhibited the 
highest PET inhibitory activity against Spinacia oleracea thylakoids of all compounds tested. 
The 2-benzylaminopyrimidines and 2-methylpyrimidines having a 4-halobenzylamino group 
exhibited higher PET inhibition than atrazine and 2-trifluoromethylpyrimidines against Spi­
nacia oleracea thylakoids. These PET inhibitory active compounds also exhibited a strong 
and similar inhibition both against atrazine-resistant Chenopodium album  thylakoids as well 
as against thylakoids from wild-type Chenopodium. The herbicidal activity of 4-(4-bromoben- 
zylamino)-2-methyl-6- trifluoromethylpyrimidine was equivalent to that of known herbicides 
like simetryne, simazine or atrazine.

Introduction

2,4-Dialkylamino-l,3,5-triazines such as 2- 
chloro-4-diethylamino-6-isopropylamino-l,3,5- tri- 
azine (atrazine) were introduced as herbicides in 
1952 by CIBA-GEIGY AG (Uemura et al., 1988) 
and subsequently widely used around the world. 
Studies on herbicidal activity, mode of action, 
quantitative structure activity relationship and so 
on have been described in many reviews (van 
Rensen et al., 1993; Trebst, 1987; Mitsutaka et al., 
1986). They inhibit photosynthetic electron trans­
port (PET) by displacing plastoquinone from the 
Q B-binding niche of the D1 protein in the pho- 
tosystem-II reaction center (Oettmeier, 1999; 
Koike et al., 1989; Tietjen et al., 1993). Although 
the triazine herbicides have contributed to weed 
control for many years, they are now phasing out

due to occurrence of triazine-resistant weeds, 60 
plants were found to be triazine-resistant in 1997 
(Kohno et al., 2000).

Previously, we have reported on the herbicidal 
activity of novel 2-benzylamino-l,3,5-triazines 
(Kuboyama et al., 1998). In our synthetic and bio­
assay programs, 2-benzylamino-4-methyl-6- triflu- 
oromethyl-l,3,5-triazines, e.g. 2-(4-bromobenzy- 
lamino)-4-methyl-6-trifluoromethyl-l ,3,5- triazine 
and 2-(3-chlorobenzylamino)-4-methyl-6-trifluor- 
omethyl-l,3,5-triazine, exhibited both strong PET 
inhibitory and high herbicidal activity (Kuboyama 
et al., 1999). Especially they have been found to 
exhibit a strong PET inhibition against both wild- 
type and atrazine-resistant thylakoids from Che­
nopodium album (Kohno et al., 2000).
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Chemicals

2-Benzylamino-4-methyl-6-trifluoromethyl-
1,3,5-triazines (1-3) were prepared according to 
Kuboyama et al. (1998; 1999). The pyrimidines (4- 
12) were obtained by a nucleophilic replacement 
reaction of the corresponding chloropyrimidines 
with corresponding benzylamines. 2-Benzylamino- 
6-methyl-4-trifluoromethylpyridines (13, 14) were 
synthesized by a nucleophilic monoamination re­
action of 2-chloro-6-methyl-4-trifluoromethylpyri- 
dine with benzylamine and 4-chlorobenzylamine, 
respectively. 7V-Benzyl-3-methyl-5-trifluoromethyl- 
aniline (15) was prepared by reduction of N- 
benzyliden-3-methyl-5-trifluoromethylamiline (e) 
with LiAlH4, which was obtained via reduction of
3-trifluoromethyl-5-nitrobenzoic acid (a) with 
BH 3-THF, bromination of 3-trifluoromethyl-5-nit- 
robenzylalcohol (b) with CBr4-TPP, reduction of
3-bromomethyl-5-nitrobenzotrifluoride (c) using 
iron powder and conc. hydrochloride and conden­
sation of 3-amino-5-methylbenzotrifluoride (d) 
with benzaldehyde. However, the product was a 
(1:1) mixture of 7V-benzyl-3-methyl-5-trifluoro- 
methylaniline and vV-benzyl-3-methyl-5-difluoro- 
methyl-aniline. In the bioassay we used the mix­
ture. Atrazine was purchased from Wako Pure 
Chemicals Industries (Osaka, Japan).

All reaction products were purified through 
recrystallization and/or column chromatography, 
and their structures confirmed by IR- and NMR 
spectroscopy. Melting points were not corrected. 
IR-spectra were recorded on a JASCO FT/IR-420 
spectrophotometer and NMR spectra measured in 
CDC13 on a JEOL JNM-GX400 FT-NMR (400 
Hz). The spectroscopical data of 2-benzylamino-
4-methyl-6-trifluoromethyl-l,3,5-triazines (1 -3 )  
are shown in our previous papers (Kuboyama et 
al., 1998; Kuboyama et al., 1999). Spectroscopical 
data of compounds (4-15) are documented in Sec­
tion below.

2-Benzylamino-4-methyl-6-trifluoromethylpyri- 
midine (4)

To a solution of 2-chloro-4-methyl-6-trifluoro- 
methylpyrimidine (590 mg, 3 mmol) in 10 ml of 
tetrahydrofuran, benzylamine (375 mg, 3.5 mmol) 
and triethylamine (354 mg, 3.5 mmol) were added.

Materials and Methods After stirring at room temperature for 4 h, the 
mixture was concentrated under reduced pressure. 
The residue was poured into 10 ml of water and 
extracted with dichloromethane. 2-Benzylamino- 
4-methyl-6-trifluoromethylpyrimidine (4) was 
purified by column chromatography over silica gel 
using ethyl acetate : n-hexane = 1 :6  (v/v). Color­
less crystals obtained amounted of 610 mg (76%), 
m.p. 79-80 °C. IR l MAX (KBr) cm“ 1 : 1595 (py­
rimidine ring). NMR oH (CDC13) ppm : 2.42 (3H, 
s), 4.66 (2H, d, J  = 6.0 Hz), 5.60 (1H, br), 6.74 (1H, 
s), 7.32 (5H, m).

2-(4-Chlorobenzylamino)-4-methyl-6-trifluoro- 
methylpyrimidine (5)

This compound was prepared with 8 8 % yield in 
the above-mentioned method. Colorless crystals 
showed m.p. 82-83 °C. IR XMAX (KBr) cm -1  : 
1604 (pyrimidine ring). NMR oH (CDC13) ppm : 
2.49 (3H, s), 4.67 & 4.78 (2H, each br), 5.65 (1H, 
br), 6.77 (1H, s), 7.35 (4H, m).

2-(4-Bromobenzylamino)-4-methyl-6-trifluoro- 
methylpyrimidine (6 )

In the same way, (6 ) was obtained with 55% 
yield. Colorless crystals showed m.p. 83-84 °C. IR 
Im ax (KBr) cm - 1  : 1618 (pyrimidine ring). NMR 
oH (CDCI3) ppm : 2.51 (3H, s), 4.68 & 4.88 (2H, 
each br), 5.67 (1H, br), 6.79 (1H, s), 7.36 (4H, m).s

4-Benzylamino-2-methyl-6-trifluoromethyl- 
pyrimidine (7)

Yield: 8 8 %, colorless crystals, m.p. 66-67 °C. IR 
ä,Max  (KBr) cm - 1  : 1611 (pyrimidine ring). NMR 
oH (CDCI3) ppm : 2.58 (3H, s), 4.60 (2H, br), 5.55 
(1H, brs), 6.48 (1H, s), 7.35 (5H, m). NM R oc 
(CDCI3) ppm : 25.9 (s), 45.4 (br), 98.0 (br), 120.8 
(q, J  = 275 Hz), 127.4 (s), 127.8 (s), 128.8 (s), 137.1 
(br), 162.8 (br), 169.0 (s)

4-(4-Chlorobenzylamino)-2-methyl-6-trifluoro- 
methylpyrimidine (8 )

Yield: 64%, colorless crystals, m.p. 68-69 °C. IR 
Im ax (KBr) cm -1  : 1607 (pyrimidine ring). NMR 
oH (CDCI3) ppm : 2.47 (3H, s), 4.54 & 4.65 (2H, 
each br), 5.57 (1H, br), 6.49 (1H, s), 7.31 (4H, m).
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4-(4-Bromobenzylamino)-2-methyl-6-trifluoro- 
methylpyrimidine (9)

Yield: 6 8 %, colorless crystals, m.p. 76-77 °C. IR 
Ä,MAx (KBr) cm -1  : 1617 (pyrimidine ring). NMR 
oH (CDC13) ppm : 2.50 (3H, s), 4.59 & 4.68 (2H, 
each br), 5.60 (1H, br), 6.51 (1H, s), 7.33 (4H, m).

4-Benzylamino-6-methyl-2-trifluoromethyl- 
pyrimidine (10)

Yield: 77%, colorless crystals, m.p. 72-73 °C. IR 
^max (KBr) cm -1  : 1610 (pyrimidine ring). NMR 
oH (CDC13) ppm : 2.40 (3H, s), 4.55 (2H, br), 5.57 
(1H, br), 6.26 (1H, s), 7.34 (5H, m).

4-(4-Chlorobenzylamino)-6-methyl-2-trifluoro- 
methylpyrimidine (11)

Yield: 69%, colorless crystals, m.p. 98-99 °C. IR 
XMax  (KBr) cm -1  : 1607 (pyrimidine ring). NMR 
aH (CDC13) ppm : 2.39 (3H, s), 4.48 & 4.58 (2H, 
each br), 5.50 (1H, br), 6.25 (1H, s), 7.29 (4H, m).

4-(4-Bromobenzylamino)-6-methyl-2-trifluoro- 
methylpyrimidine (12)

Yield: 70%, colorless crystals, m.p. 74-75 °C. IR 
X -m a x  (KBr) cm “ 1 : 1607 (pyrimidine ring). NMR 
aH (CDCI3) ppm : 2.38 (3H, s), 4.48 & 4.58 (2H, 
each br), 5.50 (1H, br), 6.24 (1H, s), 7.30 (4H, m).

2-Benzylamino-6-methyl-4-trifluoromethyl- 
pyridine (13)

To a solution of 2-chloro-6-methyl-4-trifluoro- 
methylpyridine (1.0 g, 0.0051 mol) in 15 ml of 
tetrahydrofuran, benzylamine (1 .1  g, 0 .0 1  mol) and 
triethylamine (1.04 g, 0.01 mol) were added. The 
mixture was refluxed for 12 h. The mixture was 
poured into 2 0  ml of water and extracted with di- 
chloromethane. 2-Benzylamino-4-methyl-6-triflu- 
oromethylpyrimidine (13) was purified by column 
chromatography over silica gel using ethyl acetate 
: «-hexane = 1 : 6  (v/v). Yield was 777 mg (77%), 
colorless crystals, m.p. 80-82 °C. IR XMAX (KBr) 
cm - 1  : 1591 & 1620 (pyridine ring). NMR oH 
(CDCI3) ppm : 2.44 (3H, s), 4.51 (2H, d, J  = 5.9 
Hz), 5.06 (1H, br), 6.37 (1H, s), 6.65 (1H, s), 7.31 
(5H, m). NMR oc (CDC13) ppm : 24.3 (s), 46.2 
(br), 99.0 (br), 107.7 (s), 123.1 (q, J  = 275 Hz),
127.4 (s), 128.6 (s), 138.4 (s), 140.0 (q, /  = 34 Hz),
158.4 (br), 158.7 (s).

2-(4-Chlorobenzylamino)-6-methyl-4-trifluoro- 
methylpyridine (14)

Yield: 64%, colorless crystals, m.p. 70-74 °C. IR 
^•max (KBr) cm - 1  : 1592 & 1620 (pyridine ring). 
NMR oH (CDCI3) ppm : 2.43 (3H, s), 4.42 & 4.51 
(2H, br), 5.06 (1H, br), 6.32 (1H, s), 6.62 (1H, s), 
7.32 (5H, m).

N-Benzyl-3-methyl-5-trifluoromethylaniline 
(15 : See Fig. 1)

3-Trifluoromethyl-5-nitrobenzylalcohol (b : b.p. 
139 °C/1.5 mmHg) was synthesized by reduction 
of 3-trifluoromethyl-5-nitrobenzoic acid (a) with 
IM BH3-THF solution, and 3-bromomethyl-5-ni- 
trobenzotrifluoride (c : b.p. 95 °C/1 mmHg) was 
prepared by bromination of 3-trifluoromethyl-5- 
nitrobenzylalcohol (b) with CBr4, according to the 
methods of Honda et. al. (1996). 3-Amino-5- 
methylbenzotrifluoride (d : m.p. 26-28 °C, IR 
W x  (KBr) cm “ 1 : 1625, 3381. NMR oH (CDC13) 
ppm : 2.31 (3H, s), 3.75 (2H, br), 6.64 (1H, s), 6.71 
(1H, s), 6.81 (1H, s).) was obtained generally by 
reduction of 3-bromomethyl-5-nitrobenzotrifluor- 
ide (c) with iron powder and conc. hydrochloride. 
/V-Benzyliden-3-methyl-5-trifluoromethylaniline 
(e : liquid, IR XMAX (KBr) cm - 1  : 1632. NMR oH 
(CDCI3) ppm : 2.45 (3H, s), 7.18 (1H, s), 7.26 (1H, 
s), 7.30 (1H, s), 7.50 (3H, m), 7.91 (2H, m), 8.45 
(1H, s).) was synthesized by a condensation reac­
tion of 3-amino- 5-methyl-benzotrifluoride (d) 
with benzaldehyde. A^-Benzyl-3-methyl-5-trifluor- 
omethylaniline (15 ; (liquid, IR ^max (KBr) cm -1  

: 1614, 3426. NMR oH (CDC13) ppm : 2.27 (3H, s), 
3.96 (1H, br), 4.31 (2H, s), 6.46 (2H, m), 6.54 (1H, 
d), 7.25 (2H, m), 7.34 (3H, m).) was obtained by 
reduction of N- benzyliden-3-methyl-5-trifluoro- 
methylaniline (e) with LiAlH4. After purification 
by column chromatography over silica gel, the 
product was a 1:1 mixture of yV-benzyl-3-methyl-
5- trifluoromethylaniline and 7V-benzyl-3-methyl-
5-difluoromethylaniline. The mixture was used for 
the bioassay.

Evaluation o f  P E T  inhibitory activity using 
Spinacia oleracea thylakoids

According to the method of Böger (1993) thyla­
koids were prepared from Spinacia oleracea 
leaves. Determination of photosynthetic electron
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Fig. 1. Synthesis pathway of N-benzyl-3-methyl-5-trifluoromethylaniline (15).

rÜ
transport (PET) inhibition was carried out using 
the oxygen electrode (Rank Brothers Bottisham, 
Cambridge, England) and the same methods as in 
our previous paper (Kuboyama et al., 1999). The 
activity was determined by the system H20  —*■ po­
tassium ferricyanide, uncoupled by NH4C1. The 
freshly-prepared thylakoid suspension was diluted 
to a final concentration of 15 |ig chlorophyll/ml. 
The measurement was performed at 20 °C, for 20 
sec in the light with 350 W /m -2  (approx. 35,000 
lux); the final solvent concentration for the com­
pounds added was kept below 1% (v/v). The molar 
concentration (I50) required for a 50% inhibition 
was calculated for each compound by the probit 
method. The p l50 value is the logarithm of the re­
ciprocal I50. The test results are shown in Table I.

Evaluation o f  P E T  inhibitory activity using 
thylakoids from atrazine resistant-mutant 
or wild-type Chenopodium album

Cultivation of Chenopodium album  either atra- 
zine-resistant or wild-type, and isolation of thyla­
koids were done according to Jansen et al. (1986) 
and van Rensen et al. (1997). Chlorophyll content 
was measured after Bruinsma (1963), the chloro­
phyll concentration adjusted to 25 [ig chlorophyll/ 
ml. For details see our previous paper (Kohno 
et al., 2000). The oxygen formed was measured at
25 °C, during a 20 sec illumination with 350 
W/m-2; the final solvent concentration for the 
compounds added was kept below 1% (v/v). The

p l50 values of PET inhibitory activity are shown 
in Table II.

Determination o f herbicidal activity

Each compound was formulated as a 10% wet- 
table powder. The determination of herbicidal ac­
tivity was carried out by three tests, namely paddy 
application (pre-emergence), field application 
(pre-emergence) and foliar application (post­
emergence). Growth inhibition of compounds was 
evaluated at 4 or 1 kg a.i./ha. The test plants were 
Echinochloa oryzicola, Monochoria vaginalis, Scir- 
pus juncoides, Rotala indica, Echinochloa crus- 
galli, Digitaria ciliaris, Stellaria media and Cheno­
podium album. Three weeks after treatment with 
the test compounds, the herbicidal activity was as­
sayed by visual observation of the treated plants 
in comparison with the untreated control. The her­
bicidal potency was assessed by a 0 -5  scale where
5 indicates complete kill, and zero indicates no ef­
fect. The test results are shown in Table III.

Results and Discussion

P E T inhibitory activity o f six-membered nitrogen 
heterocyclic compounds against Spinacia oleracea 
thylakoids

The effect of six-membered nitrogen heterocy­
clic compounds with reduced number of nitrogen 
atom(s) in the 1,3,5-triazine ring on PET inhibi­
tory activity was examined using Spinacia oleracea 
thylakoids (Table I). Assaying compounds with a
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Table I. PET inhibitory activity of synthesized six-membered nitrogen heterocyclic compounds against Spinacia 
oleracea thylakoids.

Structural pl50 (Spinacia oleracea)

formulas No. X : H No. X : Cl No. X : Br
c f3

1 6.85 2 6.98 3 6.94

A
4 6.15 5 7.17 6 7.20

7 6.07 8 7.18 9 7.12

cf3ŵ .
10 4.58 11 6.01 12 6.17

AH 3 C ^ N ^ N ^ j^
13 5.31 14 6.64 -

c f3

ts 15 4.76 - -

Atrazine 6.73

benzylamino group (1, 4, 7, 10, 13, 15), 2-benzyl- 
amino-4-methyl-6-trifluoromethyl-l,3,5-triazine 
(1 ) was the most potent inhibitor and the p l50 

value of 6.85 was higher than that of atrazine 
(p l50 = 6.73). The p l50 values of three pyrimidines 
(4, 7, 10), a pyridine (13) and a aniline (15), with 
less nitrogen-atom(s) in the triazine ring decreased 
when compared with 1,3,5-triazine (1). 4-Benzy- 
lamino-6 -methyl-2 -trifluoromethylpyrimidine (10) 
as well as 7V-benzyl-3-methyl-5-trifluoromethylani- 
line (15) exhibited no strong inhibitory activity. 
The aniline (15) was a mixture of 7V-benzyl-3- 
methyl-5-trifluoromethylaniline and N-Benzyl-S- 
methyl-5-difluoromethylaniline. (See Materials & 
Methods) We found PET inhibitory activity in the

order 1,3,5-triazine (1) > the 2-benzylaminopyri- 
midine (4) ^  the 2-methylpyrimidine (7) > the 
pyridine (13) > the aniline (15) ^  the 2-trifluoro- 
methylpyrimidine (10). With the pyrimidine iso­
mers, a position-specific effect was observed. The 
2-benzylaminopyrimidine (4, p l50 = 6.15) and the
2-methylpyrimidine (7, p l50 = 6.07) showed a bet­
ter PET inhibitory activity, that of 2-trifluorometh- 
ylpyrimidine (10, p l50 = 4.58) was weaker than that 
of pyrimidines (4, 7) and the pyridine (13, p l50 = 
5.31). These findings indicate that a nitrogen atom 
in the six-membered heterocyclic ring located be­
tween the methyl and benzylamino group may be 
essential for the highly active PET inhibitors. 
Compounds having 4-chlorobenzylamine (2, 5, 8 ,
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11, 14), 2-benzylaminopyrimidine (5, p l50 = 7.17) 
and 2-methylpyrimidine (8, pl50 = 7.18) exhibited 
a stronger inhibition than atrazine (plso = 6.73) 
and 1,3,5-triazine (2, p l50 = 6.98). A poor activity 
was found with 2 -trifluoromethylpyrimidine (11), 
which has a carbon atom in the six-membered het­
erocyclic ring between the methyl and benzylam- 
ino group. Also in compounds having 4-bromo- 
benzylamine (3, 6 , 9, 12, 15), introduction of a 
nitrogen atom produced an excellent PET inhibi­
tory activity, when placed into the six-membered 
heterocyclic ring between the methyl and benzyl- 
amino group. Especially, the p l50 value of 2-(4-bro- 
mobenzylamino)-4-methyl-6-trifluoromethylpyri- 
midine (6 ) was the highest of the compounds 
tested. 2-Benzylaminopyrimidines (5, 6 ) and 2- 
methylpyrimidines (8, 9) having 4-halobenzylam- 
ino group exhibited a stronger inhibition than at­
razine and the 1,3,5-triazines (1-3). Also their ac­
tivity was about 1 0  times stronger than that of

unsubstituted benzylaminopyrimidines (4, 7). 
These facts indicate that introduction of a halogen 
at 4-position of the benzene ring in the tested ben- 
zylaminopyrimidine isomers may be favorable for 
enhancing the PET inhibitory activity of unsubsti­
tuted benzylaminopyrimidines. Kuboyama et al. 
(1999) reported that the introduction of halogen 
and trifluoromethyl substituents at 3- and/or 4-po- 
sition of the benzene ring was advantageous to 
increase the PET inhibitory activity of the unsub­
stituted benzylamino- 1,3,5-triazines against Spi- 
nacia oleracea thylakoids. We are now investigat­
ing the effect of additional substituents, at the 2 - 
benzylaminopyrimidines and 2 -methylpyrimidines 
on PET inhibition.

Table II. PET inhibitory activity of synthesized six-membered nitrogen heterocyclic compounds against thylakoids 
of atrazine resistant or sensitive Chenopodium album.

No. Structural formulas p l50 (Chenopodium album) R /s* p l50 (Spinacia
Resistant type Sensitive type oleracea)

11

rN N
X  X

H3C N N

CF3

X  JL
H3C N N

CF3

Cl

Cl

H3C

■ n x

^C

6.93

6.26

5.80

5.00

" X L .

7.19

6.44

5.87

4.98

1.8 6.98

1.5 7.17

1.2 7.18

1.0 6.01

* R/S value: I50 (resistant) / 150 (sensitive)
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P E T  inhibitory activity o f  six-membered nitrogen 
heterocyclic compounds against thylakoids from  
atrazine-resistant or -sensitive Chenopodium album

Kohno et al. (2000) reported that benzylamino-
1,3,5-triazines (1-3) were highly active in atrazine- 
resistant plants. However pyrimidine isomers, 
which are superior to benzylamino- 1,3,5-triazines 
(1-3) in PET inhibitory activity against Spinacia 
oleracea thylakoids, have not been investigated 
yet. To decide whether binding partners (amino 
acid residues) of the D1 protein for our synthe­
sized compounds are same as for atrazine, PET 
inhibition of our compounds was checked using 
thylakoids from atrazine-resistant or sensitive 
Chenopodium album. As shown in Table II, atra­
zine (pl50 = 6.72) showed a stronger PET inhibi­
tory activity in sensitive Chenopodium album thy­
lakoids than in the resistant-type ones (plso = 
4.21). The resistance factor R/S [I50 (resistant)/150 

(sensitive)] was 324. PET inhibition of pyrimidines 
(5, 8 , 11) and pyridine (14) against sensitive-type 
thylakoids was almost the same as against resis- 
tant-type thylakoids, and their R/S values were 
found around 1. For example, the PET inhibitory 
activities of 2-(4-chlorobenzylamino)pyrimidine 
(5) were p l50 = 6.26 and 6.44 for the sensitive and 
resistant type, respectively. With resistant thyla­

koids, 4-chlorobenzylamino-l,3,5-triazine (2) ex­
hibited a 500 times stronger inhibition than atra­
zine, and 2-(4-chlorobenzylamino)pyrimidine (5) 
yielded an about 1 0 0  times stronger inhibition. 
With pyrimidine isomers, the position-specific ef­
fect was also observed as discussed on page 207. 
PET inhibition of 2-benzylaminopyrimidine (5) 
was the highest with pyrimidine isomers and 2 - 
trifluoromethylpyrimidine (11) had no stronger in­
hibitory activity. This finding implies that a nitro­
gen atom in the pyrimidine ring between the 
methyl and benzylamino group may be essential 
for highly active PET inhibitors. 1,3,5-Triazine (2) 
exhibited almost the same inhibition against thyla­
koids from Chenopodium album or Spinacia olera­
cea. Inhibition by pyrimidine isomers (5, 8 ,11) and 
pyridine (14) with sensitive Chenopodium album  
thylakoids was about 1 0  times weaker than with 
Spinacia oleracea thylakoids. These results show 
that the synthesized compounds in this study may 
have different binding partners in the same D1 
protein binding niche as atrazine, as indicated for
1,3,5-triazines (1 -3 ) in our previous paper (Ohki 
et al., 1999).

c f 3 c f 3 C F s

|-^ N  N ^ l
Table III. Herbicidal activity of synthesized H r
pyrimidine isomers Hsc N || ] 3 [j || J  H

2-NH 2-CH3 2-CFs

Structural ^  Paddy application test (pre-emergence)11 Field application test (pre-emergence) Foliar application test (post-emergence) 

formulas Dose2’ Eo3) Mv3) Sj3) Ri3) Dose2) Ec3) Dc3) Sm3) Ca3) Dose3) Ec3) Dc3) Sm3) Ca3)

4 2-NH H 4 0 5 3 5 4 nt4) nt4) nt4) nt4> 4 0 0 3 3
5 2-NH Cl 8 5 5 3 5 8 5 5 5 5 8 3 5 5 5
6 2-NH Br 4 3 5 5 5 4 4 5 nt4> 5 4 0 0 nt4> 5
7 2-CH3 H 4 5 5 5 5 4 2 2 3 5 4 2 2 5 5
8 2-CHj Cl 8 5 5 5 5 8 5 5 5 5 8 4 4 5 5
9 2-CHj Br 8 5 5 5 5 8 4 5 5 5 8 4 5 5 5
11 2-CFj Cl 8 4 5 2 4 8 4 1 4 4 8 0 0 5 4

Simetryne 8 5 5 5 5  _ _ _ _ _  _ _ _ _ _
Simazine _ _ _ _ _  8 5 5 5 5  _ _ _ _ _
Atrazine _ _ _ _ _  _ _ _ _ _  8 5 5 5 5

Herbicidal activities were visually evaluated by the following score scale : 5 = 91 to 100% control (almost kill), 
4 = 76 to 90% control, 3 = 51 to 75% control, 2 = 26 to 50% control, 1 = 1 to 25% control, 0 = zero% control 
(no effect)

2) Dose: kg a.i./ha
3) Eo, Echinochloa oryzicola\ Mv, Monochoria vaginalis; Sj, Scirpus juncoides\ Ri, Rotala indica\ Ec, Echinochloa 

crus-gallv, Dc, Digitaria ciliaris; Sm, Stellaria media; Ca, Chenopodium album
4) nt; not tested.
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As shown in Table III, the position-specific ef­
fect was also observed as discussed on page 2 - 
Benzylaminopyrimidines (4, 5, 6 ) and the 2- 
methylpyrimidines (7, 8 , 9), which exhibited a 
higher PET inhibitory activity, showed high herbi­
cidal activity in the pre-emergence paddy test. The 
activity of the 2 -trifluoromethylpyrimidine (11), 
which showed a poor PET inhibition, was weaker. 
In the pre-emergence field test and post-emer- 
gence foliar test, 2-benzylaminopyrimidine (5) and 
the 2-methylpyrimidines (7, 8 ) showed high herbi­
cidal activity, while the 2 -trifluoromethylpyrimid- 
ines (11) exhibited a poor herbicidal activity. Al­
though 2-(4-bromobenzylamino)-4-methyl-6-tri- 
fluoromethylpyrimidine (6 ) had the highest PET 
inhibitory activity of the compounds tested, herbi-
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