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Abstract—The fungicidal activity of some substituted hydroxylated stilbenes and bibenzyls was measured against
three wood-destroying fungi using the agar plate technique. Four 3-hydroxystilbene derivatives and 3-hydroxy-
bibenzyl were active against the white-rot fungus Coriolus versicolor. A tentative structure-activity relationship was
proposed for stilbene C. versicolor activity. The previously proposed hypothesis that white-rot extracellular enzymes
oxidatively degrade stilbenes which makes white-rot fungi immune to stilbenes may need to be reexamined. No
structure—activity relationship was apparent for stilbenes tested against the two brown-rot fungi Gloeophyllum trabeum
and Poria placenta. Of the two natural hydroxylated stilbenes studied, pinosylvin was slightly more active against G.
trabeum and C. versicolor than pinosylvin monomethyl ether. Surprisingly, neither of these two natural stilbenes

showed much activity against the copper-tolerant fungus P. placenta.

INTRODUCTION

Hydroxylated stilbenes are formed by woody plants both
as constitutive biocidal agents and as stress-formed
metabolites (phytoalexins). Consequently, stilbenes and
related compounds have been extensively studied to
determine their role in disease and decay resistance of
plants and wood products [1-4]. Stilbenes are produced
in a broad spectrum of plants via both the acetate and
shikimic acid pathways [1, 2]. The ring synthesized by the
acetate pathway often has a 3',5'-dihydroxylated struc-
ture. One or both of these phenolic groups may be further
methylated. The shikimic acid-derived ring may be un-
substituted or can be substituted with various hydroxyl
and/or methoxyl group(s) which are usually located in the
4; 3 and 4; or 3, 4 and 5 positions. While the trans (E)
isomer is usually the only isomer isolated, a few investig-
ators have reported isolating small amounts of cis (Z)
isomers [5-7]. These cis isomers may be formed during
isolation {2] by a photolytic trans/cis isomerization [8]
and consequently may be artifacts.

Stilbenes isolated from decay-resistant wood have been
shown to be fungitoxic when tested in agar with no wood
present. However, these same compounds imparted little
or no fungicidal activity when impregnated into non-
durable wood [2, 3]. These results have been interpreted
to suggest that stilbenes act in combination with the other
extractives present in decay-resistant wood. We recently
suggested another possibility which may act in concert
with synergism. Specifically, we proposed that when
stilbenes are first formed in plants they may have only
moderate activity [9, 10]. However, the stilbene biosyn-
thesis pathway can be altered to form biorelated com-
pounds, or the newly formed stilbene can be directly

modified in vivo, to give derivatives with greater and/or
broader activities [1, 9, 10].

In prior studies, we examined the fungicidal properties
of (E)-3- and/or 4'-substituted 4-hydroxystilbenes
(Fig. 1), related bibenzyls, and oxidatively polymerized
dimers by the agar plate and soil block techniques [9, 10].
In this study, we report on the fungicidal properties of 3-
and/or 4- and/or 5-substituted stilbenes and a few related
bibenzyls against brown- and white-rot fungi using the
agar plate method. The prime ring is unsubstituted in this
study, in contrast to our earlier work [9, 10] where the
prime ring contained various substituents (Fig. 1). When
one stilbene was synthesized both the cis and trans
isomers were isolated and consequently the geometric
isomer influence on bioactivity was examined. In addition
to the synthesized stilbenes three natural stilbenes, pinos-
ylvin and its mono- and dimethyl ethers, were also
studied. These synthesized compounds were studied
because of their similarity to pinosylvin and also to exam-
ine the substituent effect on the opposite ring from our
earlier QSAR studies.

RESULTS AND DISCUSSION

The compounds examined in this study are listed in
Table 1 and the IC,, fungicidal values in Table 2.

White-rot fungus

Four 3-hydroxylated stilbenes (3, 4, 12 and 13) and
3-hydroxybibenzyl (5) showed fungicidal activity
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Prior Work 1, 3, 6, 8-10, 12-14

Fig. 1. Structure and numbering of stilbenes in this study and
prior work.
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against C. versicolor (Table 2). No stilbene had white-rot
activity in our previous studies [9, 10]. A tentative
structure—activity relationship for C. versicolor activity
may involve a 3-hydroxystilbene with either an unsub-
stituted or substituted 5-position.

While some researchers have suggested that stilbenes
in general have no white-rot activity [4, 11], other reports
indicate that stilbenes are active against one or more
white-rot fungi [12-15]. One reason often mentioned for
white-rot fungi being unaffected by stilbenes is that the
extracellular oxidative enzymes produced by white-rot
fungi [16] may convert stilbenes into non-fungicidal
compounds [2, 12, 14, 17-19]. The relative ease by which
4-hydroxystilbenes can be oxidatively polymerized with
peroxidase/H,0, [9, 20, 21] and our prior studies [9, 10]

Table 1. Compounds tested for fungicidal properties

No. Abbreviation Name

1 4-OH (E)-4-Stilbenol

2 4-OH RED* 4-Hydroxybibenzy!

3 3-OH (E)-3-Stilbenol

4 cis-3-OH (Z)-3-Stilbenol

5 3-OH RED* 3-Hydroxybibenzyl

6 4-OH, 3-OMe (E)-3-Methoxy-4-stilbenol

7 4-OH, 3-OMe RED* 4-Hydroxy-3-methoxybibenzyl

8 4-OH, 3,5-diOMe {E)-3,5-Dimethoxy-4-stilbenol

9 4-OH, 3-C1 (E)-3-Chloro-4-stilbenol

10 3,4-diOH (E)-3,4-Stilbenediol

11 cis-3-OH, 4-OMe (Z)-4-Methoxy-3-stilbenol

12 3,5-diOH (E)-3,5-Stilbenediol (pinosylvin)

13 3-OH, 5-OMe (E)-5-Methoxy-3-stilbenol (pinosylvin monomethyl ether)
14 3,5-diOMe (E)-3,5-Dimethoxystilbene (pinosylvin dimethyl ether)

*RED indicates a stilbene which has been reduced to a bibenzyl.

Table 2. Concentration in parts per million at which the fungus growth is inhibited by 50%
relative to the fungus growth in untreated agar

ICy, (ppm)

Brown-rot fungi

White-rot fungus

No. Compound G. trabeum P. placenta C. versicolor
1 4-OH* 31* 12* >350*
2 4-OH RED* 38* 20* 224>
3 3-0H 35t sat 49

4 cis-3-OH 65 25¢ 75+
5 3-OH RED 44 49 78+
6 4-OH, 3-OMe 40t 40t > 350t
7 4-OH, 3-OMe RED >90t} 13 >350

8 4-OH, 3,5-diOMe 60 49 >350

9 4-OH, 3-Cl 43+ 40t > 350t
10 3,4-diOH 34 33 >350t1
11 cis-3-OH, 4-OMe 64 8t > 350
12 3,5-diOH 29 >90% 140
13 3-OH, 5-OMe 42 >90% 163
14 3,5-diOMe >90 >90t > 350

*Data from prior paper [10].
tAverage of two or more activity values.

}Some activity was observed at the highest concentration examined.
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where we found that no 4-hydroxystilbene was bioactive
against C. versicolor support this oxidative hypothesis.
Thus, 4-hydroxystilbenes would be anticipated to be
inactive against white-rot fungi. In addition, neither cis
nor trans geometric isomers would be protected against
oxidation. Consequently, no significant fungicidal differ-
ence would be expected between a trans (3) or cis (4)
isomer, as was observed (Table 2). Finally, white rot
extracellular enzymes are known to be powerful oxidants.
Thus, it is not unexpected that these enzymes can oxidize
stilbenes.

This hypothesis, that the extracellular enzymes of
white-rot fungi can oxidatively degrade stilbenes into
nontoxic compounds, unfortunately does not account for
all the data in this or prior studies. First, many prior
studies have reported that stilbenes which are oxidatively
polymerized in vivo are bioactive [22—-26]. Consequently,
oxidative polymerization does not necessarily inactivate
a stilbene, although other modes of oxidative degradation
besides polymerization are possible. Also, one stilbene
without a 4-hydroxyl (11) had no C. versicolor activity,
and thus the absence of a 4-hydroxyl does not always
indicate white-rot activity. Second, reduction of the
stilbene to the corresponding bibenzyl should inhibit
oxidative degradation either through polymerization or
cleavage of the double bond. In prior work [10] we found
that four of the 12 bibenzyls tested had activity against a
white rot fungus and one of the two bibenzyls synthesized
for this study had white-rot activity (Table 2). Con-
sequently, our data suggest that reduction of the double
bond does not necessarily give the corresponding biben-
zyl white-rot activity. Finally, the above hypothesis sug-
gests that stilbenes are fungitoxic against white-rot fungi
until degraded by extracellular enzymes. However, enzy-
matic degradation requires that the white-rot fungus first
produce extracellular enzymes which then must diffuse to
and degrade the stilbene, all of which requires time. Since
the agar plate test is relatively rapid (measurements taken
at 4 and 5 days for C. versicolor), some fungal inhibition
would be anticipated by stilbenes which are initially
fungitoxic prior to being oxidatively degraded. The fact
that no inhibition was observed for most stilbenes in the
short-term agar plate test may indicate that such stilbenes
are simply not fungitoxic to white-rot fungi at the concen-
trations examined.

The fact that certain stilbenes are inhibitory to white
rot fungi does not imply that these same stilbenes cannot
eventually be degraded by white-rot extracellular
enzymes. Thus, fungitoxic stilbenes which are present in
sublethal concentrations may eventually be detoxified/
degraded by white-rot fungus [14].

The data in Table 2 and prior studies [12-15] show
that a few stilbenes with a specific structure have white-
rot fungicidal activity. A hypothesis to explain why only
some stilbenes have white-rot fungicidal properties, con-
sistent with all available data, cannot be suggested.
Consequently, the previously proposed hypothesis that
white-rot extracellular enzymes can oxidatively degrade
stilbenes into inactive compounds and thus stilbenes are
not fungitoxic to white-rot fungi [2, 12, 14, 17-19] may
need to be reexamined.

Brown-rot fungi

All hydroxylated stilbenes examined in this study
(Table 2) had moderate brown-rot activity. Interestingly,
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the substitution pattern of the stilbenes appears to have
little influence on brown-rot activity (Table 2). Only small
differences in fungicidal properties were observed with
G. trabeum. While the P. placenta data varied more, some
of this may be due to the variable results often observed
with P. placenta. Interestingly, our prior studies [9, 10]
found that the 3'- and/or 4'-substitution pattern (Fig. 1)
determined the presence or absence of and also the level
of brown-rot activity. This study suggests that substitu-
tion of the 3- or 5-position(s) of 4-hydroxystilbene (Fig. 1)
has little effect on brown-rot activity. Substitution in the
4- or 5-position of 3-hydroxystilbene has some influence
on activity, but its nature is unclear.

The three bibenzyls tested in this study also had
moderate brown-rot activity, but the limited number
studied makes interpretation of the data difficult. cis/
trans Isomers appear to have somewhat similar fungicidal
properties for G. trabeum and C. versicolor, although this
is based on only one pair of isomers (3 vs 4). The isomer
effect is less clear for P. placenta. Other studies have also
reported that cis/trans stilbenes have similar fungicidal
properties [2, 6, 27].

The two natural hydroxylated stilbenes 12 (pinosylvin)
and 13 (pinosylvin monomethyl ether) gave somewhat
different results. Against G. trabeum, and also the white-
rot C. versicolor, 12 was slightly more active than 13.
Prior studies {3, 12-14] have reported that 12 is usually
more fungitoxic than 13. Against the copper-tolerant
fungus P. placenta, however, only limited activity at the
highest level tested of 60 ppm was observed for 12 and 13.
In our prior studies [9, 10] we found that all stilbenes
which were active against G. trabeum were even more
active against P. placenta. However, in this study all three
(E)-3-hydroxystilbenes which had no 4-substituent (3, 12,
and 13) were less active against P. placenta than
G. trabeum. It is possible that whatever makes P. placenta
copper tolerant also gives this fungus some tolerance
against stilbenes with a specific structure.

The fully methylated natural stilbene 14 [5] had little
or no activity against the three fungi examined. This
result would be anticipated for a stilbene with no free
hydroxyl [2, 6, 9, 10, 27], and 14 has been previously
reported to be non-fungicidal [3]. However, brown-rot
fungi are able to demethylate the methoxyl groups of
lignin [28, 29]. It may be possible that brown-rot fungi
are also capable of demethylating 14 to form the fungi-
toxic stilbenes 12 and 13. This ‘possible bioactivation
would take some time and may not be observed in the
short-term test of the agar-plate method.

EXPERIMENTAL

Stilbenes were synthesized using previously published meth-
ods [9, 30], and selected stilbenes reduced with 30 psi H, over
Pd/C to form the corresponding bibenzyl. Mp: uncorr. Ele-
mental analyses were performed by Galbraith. Pinosylvin mono-
methyl ether (13) was donated by Hercules Chemical Company
and purified by silica gel chromatography. Pinosylvin and
pinosylvin dimethyl ether were synthesized using previously
published methods [31].

Biological testing by the agar plate method was performed as
described earlier [9] using the brown-rot fungi Poria placenta
(Fr.) Cook, and Gloeophyllum trabeum (Pres, ex Fires) Murr and
the white-rot fungus Coriolus versicolor (L) (Quél). Stilbene
concentrations used were 3, 6, 15, 30 and 60 ppm for the two
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brown rot fungi and 25, 75, 150 and 300 ppm for the white rot
fungus. Five replicates were run on each fungus/compound/
concentration combination. The radial mycelial growth was
measured on the fourth and fifth day after inoculation for
C. versicolor, sixth and seventh day for G. trabeum, and ninth
and tenth day for P. placenta.

All NMR spectra were obtained at 25° + 1° observing 'H and
13C at 300.67 and 75.61 MHz, respectively. NMR samples
contained ca 40 mg of each compound in 0.5 ml of Me,CO-dg,
1% in TMS. Me,CO-d was chosen as the solvent because of the
large solvent shifts {32] it induces in aromatic protons. All
chemical shifts were referenced to internal TMS. Typical values
of the coupling constants found in these stilbenes were J ., = 8.0
+05Hz, J,,,,=22+02Hz and J,,,,,= 161+ 0.5 Hz. The chem-
ical shifts of the cis alkenyl hydrogens were identical so no
coupling was observed for them.

Complete assignments of the *H and C NMR spectra were
possible from a variety of ! and 2D techniques, including H,
H-COSY [33], CSCM [34], CSCMLR [35-37], NOE difference
[38] and INAPT [39] studies. The methodology used to make
the assignments in Table 3 is given in our earlier NMR study of
some (E)-3'- and 4'-substituted stilben-4-ols [40].

(E)-4-Hydroxystilbene (1); mp 187-188° [9]. 4-Hydroxy-
bibenzyl (2); mp 99-100° [9]. (E)-3-Hydroxystilbene (3); mp
119-122° (lit. [30] 121-122°). (Z)-3-Hydroxystilbene (4); bp
132-140°/2 m torr. (lit. [30] 130-140°/14 m torr). 3-Hydroxy-
bibenzyl (5); mp 75-76°. Found: C, 84.59%; H, 7.09%. C, ;H;,O
requires: C, 84.81%; H, 7.12%. IR vKB cm~': 1590, 1480, 1440
(Ar); 864, 787, 698 (Ar-H). EIMS (probe) 70 eV, m/z (rel. int.): 198
[M]* (14), 107 {[M—ArCH,]* (57 91 [M-~HOArCH,]*
(100). (E)-4-Hydroxy-3-methoxystilbene (6); mp 129-130° (lit.
[41] 132.5-133.5°). 4-Hydroxy-3-methoxybibenzyl (7); bp
143°/15m torr. Found C, 79.11%; H, 7.32%. C,;H,0, re-
quires: C, 78.92%; H, 7.06%. IR vKE: cm ™ 1: 1604, 1516, 1496 (Ar);
1271, 1237 (Ar-O); 1030 (-OMe); 814, 793 (Ar-H). EIMS (probe)
70 eV, m/z (rel. int.): 228 [M]* (18), 137 [M—ArCH,]* (100).
(E)-3,5-Dimethoxy-4-hydroxystilbene (8); mp 121-122°. Found:
C, 75.32%; H, 6.38%. C,¢H 0, requires: C, 74.98%; H, 6.29%.
IR vKBr cm™*: 1580, 1482 (Ar); 1240, 1200 (Ar-O); 1024 (-OMe),
970 (trans ~C=C-). EIMS (probe) 70 eV, m/z (rel. int.): 256 [M]*
(75), 149 [M —107]* (25); 107 [M — 1497 * (100). (E)-3-Chloro-4-
hydroxystilbene (9); mp 122-124°. Found: C, 73.96%; H, 5.18%;
Cl, 14.28%. C,,H,,ClO requires: C, 72.89%; H, 4.81%; Cl,
15.37%. IR vKBr cm™1: 1540, 1490 (Ar); 1295 (Ar-O), 980 (trans
-CH=CH-). EIMS (probe) 70eV m/z (rel. int.): 230 [M]"
(100), 194 [M-CI]* (@8); 165 [M—65]1" (71). (E)}34-
Dihydroxystilbene (10); mp 163-166° (lit. [21] 168-169°). (Z)-3-
Hydroxy-4-methoxystilbene (11); bp 147-153°/3 m torr. Found:
C, 79.43%; H, 6.20%; OMe, 13.76%. C,,H, 0 (OCH,) requires:
C, 79.62; H, 6.24%; OMe, 13.71%. IR vKBr cm~*: 1586, 1520,
1449 (Ar), 1245 (Ar-0), 1019 (~OMe), 704 (cis -HC=CH-). EIMS
(GC) 70 eV, m/z (rel. int.): 226 [M]* (100); 165 [M —61]* (95).
Attempts to purify the small amount of the trans (E) isomer were
unsuccessful. (E)-3,5-Dihydroxystilbene (12); mp 153-154° (lit.
[31] 155-155.5°). (E)-3-Hydroxy-S-methoxystilbene (13); mp
119-120° (lit. [31] 118.5-119.5°). (E)-3,5-Dimethoxystilbene (14);
mp 55-56° (lit. [31] 55-56°).
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