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higher sugar and starch content were obtained in seeds of 
plants grown in the activated CF air except for Jackson 
Wonder (4) and 79 Mildew Resistant Fordhook (8). Seed 
coat and cotyledon color do not appear to correlate with 
the compositional changes in lima bean seeds related to 
the O3 treatments. 

In summary, susceptibility to O3 damage to leaves was 
determined for eight genotypes of lima beans. Greatest 
resistance to visible leaf injury from pollutants in ambient 
air was exhibited by genotypes with green cotyledons. 
Seed coat color was not related to leaf tissue injury. Seed 
yield was not related to the amount of visible plant tissue 
damage. The maximum Kjeldahl nitrogen and amino acid 
synthesis occurred in seeds from harvest one and two 
grown in CF air. Seeds from the first harvest grown in NF 
air and seeds from the second harvest grown in CF air had 
the highest carbohydrate and starch. Cotyledon or seed 
coat color was not related to O3 effects on Kjeldhal nitrogen 
or starch. Treatment of ambient air O3 on methionine, 
lysine, and fructose was not statistically significant. Ad- 
ditional studies are required to determine the effect of O3 
on the synthesis of biochemical components in bean seeds. 
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Analogues of Phytoalexins. Synthesis of Some 3-Phenylcoumarins and 
Their Fungicidal Activity 

Anna Arnoldi,* Gandolfina Farina, Rem0 Galli, Lucio Merlini, and Maria Grazia Parrino 

Little is known about the relationship between fungicidal activity of isoflavonoid phytoalexins and their 
physicochemical properties, in particular partition properties. As a first part of an investigation on the 
influence of partition coefficients on the fungicidal activity of analogues of isoflavonoid phytoalexins, 
a series of 3-phenylcoumarins, including ethers and side-chain derivatives of high lipophilicity, were 
synthesized and tested in vitro and in vivo for antifungal activity. The results seem to indicate .that 
an increase of lipophilicity has a negative effect and a free OH is indispensable for activity. 

INTRODUCTION 
Phytoalexins are chemical compounds involved in the 

resistance of plants to  fungal infection (Bailey and 

Istituto di Biochimica e Chimica (A.A., R.G., L.M.) and 
Istituto di Patologia Vegetale (G.F., M.G.P.), Facolt5 di 
Agraria, Universith, 1-20133 Milano, Italy. 
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Mansfield, 1982). They exhibit fungistatic, fungicidal, and, 
in some cases, also antibacterial activity (Grisebach and 
Ebel, 1978). They have been studied especially by plant 
pathologists interested in understanding the mechanism 
of resistance of plants to diseases. Some suggestions on 
the possibility of using them as models for the synthesis 
of new fungicides have also been made (Polter, 1974; Ward 
et  al., 1975). The work of Rathmell and Smith (1980) 
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Table I. Compounds Tested and Their Activities 
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tests on 
hypocotylse 

in vitro testsb in vivo testsb (1000 mg L-l) 
compd R' R2 R3 R4 l o g P  Cj' B P U/Pd S/C Cs/p C12/pf c,/p 

la OH H H H 2.63 21 >lo0 >lo0 >500 >500 0.5 2.0 
lb 
I C  

Id 
2a 
2b 
2c 
2d 
2e 
3a 
3b 
3c 
3d 
4a 

OCH&=CH 
OCH2Ph 
0-geranyl 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

H H H 
H H H 
H H H 
OH H H 
OCH2Ph H H 
0-geranyl H H 
0-C16H33 H 
OCOCH, H H 
H OH H 
H OCH2C-CH H 
H OCH2Ph H 
H 0-geranyl H 
OH H OCHZPh 

3.23 >lo0 
4.00 96 
5.22 >lo0 
2.63 >lo0 
4.41 >lo0 
5.46 >lo0 

>6 >lo0 
3.73 >loo 
2.39 50 
3.65 >lo0 
4.72 >lo0 
5.56 >lo0  
3.44 >loo 

> 100 
> 100 
>loo 
> 100 
> 100 
> 100 
> 100 
> 100 
>loo 
> 100 
>loo 
>loo 
>loo 

>loo 
> 100 
>loo 

25 
>loo 

100 
> 100 
> 100 

50 
>loo 
> 100 

100 
> 100 

>500 
>500 
>500 
> 500 
>500 
>500 
>500 
>500 
>500 
>500 
> 500 
>500 
>500 

> 500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 
>500 

0.5 1.6 
0.5 3.1 
0.6 4.2 

400 0.7 0.8 
0.7 4.6 
0.5 3.8 

700 0.6 0.2 
0.6 4.6 
0.6 2.9 
0.5 1.6 

Phg 0.6 0.8 
0.6 4.0 

Calculated from experimental RM. Activity expressed as EDSo (mg L-l). Cj  = Colletotrichum lindemuthianum (strain C5); B = 
Botryt is  cinerea; P = Phytophthora cactorum. d U / P  = Uromyces appendiculatus on Phaseolus uulgaris; S/C = Sphaerotheca fuliginea 
on Cucumis satiuus; C,/P = C. l indemuth ianum (strain C5) on P. uulgaris. eActivity expressed as disease symptoms by a 6-point scale; 0, 
no symptoms; 0.5-1, hypersensitive reaction; 2-4, necrotic lesions of increasing dimensions; 5, anthracnose. fC12/P and C5/P = strain CI2 or 
C5 of C. lindemuthianum on P. rulgaris. gPh = phytotoxic (at 1000 and 500 mg L-I), 0 at 250 mg L-I. 

Coumestan 3-Phenylcoumarin 

Figure 1. Structure of the coumestans and of the 3-phenyl- 
coumarins. 

showed that the most important isoflavonoid phytoalexins 
lack activity in the tests used for selection of synthetic 
fungicides. 

A drawback of these phytoalexins is that they are not 
easily translocated in the plant tissues; in fact the resist- 
ance to disease of plants inoculated with hypovirulent fungi 
is limited to the immediately near tissues (Bailey and 
Mansfield, 1982). Although some structure-activity in- 
vestigations have been reported (Van Etten, 1976; Kramer 
et al., 1984) no systematic study of the possible correlation 
between the partition or other physicochemical parameter 
of phenolic phytoalexins with antifungal activity has been 
undertaken. The only exception is the work on 2- 
phenylbenzofurans by Carter e t  al. (1978), who however 
report only relative lipophilicity and not absolute partition 
coefficients. 

We have observed from the data on in vitro activity 
(Bailey and Mansfield, 1982) that, in the class of iso- 
flavonoid phytoalexins, compounds containing one or more 
prenyl chains, therefore more lipophilic, are generally more 
active than nonprenylated ones. As a first part of an 
investigation on the influence of these parameters on the 
fungicidal activity of isoflavonoid phytoalexins, we have 
undertaken the synthesis of some 3-phenylcoumarins 
(compounds that can be considered coumestans lacking 
the C-ring (Figure l)), containing lipophilic chains. 

We have assayed them in vitro and in vivo against some 
important phytopathogenic fungi of different taxonomic 
classes and have verified whether the activity was corre- 
lated with their partition coefficients. The structures of 
the compounds prepared are shown in Table I. 

MATERIALS AND METHODS 
Chemistry. Two routes of synthesis of the coumarin 

nucleus were used. The first one (Walker, 1958) is the 
Knoevenagel condensation between a salicylic aldehyde 
with the proper substituents and a phenylacetic acid in 
the presence of acetic anhydride and potassium acetate. 
In this way 2e (Walker, 1958) and 4a acetate were ob- 
tained. Subsequent hydrolysis with KOH in ethanol gave 
respectively 2a (Walker, 1958) and 4a. 

Compound la (Walter et al., 1966) was obtained via a 
similar procedure from benzofuran-2-one and salicylic 
aldehyde in the presence of triethylamine. 

The second route (Buu-Hoi e t  al., 1969) consists of the 
condensation of 2-methoxybenzaldehyde and a phenyl- 
acetonitrile to give a substituted acrylonitrile and its 
subsequent demethylation and cyclization to 3-phenyl- 
coumarin in the presence of pyridine hydrochloride. This 
sequence gave 3a (Buu-Hoi et al., 1969) but failed when 
applied to the synthesis of 7-hydroxy-3-phenylcoumarin 
and 6-hydroxy-3-( 3-pyridy1)coumarin. 

Etherification of the phenolic group with the suitable 
halide and K,C03 in acetone (or methyl ethyl ketone) gave 
the ethers reported in Table I. The compounds were pu- 
rified by crystallization whenever possible or by column 
chromatography. Thin-layer chromatography on silica gel 
was used as the criterion of purity for all compounds. 

Synthesis of Compound 4a. A mixture of (4- 
hydroxypheny1)acetic acid (2.21 g, 14.5 mmol), 2- 
hydroxy-4-(phenylmethoxy)benzaldehyde (3.32 g, 14.5 
mmol), potassium acetate (4.28 g, 43.7 mmol), and acetic 
anhydride (15 mL) was refluxed with stirring for 4 h. The 
hot solution was then poured in 50 mL of warm water, and 
the resulting precipitate was collected, washed with eth- 
anol, and crystallized from toluene. Compound 4a acetate 
was obtained as a white solid: 2.76 g (49%); mp 165-167 
"C (toluene). I t  was hydrolyzed by refluxing for 2 h with 
15% NaOH. After neutralization with HC1, the mixture 
was extracted with ethyl acetate, and the organic layer was 
dried and concentrated. The residue was crystallized from 
ethanol to give 4a as a white solid, 85%: mp 200-201 "C 
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Table 11. Physical Data of New Compounds 

compd method 74 mp, OC form." m/z  cm-' 'H NMR (CDC1,): 6 ( J ,  Hz) 
yield, mol M+. IR: Y, 

l b  A 95 

I C  A 76 
Id B 66 

2b B 54 
2c A 42 

2d A 26 
3b A 86 

3c A 91 
3d B 85 

135-138 

173 
63 

162-163 
114-116 

96 
149-153 

165 
94 

2200, 1725 

1725 
1725, 1630 

2.5 (1 H, t,  J = 1.5, CECH), 4.70 (2 H, d, J = 1.5, CHZ), 7.0-7.6 (8 H),  

5.10 (2 H, S, CHZO), 6.9-7.5 (13 H), 7.73 (1 H, S, H-4) 
1.56 (3 H, S, CH,), 1.63 (3 H, S, CH3), 1.68 (3 H, S, CH3), 2.0-2.2 (4 H), 

7.8 (1 H, S, H-4) 

4.56 (2 H, d, J = 6, CH20), 5.03 (1 H, m, H-69, 5.40 (1 H, t, J = 6, 
H-2'), 6.9-7.6 (6 H), 7.75 (1 H, S, H-4) 

1725 
1725, 1630 

5.11 (2 H, S, OCH,), 6.9-7.8 (14 H) 
1.61 (3 H, S, CH3), 1.66 (3 H, S, CH,), 1.78 (3 H, S, CH,), 2.0-2.2 (4 H),  

4.65 (2 H, d, J = 6, CH,O), 5.13 (1 H, m, H-69, 5.50 (1 H, t, J = 6, 
H-Z'), 6.9-7.8 (8 H) 

1725 1.2-1.5 (31 HI. 4.03 (2 H. d. J = 6. OCH,). 6.9-8.1 (9 HI 
2200, 1725 2.50 (1 H, t, J = 2, C=CH), 3.76 (2 H, d J = 2, OCH,), 7.0-7.8 (8 H),  

7.80 (1 H, S, H-4) 
1725 
1725, 1630 

5.15 (2 H, S, CHzPh), 7.0-7.8 (13 H) 
1.58 (3 H, S, CH3), 1.63 (3 H, S, CH3), 1.73 (3 H, S, CH3), 2.0-2.2 (4 HI, 

4.5 (2 H, t, J = 6, CH,O), 5.03 (1 H, m, H-69, 5.4 (1 H, t, J = 6, H-2'1, 
6.9-7.6 (6 H), 7.7 (1 H, s, H-4) 

Satisfactory microanalyses were obtained: C, f0.5; H, =t0.3. * M+. lacking in mass spectra. 

(ethanol); NMR (CDClJ 6 4.88 (OH), 5.14 (2 H, s, 
OCH,Ph), 6.8-7.8 (14 H, aromatic + H-4). Anal. Calcd 
for CZ2Hl6O4: C, 76.73; H,  4.68. Found: C, 76.61; H,  4.75. 

General Procedure for the Synthesis of Ethers lb- 
d, 2b-d, and 3b-d. A mixture of phenol (3 mmol), alkyl 
bromide (3.3 mmol), and K2C03 (6 mmol) in 50 mL of 
acetone (method A) or butan-2-one (method B) was re- 
fluxed for 3-5 h, the reaction being monitored by TLC. 
The mixture was filtered, and the solid was washed re- 
peatedly with acetone. The solvent was concentrated. The 
residue was diluted with water (25 mL) and extracted with 
ethyl acetate (3 X 25 mL). After drying and concentration, 
the pure ethers were obtained by crystallization. Physi- 
cochemical data of new ethers are reported in Table 11. 

Physicochemical Characterization of the Com- 
pounds. Infrared spectra were recorded in liquid film or 
in Nujol mull on a Perkin-Elmer Model 21 infrared 
spectrometer. NMR spectra were recorded using tetra- 
methylsilane as internal standard on a Bruker WP-80SY 
spectrometer a t  80 MHz. Mass spectra were obtained on 
a Finnigan 4021 gas chromatograph/mass spectrometer 
equipped with an INCOS data system. 

Partition Coefficients. The log P (where P is the 
octanol-water partition coefficient) was calculated by 
comparison with those of five reference compounds whose 
log P values are known: 4-nitrophenol, log P = 1.91; 4- 
chlorophenol, log P = 2.39; 2-naphthol, log P = 2.98; bi- 
phenyl, log P = 4.04; anthracene, log P = 4.45 (Nys and 
Rekker, 1974). The RF were calculated as mean of three 
independent determinations (umaX 4%) on Merck RP-18 
(0.25-mm-thick) plates using acetonitrile-water (80:20) as 
eluent. The RM were obtained from RF by the equation 
(Tomlinson, 1975) 

RM = log [ ( ~ / R F )  - 11 

The dependence of log P from RM was calculated by re- 
gression analysis on the five reference compounds as 

log P = 3.57 + 2.40RM, n = 5, r = 0.993 

This equation was used to calculate the log P of our com- 
pounds. 

Biological Assays. The fungicidal activity of the 14 
compounds was tested in vitro and in vivo against five 
phytopathogenic fungi of different taxonomic classes. 

Fungi. Botrytis cinerea was grown on malt agar, Col- 
letotrichum lindemuthianum on neopeptone-yeast ex- 
tract-glucose agar, and Phytophthora cactorum on corn 
meal agar. Sphaerotheca fuliginea and Uromyces ap- 

pendiculatus were maintained on stock plants. 
Plants. Bean plants cv. Borlotto nano and cucumber 

plants cv. Marketer were grown from seed in 10- and 7-cm 
plots, respectively, and maintained in a greenhouse (16-21 
days, temperature 22 f 3 "C, RH 75 f 10%). To obtain 
hypocotyls, bean plants were also maintained in growth 
chambers under the same conditions of T and RH, but in 
the dark. 

In Vitro Assays: Inhibition of Mycelial Growth. 
Solutions of each compound were prepared by dissolving 
the appropriate amounts of compound in 2 mL of Me2S0 
plus Tween 20 (0.0170). Equal volumes of Me2SO-con- 
taining diluted compounds were added to sterile cool (50 
" C )  agar media to give concentrations of 100,50, 25, and 
10 mg L-I for each compound. A zero concentration 
treatment was prepared for each fungus and contained the 
same percent of Me2S0 and Tween to ensure equivalent 
concentrations of these components in all treatments. 
Compound-amended agar media were dispersed aseptically 
into 9-cm-diameter plastic Petri dishes (10 mL/dish). 
Inocula consisted of plugs (0.d. 7 mm) taken from the edges 
of colonies actively growing and inverted on the agar (two 
per dish) with two replicate plates for each fungus-com- 
pound combination. Colony diameter (mm) were mea- 
sured after 2,4,  and 7 days of incubation at  22 "C, in the 
dark. The data reported in Table I refer to the 7 day 
results. Activity was expressed as the percent inhibition 
of mycelial growth compared with the control colony. EDs 
values were estimated by plotting the percentage inhibition 
of the mycelial growth against the compound concentration 
on logarithmic probability paper, constructing the best 
straight line and recording the concentration at which 50% 
inhibition of growth occurred (Martin, 1978). 

Excised Bean Hypocotyls. Ten-day-old etiolated bean 
hypocotyls were cut, paraffined at the extremities, surface 
sterilized with 1% NaClO and laid horizontally in a Petri 
dish at  22 "C (100% RH in the dark). Five-microliter 
drops of suspensions of each compound, prepared as de- 
scribed above at the concentration of 1000,100, and 10 mg 
L-l, were applied on each hypocotyl a t  a 2-cm distance 
(four drops for hypocotyl and five hypocotyls for com- 
pound and for concentration). After 48 h the nonadsorbed 
solution was removed, and a 5-pL drop of lo6 conidia/mL 
suspension of C. lindemuthianum strain C12 (hypovirulent) 
or strain C, (virulent) was deposited on each treated site. 
As controls, water- (plus 0.01% Tween 20) treated hypo- 
cotyls were inoculated with the strain C12 or C5 of C. lin- 
demuthianum. The disease symptoms were measured by 
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a &point scale, as follows: 0, no symptoms; 0.5-1, hy- 
persensitive reaction; 2-4, necrotic lesions of increasing 
dimensions; 5 ,  anthracnose. 
In Vivo Assays: Direct Protectant Activity. The 

compounds suspended with a Potter homogenizer in the 
minimum of water containing 0.01% of Tween 20 and then 
diluted to the concentration of 1000,500,250, and 125 mg 
I,-l were applied to both surfaces of the plant leaves to run 
off. Inoculation was performed 24 h after treatment 
(Arnoldi et al., 1982). The area of inoculated leaves cov- 
ered by disease symptoms were assessed on a six-point 
scale from 0 to 5 on which 0 corresponded to no visible 
symptoms and 5 to 100% of the leaves covered. The 
compound activity was calculated on the basis of the 
percentage inhibition of the disease in comparison with 
the inoculated untreated plants. The ED50 values were 
estimated by plotting the percentage inhibition of the 
disease against the spray concentration on logarithmic 
probability paper, constructing the best straight line, and 
recording the concentration at  which 50% inhibition of 
disease occurred (Martin, 1978). 
RESULTS AND DISCUSSION 

The results of the tests of activity of the compounds are 
reported in Table I. 

None of the compounds exhibited an appreciable anti- 
fungal activity in vitro in the mycelial growth inhibition 
tests, only few being moderately inhibitory, in particular 
toward P. cactorum and C. lindemuthianum. 

Similary none of them, when applied to  bean excised 
hypocotyls, modified the process of infection of the hy- 
povirulent strain (C12) of C. lindemuthianum, which gave 
the typical hypersensitive reaction. On the contrary com- 
pounds 2a, 2e, and 3d and in a lower degree la,  lb, and 
3c reduced the virulence of the C5 strain. The compounds 
2a, 2e, and 3d were tested in vivo toward C. lindemuthi- 
anum (strain C,) on P. vulgaris. The results of Table I 
show that compounds 2a and 2e provided moderate pro- 
tectant activity, but only at  the highest concentrations, 
while compound 3d was phytotoxic. 

None of the compounds in protectant tests against U. 
appendiculatus on P. vulgaris and S. fuliginea on C. sa- 
ticus showed any activity. 

The 3-phenylcoumarins showed low activity both in vitro 
and in vivo against different phytopathogenic fungi. They 
do not modify, too, the susceptibility of bean tissues to two 
strains of C. lindemuthianum with different degree of 
virulence on P. vulgaris. Jn fact, the reduction of infection 

determined by 2a, 2c, and 3d applications on excised bean 
hypocotyls to the virulent strain does not depend on an 
effect on the host, but as shown by the results in vivo on 
C. lindemuthianum (C, strain)/P. vulgaris, on a direct 
fungitoxic activity on the pathogen. 

As regards the structure-activity relationship in the 
classes 1 and 2, an increase of lipophilicity determines a 
decrease of biological activity both in vitro and on hypo- 
cotyls tests, while only in class 3 the highly lipophilic 
compound 3d reduces the virulence of the C5 strain better 
than 3a; this activity decreases, however, a t  lower con- 
centration. Therefore, a modification of partition prop- 
erties of these compounds toward lipophilicity did not give 
the desired results. This could indicate that a free OH 
group is indispensable in binding the molecule to the re- 
ceptor responsible of their activity. 
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