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In order to examine the structural requirement for the antifungal activity against
Rhizoctonia solani a number of 0,0-dialkyl O-aryl phosphorothioates and related compounds
were prepared and their EDj, values based on the molar concentration for a 509 reduction
of the mycelial growth of the fungi were determined by using the agar dilution method. It
was found that the methoxyphosphinothioyl moiety and the substituents at 2-, 4-, and 6-
positions on benzene ring in the phosphorothioates were essential for enhancing the antifungal
activity. In a series of 0,0-dimethyl O-(4-substituted-2,6-dichlorophenyl) phosphorothioates
the change in the activity was paraborically related to the variation in both the length and
the hydrophobicity of substituents by means of the multiple regression analysis using physico-
chemical substituent parameters. Moreover, the degree of the activity for a series of O-alkyl
O-methyl 0-(2,4,6-trichlorophenyl) phosphorothioates decreased with an increase of the hydro-
phobicity of the alkyl group. These results were quite different from those seen in this type
of organophosphorus insecticides whose activity is greatly influenced by the electronic factor
of benzene ring substituents. On the basis of both the efficacy of antifungal activity and the
ease of preparing in a high yield, 0,0-dimethyl 0-(2,6-dichloro-4-methylphenyl) phosphoro-
thioate (tolclofos-methyl) was best selected as a practical fungicide for controlling soil borne
diseases caused by R. solani.

erty. In addition, an insecticide chlor-

INTRODUCTION

A large number of 0,0-dialkyl O-aryl phos-
phorothioates have been almost exclusively
developed as insecticides since the discovery of
parathion (1).2 For instance, fenitrothion (2)
has been widely used as a broad spectrum
insecticide with low toxicity to mammals.®

In our continuing studies on a series of the
phosphorothioates we have found that the
2,4,6-trichlorophenyl derivative (3) possesses
a potent antifungal activity against Rhizoctonia
solani though does not show any insecticidal
activity. The compound (3) had been patented
without the knowledge of its antifungal prop-

* Studies on Organophosphorus Fungicides (Part
2). For Part 1, see Ref. 1).

thion (4) has already been reported to have an
antibacterial activity against certain plant
pathogenic bacteria.® These facts prompted
us to examine the structural requirement for
antifungal activity in a series of 0,0-dialkyl
O-aryl phosphorothioates.

This paper deals with their synthesis and
relationships between chemical structure and
antifungal activity against R. solanz.

MATERIALS AND METHODS

All melting points are uncorrected. The
structure of new compounds was confirmed by
IR and 'H-NMR spectra using JASCO IRA-1
and Hitachi R-24B spectrometers, respectively.
The organophosphorus compounds synthe-
sized were also submitted to phosphorus anal-
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ysis and the deviation from the theoretical
phosphorus content of each compound was
within the range of 40.69%,.

1. Synthesis of Phenols

2,6-Dichloro-4-alkoxyphenols were obtained
by selective demethylation of 2,6-dichloro-4-
alkoxy-1-methoxybenzene with a mixture of
48% hydrobromic acid and acetic acid, as
shown in the following example.

A mixture of 2,6-dichloro-1,4-dimethoxy-
benzene (10 g), 489, hydrobromic acid (20 ml)
and acetic acid (50 ml) was heated at 100-
105°C for 5 hr. After cooling, the mixture was
poured onto ice (100 g). The oil separated was
extracted with ether. The ethereal solution
was washed with water and extracted with 59,
sodium hydroxide solution. The extract was
acidified with 209, hydrochloric acid and the
oil separated was again extracted with ether.
The ethereal solution was concentrated n
vacuo and the residue was chromatographed
over silica gel. Elution with hexane-acetone
(3 :1,v/v) gave 5.5 g (59%) of 2,6-dichloro-4-
methoxyphenol, mp 76-77°C (Ref. 6), 76°C).
2,6-Dichloro-4-methylthiophenol was prepared
by methylation of 2,6-dichloro-4-mercapto-
phenol (purchased from Philips-Duphur Co.)
with equimolar amounts of methyl iodide and
sodium methoxide in methanol.”  Phenols
except for those described above were pre-
pared by the known method® or were com-
mercially available.

2. Synthesis of Organophosphorus Compounds
0,0-Dimethyl O-aryl phosphorothioates (gen-
eral procedure)
To a suspension of phenols (0.05 mol), finely
powdered potassium carbonate (0.06 mol) and

copper (I) chloride (0.5g) in toluene (30 ml)
0,0-dimethyl phosphorochloridothioate (0.05
mol) was added dropwise at 80-85°C for 3 hr.
After cooling, the reaction mixture was filtered
through Celite. The filtrate was concentrated
1 vacuo and the residue was purified by recrys-
tallization or by column chromatography on
silica gel. The yield and the physical property
of each synthesized compound are summarized
in Tables 1 and 2. Other 0,0-dialkyl O-aryl
phosphorothioates were prepared by the meth-
od described above except that the reaction
temperature was kept at 100-105°C (Table 3).
0-Alkyl O-methyl O-(2,4,6-trichlorophenyl)
phosphorothioates (general procedure)

To a solution of 2,4,6-trichlorophenol (0.05
mol) in toluene (50 ml), triethylamine (0.05
mol) was added dropwise at 0-5°C while stir-
ring. The resultant mixture was kept at 20—
25°C for 2 hr. After cooling to 0°C, sodium
methoxide (0.06 mol) was added to the mix-
ture, and then toluene (50 ml) and 59, hydro-
chloric acid solution (50 ml) was added. The
toluene solution separated was successively
washed with water, 59, sodium carbonate
solution and water, dried over sodium sulfate,
filtered and concentrated i» vacuo. The residue
was chromatographed over silica gel. Elution
with hexane-acetone (14 :1, v/v) gave the
desired product. The results are listed in
Table 4.

O-Methyl N-alkyl O-aryl phosphoramidothio-
ates were prepared by the method described
above (Table 3).

0,0-Dimethyl O-(2,6-dichloro-4-methylphenyl)
phosphate (43) was prepared according to
Steinberg.?

0,S-Dimethyl O-(2,6-dichloro-4-methylphenyl)
phosphorothiolate (44)

To a solution of 14 (6.0 g) in methanol (30
ml) potassium N,N-dimethyldithiocarbamate
(3.5g) was added at 20-25°C while stirring.
The reaction was continued at 25-30°C for 5
hr. To the mixture, methyl iodide (5.0 g) was
added and the resultant mixture was refluxed
for 1 hr. After cooling, the mixture was con-
centrated i» vacuo to remove methanol and
extracted with toluene. The toluene solution
was successively washed with water, 29, sodi-
um carbonate solution and water, and con-
centrated in vacuo. The residue was chromato-
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graphed over silica gel. Elution with hexane-
acetone (2 : 1, v/v) gave 4.3 g (71%) of 44.

0,S-Dimethyl 0-(2,6-dichloro-4-mehtylphenyl)
phosphorothionothiolate (45) was prepared by
modifying the method of Malatesta and
Pizzotti'® as follows.

Potassium hydroxide (2.8 g) dissolved in
water (2.8 g) was diluted with methanol (50
ml). To the solution, hydrogen sulfide gas was
introduced until saturation and then O-(2,6-
dichloro-4-methylphenyl) phosphorodichlorido-
thioate (5.2 g) was added at 25-33°C. The
reaction was continued at 50-55°C for 1 hr.
After cooling, methyl iodide (5.0 g) was added
and the mixture was refluxed for 1 hr. The
precipitate produced was filtered off and the
filtrate was concentrated in vacuo. The residue
was directly chromatographed over silica gel.
Elution with hexane-acetone (14 : 1, v/v) gave
0.6 g (20%) of 45.

2-(2,6-Dichloro-4-methylphenyl)- 1,3,2-dioxa-
phospholan-2-sulfide (50) was prepared accord-
ing to Tolkmith and Britton.'?

3. Antifungal Activity against R. solani
Antifungal activity was determined by using
the agar dilution method similar to that re-
ported earlier. The EDso value of each
tested compound was based on the molar con-
centration for a 509, reduction of the mycelial
growth of R. solani. The activity is also ex-
pressed as —log EDx, as listed in each Table.

4. Structure-Activity Correlations

The structure-activity correlations for a
series of 0,0-dimethyl O-(4-substituted-2,6-di-
chlorophenyl) phosphorothioates and O-alkyl
O-methyl 0-(2,4,6-trichlorophenyl) phosphoro-
thioates were analyzed with the multiple
regression technique.!® The hydrophobic m,
hydrogen bonding HB, Hammett o, Taft Es
and Verloop STERIMOL parameters were used
in the analyses. Their values were taken from
Ref. 16) and some of them are listed in Tables
2 and 4. The levels of significance of correla-
tions and terms were examined by ¢ and F
tests.

RESULTS

1. Synthesis of Compound

The methylation of 2,6-dichlorohydroquinone
with methyl iodide occurs predominantly be-
tween the chlorine atoms.® In fact, an at-
tempt to prepare 2,6-dichloro-4-alkoxyphenol
by alkylation of 2,6-dichlorohydroquinone with
alkyl iodide resulted in poor yield (<5%).
Thus we felt it necessary to devise an alterna-
tive method for the preparation of 2,6-dichloro-
4-alkoxyphenol in quantity. This was achieved
in good yield by selective demethylation of
2,6-dichloro-4-alkoxy-1-methoxybenzene with
a mixture of 489, hydrobromic acid and acetic
acid.

Phosphorylation of phenols with 0,0-dialkyl
phosphorochloridothioates proceeded smoothly
by using finely powdered potassium carbonate
as a base in the presence of a catalytic amount
of copper (I) chloride.

2. Relationships between Chemical Structure and
Antifungal Activity against R. solant

Position isomers of the trichlorophenyl phos-
phorothioates were prepared and their anti-
fungal activities were examined in order to
test the effect of substitution positions on
benzene ring. As shown in Table 1, the degree
of activity decreased in the following order:
2,4,6- > 2,4,5- > 2,3,6- >2,3,4- > 3,4,5- > 2,3,5-
position.

The replacement of chlorine atoms at the
2,4,6-position of compound 3 by bromine
atom, nitro group or methyl group caused
significant change in activity. For instance,
compounds 14, 15, 19 and 21 in Table 1 were
found to be more effective than 3 was particu-
larly interesting. The increase of activity seen
for 14 and the effect of substituents at the 4-
position on the benzene ring was examined in
more detail. For this purpose the structure-
activity correlation for a series of 0,0-di-
methyl O-(4-substituted-2, 6-dichlorophenyl)
phosphorothioates is analyzed with the multi-
ple regression technique.'® As a result, we
derived Eq. (4) for a series of 22 derivatives
with the STERIMOL parameters L* and L,
and the hydrophobic parameter squared 7.
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Table 1 Synthesis and antifungal activity against R. solani for a series of 0,0-dialkyl O-
aryl phosphorothioates.

s R: R;
oo S
RC RS
No. R: Ry R, R Re Yield(%) mp(°C)orn® EDg (uM) —log EDs,
5 Cl Cl Cl H H 85 1.5672 18.0 4.74
6 Cl1 Cl H Cl H 88 1.5630 180.0 3.74
7 Cl Cl H H Cl 86 1.5670 11.8 4.93
3 Cl H Cl H Cl 92 97-982) 0.83 6.08
8 Cl H Cl Cl1 H 90 38-40® 4.60 5.33
9 H Cl Cl Cl H 92 1.5630 46.0 4.33
10 CH; H CH,; H CH,q 45 1.5190 5.90 5.23
11 CH,4 H CH, H Cl 63 1.5395 1.35 5.87
12 CH; H Cl H CH; 53 1.5443% 3.60 5.44
13 CH; H Cl H Cl 75 1.5562¢> 1.65 5.78
14 Cl H CH; H Cl 90 79-79.5 0.31 6.51
15 Cl H CH; H NO, 65 78-79 0.11 6.96
16 NO, H CH; H NO, 28 97-98 15.0 4.82
17 Br H CH;q H Br 92 81-83 1.27 5.90
18 Br H CH; H NO, 55 73-74 0.79 6.10
19 Cl H Cl H NO, 48 1.5567 0.48 6.32
20 H H CH,q H Br 86 1.5318 1.80 5.74
21 Cl H CH, H Br 85 73-74 0.36 6.44
22 CH;0 H CH; H Cl 38 64-65 5.00 5.30

®) Ref. 5), 59-60°C. Our sample (3) has shown extremely high melting point in comparison with
that of Ref. 5). The structure of 3 was cofirmed on the basis of its elementary analysis and spec-
trometric data. ®> Ref. 12), 40°C. > Ref. 13), #¥5 1.5165. ® Ref. 13), n¥ 1.5432. © Ref. 13),

n3 1.5514.
—log EDse=—0.557L+ 6.710 (1) the correlation where vi=m and ve=n—m—1:
(0.300) (0.681) m 1s the number of independent variables used
n=22, s=0.628, r=0.655, Fi,:0=15.00 in the correlation. The figures in parenthesis
are the 959% confidence intervals of the cor-
—log EDso:—(g'égZ)l'2+(g'ggg) (2) responding constants. In Eq. (4), both the L2
' ' and the intercept were justified by ¢ test at
n=22, s=0.530, 7=0.769, F1,,0=28.89 levels of more than 99.59%,, while the L and
—log EDso=—0.3561%40.864L+5.601 (3) the #* terms were justified at levels of more
(0.197) (0.819) (0.810) than 97.5% and 90.0%, respectively. The
n=22, s=0.485, »=0.821, F:,1,=19.68 compound (23) was used as a reference so as

to make L(H)=0 and #(H)=0. A further
improvement was obtained in Eq. (5) by using
the same parameters described above, if such
substituents as ethyl, cyano and formyl group
were omitted because of their large deviation.

—log EDso=—0.372L*+ 0.936L

—log EDso=—0.405L*+ 1.103L
(0.194)  (0.821)

—0.287n*+ 5.529 (4)
(0.327)  (0.770) .

n=22, s=0.457, r=0.852, F3,1s=15.91

In these and equations described later, # is (0.116)  (0.489)
the number of compounds included in the cor- —0.2967%+ 5.679 (5)
relation, s is the standard deviation, » is the (0.191)  (0.445)
correlation coefficient and F,, ., is the F ratio of n=19, s=0.258, »=0.952, Fs,1;=48.16
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Table 2 Synthesis and antifungal activity against R. solani for a series of 0,0-dimethyl
O-(4-substituted-2,6-dichlorophenyl) phosphorothioates.
s Cl
g:;g>il-o@m
Cl
. —1 D
No. R, Yteld mp(°C) or ny EDso L2 L 72 Obsd. o8 BDso
(%) (pen) Caled.® Caled.®
23 H 85 51-54 3.20 0.00 0.00 0.00 5.50 5.53 5.68
24 F 89 52-53 1.10 0.35 0.59 0.02 5.96 6.03 6.10
3 Cl 92 97-98 0.83 2.13 1.46 0.50 6.08 6.13 6.10
25 Br 90 103-105 2.40 2.13 1.77 0.74 5.62 6.00 5.95
26 I 82 95-96 5.20 4.17 2.17 1.25 5.20 5.66 5.58
14 CH, 90 79-79.5 0.31 0.88 0.94 0.31 6.51 6.12 6.14
27 C.H; 90  1.5500 (18)*> 0.23 4.20 2.05 1.04 6.64 5.79 (5.72)®
28 1-CgHy 88  1.5491 (25)*> 4.50 4.20 2.05 2.34 5.35 5.42 5.34
29 n-CsHy 81 1.5589 (22)¢>  28.0 8.94 2.99 2.40 4.55 4.52 4.44
30 OCH,4 73  1.5581 (22)® 0.77 3.69 1.92 0.00 6.11 6.15 6.10
31 OC,H; 79 1.5510 (25)® 4.90 8.18 2.86 0.14 5.30 5.33 5.27
32 CH,OCH, 67 1.5473 (26)® 6.00 8.12 2.85 0.61 5.22 5.21 5.14
33 SCH;, 80 1.5920 (26)*> 1.30 5.02 2.24 0.37 5.89 5.86 5.80
34 SC.H; 82 1.5834 (26)>  27.0 10.11 3.18 1.14 4.56 4.61 4.55
35 CH,SCH, 76 1.5752 (26)>>  46.0 11.22 3.35 0.08 4.34 4.65 4.61
36 CN 73 110-111 0.17 4.71 2.17 0.32 6.77 5.92 (5.86)®
37 CHO 46 72-74 9.0 2.16 1.47 0.42 5.04 6.15 (6.12)®
38 COCHj, 67 1.5622 (26)® 0.68 4.00 2.00 0.30 6.17 6.03 5.97
39 COC.H; 56 49-50 18.5 8.94 2.99 0.00 4.74 5.20 5.15
40 COOC,H; 48 1.5440 (24)> 115.0 15.21 3.90 0.26 3.90 3.60 3.59
41 CFy 87 60-61 1.00 1.54 1.24 0.77 6.00 6.05 6.04
42 NO, 72 54-55 0.20 1.90 1.38 0.08 6.69 6.26 6.24

2> Calculated by using Eq. (4). ®> Calculated by using Eq. (5). ©> The figures in parenthesis show
the temperature measured. © Not included in the correlation.

In Eq. (5), all terms were justified at levels of
more than 99.5% by ¢ test. The —log EDso
values of each compound calculated by using
Egs. (4) and (5) are summarized in Table 2,
together with the observed values. The use of
other physicochemical parameters did not
afford any significant improvement.

As shown in Table 3, the substitution of P=
S (14) to P=O (43) caused a drastic reduction
in activity against R. solani. A similar result
was obtained in the case between phosphoro-
thiolates 44 and 45. The phosphoramidothio-
ates 51, 52 and 53 were less effective than 3.
The change of dimethoxyphosphinothioyl group
of compound 14 to other dialkoxyphosphino-
thioyl group resulted in a marked decrease in
the degree of activity (Nos. 46, 47, 48 and 49).
The cyclic compound (50) were also found to

possess only a low antifungal activity.

On the other hand, a good correlation was
derived in a series of 0-alkyl O-methyl 0-(2,4,6-
trichlorophenyl) phosphorothioates as shown
in the following equation.

—log EDso=—1.420m+ 7.000
(0.464) (0.856)

n=6, s=0.292, »=0.973, F1,,=72.19

(6)

In Eq. (6), all terms were justified at levels
of more than 99.5%, by ¢ test. The —log EDso
values of each compound calculated by using
Eq. (6) are listed in Table 4, together with the
observed values. The antifungal activity for
this series was not correlated well by o, E
and L.
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Table 3 Synthesis and antifungal activity against R. solani for a series of 0,0-dialkyl O-aryl
phosphorothioates and related compounds.
(o]
Ry
RZ)P—ODRl
Cl
ield o ED
No. R; R X R, 5{3,21) mp(°"C) ormip L% —log EDso
43 CH30 CH;0 O CH, 85 1.5277 105.0 3.98
14 CH;0 CH,;0 S CH, 90 79-79.5 0.31 6.51
14 CH30O CH,S O CH, 71 1.5590 (25)2> 15.5 4.81
45 CH;0 CH,;S S CH, 20 52-53 2.5 5.60
46 C.H;0 C,H;0 S CH, 67 1.5409 (26)» 145.0 3.84
47 n-CsH,0 n-CsH,0 S CH, 70 1.5310 220.0 3.66
48 n-C4HyO n-C,H,0 S CH;3 75 1.5070 >500.0 —b
19 CH3OCH,CH,O CHOCH,CH,0 S CH, 56 1.5280 380.0 3.42
50 —-OCH,CH,0- S CH, 32 88-90 76.0 4.12
51 CH,;0 NH, S CH;, 60 82-83 15.0 4.80
52 CH;0 CH;3;NH S Cl 67 78.5-79.5 7.0 5.15
53 CH;0 (CHj) N S Cl 73 1.5733 >500.0 —®
54 CH;0 CeHs S Cl 60 1.6186 (21.5)= 43.0 4.37
8> The figures in parenthesis show the temperature measured.
®)  Not calculated.
Table 4 Synthesis and antifungal activity against R. solani for a series of O-alkyl O-methyl
0-(2,4,6-trichlorophenyl) phosphorothioates.
s Ci
cHo !l
Ci
o —log EDs
No. R, Yield (%)  mPCO) I(“:Ih)a“ " i
b pom) Obsd. Caled.»
3 CH, 92 97-98 0.83 0.54 6.08 6.23
55 C.H; 33 49-50 1.90 1.08 5.72 5.47
56 n-CyH, 36 1.5518 12.0 1.62 4.92 4.70
57 n-C Hy 28 1.5423 135.0 2.16 3.87 3.93
58 i-C H, 39 1.5510 210.0 2.03 3.70 4.12
59 n-CsHyy 42 1.5390 470.0 2.70 3.33 3.17

a)

Calculated by using Eq. (6).

DISCUSSION

The trichlorophenyl phosphorothioates ap-
peared suitable as position isomers for testing
qualitatively the effect of substitution posi-
tions on benzene ring, because they could be
conveniently prepared. Consequently, the sub-
stituents at 2-, 4-, and 6-positions on benzene
ring was found to be essential for enhancing
the antifungal activity against R. solani.

In a series of 0,0-dimethyl O-(4-substitut-
ed-2,6-dichlorophenyl) phosphorothioates, the
antifungal activity can be represented by Eq.
(1)-(4) or, preferably, by Eq. (5), though the
precise reason for the large deviation observed
in such substituents as ethyl, cyano and formyl
group 1is still not clear. These correlations
indicate that the change in the activity is
paraborically related to the variation in both
the length and the hydrophobicity of sub-
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stituents. Moreover, according to Eq. (6), the
degree of the activity for a series of O-alkyl
O-methyl 0-(2,4,6-trichlorophenyl) phosphoro-
thioates decreased with an increase in the
hydrophobicity of the alkyl group. The sub-
stitution of P=S to P=0 as well as the change of
dimethoxyphosphinothioyl group to other di-
alkoxyphosphinothioyl group in the phosphoro-
thioates was also shown to cause a drastic
reduction in the antifungal activity against
R. solani.

In complete contrast to the above results,
it has been reported that in a series of 0,0-
dialkyl O-aryl phosphorothioates having an
insecticidal activity the activity is greatly
influenced by the electronic factor of benzene
ring substituents and the inhibitory potency
of anticholinesterase is activated by the met-
abolic oxidation of P=S to P=0.'” Therefore,
the results of the present study suggest that
the mode of antifungal action may not be
related to esterase inhibition, considering that
the effect of substituents for the antifungal
activity is quite different from that for the
structurally similar organophosphorus insec-
ticide.

It is known that certain trialkyl esters of
phosphorothioic acids are effective against R.
solani. Thus, 0,0-diethyl S-methyl phosphoro-
thiolothionate!® and 0,0-diethyl S-ethylthio-
methyl phosphorothiolothionate'® are good
fungicides, while 0,0,0-trimethyl phosphoro-
thioate?® is almost ineffective against R. solani.
In this context, it is worth noting that the
methoxyphosphinothioyl moiety for this series
of compounds studied is essential for enhancing
the antifungal activity.

Although compounds having higher anti-
fungal activity than 14 were obtained as
shown in Tables 1 and 2, 0,0-dimethyl O-(2,
6-dichloro-4-methylphenyl) phosphorothioate
(tolclofos-methyl, 14) is the most promising
fungicide among all of 0,0-dialkyl O-aryl phos-
phorothioates examined for controlling soil
borne diseases caused by R. solani on the base
of both the efficacy of antifungal activity and
the ease of preparing in a high yield. Already,
mode of action,? metabolism in rats and
mice,?” and photodegradation in water and
on soil surface?® of 14 have been reported else-
where. Practical methods of use were estab-

lished in Europe.?®
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