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Diisophorone (1) was tested against two strains of the necrotrophic plant pathogen Botrytis cinerea.
Fungal sensitivity varied according to the strain. B. cinera 2100 was more sensitive than B. cinerea
UCA992: its mycelial growth was significantly inhibited at concentrations of 50 ppm and above.
Although diisophorone (1) showed an effective control of B. cinerea, a detoxification mechanism was
present. The detoxification of racemic diisophorone (1) by B. cinerea was investigated. Incubation
with two strains of B. cinerea gave one and four biotransformation products (2—5), respectively. Their
structures were established as the known 843-hydroxydiisophorone (2), 6a-hydroxydiisophorone (3),
64-hydroxydiisophorone (4) and 8p,14-dihydroxydiisophorone (5) on the basis of their spectroscopic
data, including two-dimensional NMR analysis [heteronuclear multiple quantum coherence (HMQC),
heteronuclear multiple bond correlation (HMBC), and nuclear Overhauser enhancement spectroscopy
(NOESY)] and an X-ray crystallographic study.

KEYWORDS: Biotransformation; diisophorone; Botrytis cinerea ; antifungal activity

INTRODUCTION R OH

Botrytis species are serious plant pathogens, which are \
implicated in many diseases of flowers, fruits, and vegetables. ;" |,
In particular,B. cinereaattacks economically important crops

such as lettuces, carrots, tobacco, strawberries, and grapes ( O OH" O OH
2). The rapid development of tolerance to commercial fungicides gsng 1 R=H 6
by B. cinereahas led to an increase in the quantities of these a 22; g;g:

compounds that have to be used with the consequent additiona|:i
problems of persistence and serious economic damage arising

from the decreased qua“ty of wines produced from treated is a readily available Compound, which possesses the key
grapes (3). distance between the hydrophobic geminal dimethyl group and
Studies on StrUCtUre_aCtiVity relationShipS of substrates that the hydrophmc hydroxy] group found in Sesquiterpenoid phy_
inhibited the growth oB. cinereaand their relationShipS to the toalexins and in the major Secondary metaboliteB.afinerea.
botryane metabolites produced by the fungus revealed structuralpjisophorone (1) is a very interesting compound, as it can be
similarities between thend]. In particular, the distance between  synthesized easily and cheaply in excellent yield. In addition,
the hydrophobic geminal dimethyl group and the hydrophilic it has been shown to be able to significantly inhibit the growth
hydroxyl group, as well as the distance between the dimethyl of the pathogenic funguaspergillus niger(7). The microbial
group and the carbon bearing the oxygen function, seem to transformation of diisophorond) by use of the plant pathogen
mimic the analogous distances found in botryanes. Aspergillus nigeras a biocatalyst caused monohydroxylation
Continuing our research program directed toward the rational in positions 8a, 10 and 17¢7). We have investigated the
design of fungicides for use against fungal infections of antifungal activity and biotransformation of diisophorone (1)
commercial crops, we have tested the antifungal properties ofpy B. cinerea, in order to find new compounds that may be
diisophorone (1)Kigure 1). Racemic diisophoronel) (5, 6) targets for future study as fungal inhibitory agents.

gure 1. Structures of compounds 1-6.
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Figure 2. Antifungal effect of diisophorone on in vitro grown (A) B. cinerea UCA992 and (B) B. cinerea 2100. Results are shown as medium values of

three replicates of micelium diameter; bar = £SD.

Table 1. 'H NMR (400 MHz) of Biotransformation Products (2-5)

H 2 3 4 5

4a. 2.29(d, J=16.2 Hz) 247 (d, J=16.1 Hz) 2.17(d, J=16.4 Hz) 2.23(dd, J=16.4 and 1.7 Hz)
48 2.33(dd, J=16.2 and 1.2 Hz) 2.21(d, J=16.2 Hz) 2.41(d, J=16.4 Hz) 2.46 (d, J= 16.4 Hz)

6o 2.08(d, J=18.25 Hz) 3.84 (brs) 2.38(d, J=18.3 Hz)

65 2.71 (dd, J=18.25 and 1.2 Hz) 3.94 (brs) 2.58 (dd, J=18.3 and 1.7 Hz)
8a. 3.47 (d, J= 6.61 Hz) 2.07 (d, J=20.7 Hz) 2.07 (d, J=20.9 Hz)

88 259 (d, J=20.7 Hz) 2,53 (d, J=20.7 Hz) 3.48 (brs)

100 1.28 (m) 1.33(d, J=14.2 Hz) 1.26 (d, J= 14.2 Hz) 1.29 (m)

108 1.28 (m) 1.17(d, J=14.2 Hz) 1.20 (d, J=14.2 Hz) 1.29 (m)

120 1.80 (br d, J= 13.2 Hz) 1.87 (br dd, J= 13.2 and 1.5 Hz) 1.82 (td, J= 13.4 and 1.8 Hz) 1.80 (brd, J= 13.5 Hz)

128 1.44(d, J=13.2 Hz) 1.43(d, J=13.2 Hz) 1.44(d, J=13.4 Hz) 1.43(d, J=13.5Hz)

13a 1.20(d, J=12.5Hz) 1.29 (dd, J=11.9 and 1.5 Hz) 1.29 (brd, J=11.9 and 1.5 Hz) 1.20 (dd, J=12.2 and 1.2 Hz)
138 1.76 (td, J= 12.5 and 1.73 Hz) 1.52 (td, J= 11.9 and 2.4 Hz) 1.58 (td, J= 11.9 and 2.4 Hz) 1.78 (td, J=12.2 and 1.7 Hz)
14 1.06 1.04 1.00 3.43 and 3.40 (d, J= 10.7 Hz)
15 1.06 1.00 1.09 1.06

16 1.05 1.03 1.04 1.02

17 0.93 0.90 0.91 0.93

18 0.69 0.83 0.72 0.69

OH 531 5.23 5.35 5.33

spectrophotometer, series FTIR (Fourier transform infrard)and
13C NMR measurements were obtained on Varian Gemini 300 and
Varian Unity 400 NMR spectrometers with Sill@s the internal

the results are shown as mean values of three replicates of colony
diameters (£SD). The commercial fungicide dichlofluanid was used
throughout as a standard agent for comparison. The \@lue was

reference. Mass spectra were recorded on Fisons MD800 and Finnigardetermined by the linear regression of the probit of the test fungus

MAT95 S instruments. High-performance liquid chromatography
(HPLC) was performed with a Hitachi/Merck L-6270 apparatus
equipped with an UV/vis detector (L 4250) and a differential refrac-
tometer detector (RI-71). Thin-layer chromatography (TLC) was
performed on Merck Kiesegel 60,4z 0.2 mm thick (catalog no.
1.05554.0001). Silica gel (Merck) was used for column chromatography.
Purification by means of HPLC was accomplished on ax23 cm
Hibar 60 silica gel column. All solvents used were freshly distilled.
Microorganism and Antifungal Assay. The culture ofB. cinerea
UCA992 employed in this work was obtained from grapes of Domecq
vineyard, Jerez de la Frontera, Cadiz, Spain. This cultuR: oinerea
is deposited in the Universidad de Cadiz, Facultad de Ciencias
Mycological Herbarium Collection (UCARB. cinerea2100 comes from
the Centro Espafiol de Cultivos Tipos (CECT), Universidad de Valencia,
Facultad de Biologia, Spain, where a culture of this strain is deposited.
Bioassays were performed by measuring inhibition of radial growth

percentage inhibition and the log of the studied compound concentra-
tions. The IG, was the average of three replications.
Biotransformation of Diisophorone (1) with B. cinereaUCA992.
B. cinereaUCA992 was grown for 3 days on a shake culture of Czapek-
Dox medium (70 mL per 250 mL flask) comprising (per liter of distilled
water) glucose (40 g), yeast extract (1 g), potassium dihydrogen
phosphate (5 g), sodium nitrate (2 g), magnesium sulfate (0.5 g), ferrous
sulfate (10 mg), and zinc sulfate (5 mg). The pH was adjusted to 7.0.
Diisophorone (1) (250 mg) in ethanol (24 mL) was then evenly
distributed among 24 flasks and incubated vBtttinereafor 10 days.
The mycelium was filtered and washed with water and ethyl acetate.
Sodium chloride was added to the filtrate and the mixture was incubated
for 25 min. The filtrate was acidified to pH 2 and extracted with ethyl
acetate. The extract was washed with aqueous sodium hydrogen
carbonate, water, and brine and then dried over sodium sulfate.
The solvent was evaporated in a vacuum to give a residue that was

on an agar medium in a Petri dish. The test compound was dissolvedchromatographed on silica. Elution with 10% ethyl acetate in light

in ethanol to give final compound concentrations ranging from 50 to
200 mg/L. Solutions of the test compound were added to a gltcose
malt—peptone—agar medium [61 g/L glucose (20-glalt (20 g)—
peptone (1 gjagar (20 g), pH 6.57.0]. The final ethanol concentration
was identical in both control and treated cultures. The medium was
poured into sterile plastic Petri dishes measuring 13.5 cm in diameter,
and a 1.5 cm diameter mycelial diskBf cinereacut from an actively
growing culture was placed in the center of the agar plate. Inhibition
of radial growth was measured for 8 dafsgure 2). Growth inhibition

was calculated as the percentage of inhibition of radial growth relative
to the negative control. The assays were carried out in triplicate, and

petroleum gave unchanged diisophororig (80 mg), which was
identified by its'H NMR spectrum.

Elution with 15% ethyl acetate gav& (30 mg) as a solid, which
was recrystallized from ethyl acetate as white needles, mp-129
°C (lit. mp 121—123°C); [a]p 3.9° (¢ 1.0, CHCE); IR (NUjol) vimax
3443, 1690, 1639 cm; *H and*3C NMR data, Tables 1 and 2 EIMS
m/z292 (M*, 6), 221 (100), 179 (30), 137 (30); HREIM#(z) M"
calcd. for GgH»g03, 292.2038; found, 292.2038.

Crystal Data and Structure Determination of Compound 2.
CigH2803, M, 292.40, orthorhombic, space gro&gcn (no. 56),a =
22.7961(17) Ap = 19.2527(11) Ac = 7.61704) Ao =B =y =
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Table 2. 3C NMR (100 MHz) of Biotransformation Products (2-5)

c1 c2 c3 C4 c5 cé c7 c8 c9 Cl0 cC11 Cl2 CI13 Cl4 Cl5 C16 Cl7 C18
2 715 1362 2028 497 372 412 1554 762 326 522 312 506 428 278 298 301 375 270
3 720 1368 2009 489 379 762 1574 431 323 526 318 506 465 232 269 332 375 289
4 718 1363 1998 509 382 774 1593 418 322 524 316 502 461 201 273 329 375 284
5 715 1362 2028 468 373 3.6 1551 760 373 504 312 495 409 707 215 276 372 294

90°,V = 3343.0 (4) R, Z= 8, D, = 1.16 mg m?3, F(000) = 1280,1
=0.710 73 A = 0.08 mntL. Data were collected from a crystal of
size 0.40x 0.05x 0.05 mn{ on an Enraf-Nonius CAD4 diffractometer.
A total of 10 827 reflections were collected for 3.859 < 22.99°and
—25< h <22, -21 < k=21, -8 <1 =< 7. There were 2315
independent reflections, and 1258 reflections with2o(l) were used

5), 290 (Mt — 18, 3) 277 (3), 237 (100), 219 (60); HREIMS8\(z) M*
calcd for GgH,g04, 318.1988; found, 318.1991.

RESULTS AND DISCUSSION

The antifungal properties ofl againstB. cinerea were

in the refinement. There was no crystal decay, and no absorption determined by the “poisoned food techniqu&l) Diisophorone
correction was applied. The structure was solved by direct methods (1) inhibited the mycelial growth oB. cinerea however, fungal

with SHELXL-97 (9) for the refinement. The non-hydrogen atoms were
refined anisotropically by full-matrix least-squareskh The hydrogen

sensitivity varied according to the straifigure 2). B. cinerea
2100 was the most sensitive, and its mycelial growth was

atoms were placed in calculated positions and added to the rEfineme”tsignificantly inhibited at concentrations of 50 ppm and above.

as fixed isotropic contribution. The fin& indices wereR; = 0.063,
WR, = 0.144, andR indices (all data) wer&, = 0.096,wR, = 0.160.
The goodness of fit o> was 1.068, and the largest peak on the final
difference map was 0.21 e3ACrystallographic data o2 including

Depending on the concentration df the fungus retained an
inhibition percentage of 6980% after 5 days. In contrast, the
growth of the other strain, UCA992, was not significantly

crystal data and structure refinement, atomic coordinates, equivalentinhibited up to 100 ppm. The i_nhibition percentage after 5 days
isotropic displacement parameters, and bond lengths and angles havavas only 6% at 50 ppm but it reached 76% and 92% at 150

been sent to the Cambridge Crystallographic Data Centre.
Biotransformation of Diisophorone with B. cinerea 2100. B.

cinerea2100 was inoculated in 45 flasks containing the previously

described medium. The flasks were incubated at@%nd stirred at

and 200 ppm, respectively. The g values calculated foB.
cinerea2100 and UCA992 strains were 70 and 89 ppm after 5
days, respectively.

These results showed good control Bf cinereaby diiso-

180 rpm for 3 days; the mycelium was then filtered and transferred phorone {). Nevertheless, a detoxification mechanism would
|nt_o 40 500-mL flasks containing 200 mL of_ Czapek-_Dox medium  pea present. To study it, diisophorong)(was subjected to
(without glucose). The substrate (400 mg) dissolved in ethanol was p;ntransformation studies. Because the antifungal effect was
divided evenly among 35 flasks and the fermentation continued for a different, we studied the biotransformationiofith both strains.

further period of 3—4 days. The remaining five flasks were used as . . . .
the control. The mycelium was filtered, and the broth was saturated Diisophorone {) was incubated witf8. cinereaJCA992 for

with sodium chioride and extracted three times with ethyl acetate. The 10 days. The medium was extracted with ethyl acetate and
extract was dried over anhydrous sodium sulfate and the solvent waspurified by means of column chromatography. Apar_t from
evaporated. Fractionation of the extract (455 mg) was carried out by unchanged diisophorone (1), the only eluted metabolite from

means of column chromatography on silica gel (SiCC), eluting with

the column was @-hydroxydiisophorone2). The recovered

increasing concentrations of ethyl acetate in light petroleum ether to starting material showedp?® —18.6 € 0.32, CHC}), indicat-

give nine fractions F£F9. Final purification of fraction F2 was carried
out by means of semipreparative HPLC on ax28 cm LiChrospher
Si60 (10um) silica gel column, a differential refractometer detector,
and hexane/ethyl acetate 73:27 (3.5 mL/min) as eluent to afférd 8
hydroxydiisophorone (2; 6 mg). Compoun8sand 4 were obtained
after further purification of fraction F6 by means of column chroma-
tography with CHQ as eluent to afford @-hydroxydiisophorone (3;
48 mg) and 64-hydroxydiisophorone (4; 55 mg). Final purification of

ing that the fungus exhibited preference fef){diisophorone
in the biotransformation. The HREIMS afshowed a molecular
ion corresponding to the molecular formulagB,s03. The IR
spectrum possessed absorption bands at 1639, 1690, and 3443
cm™1, confirming that the alkene, carbonyl moieties, and
hydroxyl groups were present. TREl NMR spectrum of the
product showed a new secondary alcohol resonande3a46

products from fraction F9 by means of semipreparative HPLC on a 25 ppm (1H, s), suggesting the introduction of a new hydroxyl

x 1 cm LiChrospher Si60 (1@m) silica gel column, a differential

group at one of the methylene groups in the diisophorone

refractometer detector, and hexane/ethyl acetate 75:25 (3.5 mL/min) molecule. This was further indicated by a low-field hydroxyl-

as eluent led to the isolation of 84,143-dihydroxydiisophorone (5; 2
mg) in addition to a small amount of a known compound from the
fungus, 11-hydroxydehydrobotrydienediol (@)0j.
83-Hydroxydiisophorone (2). Amorphous solid, ¢]p?® +32.6° (¢
0.38, CHCY).
6a-Hydroxydiisophorone (3). Amorphous solid, §]p%® +140.2°(c
0.38, CHCY); IR (film) vmax 3404, 2948, 2912, 2859, 1639 cin‘H
and*C NMR data,Tables 1and2; EIMS m/z292 (M*, 2), 274 (M
— 18, 4), 221 (93), 203 (100), 175 (44); HREIMBAz) M" calcd. for
Ci8H2603, 292.2038; found, 292.2075.
63-Hydroxydiisophorone (4). Amorphous solid, ¢]p?® —91.0°(c
1.28, CHCY); IR (film) vmax 3404, 2948, 2912, 2859, 1642 cin‘H
and®C NMR data,Tables 2and3; EIMS m/z292 (M*, 4), 274 (M~
— 18, 2), 221 (99), 203 (100), 175 (53); HREIMBz) M calcd for
Ci8H2803, 292.2038; found, 292.2065.
88,14B3-Dihydroxydiisophorone (5). Amorphous solid, ¢]p%® +53°
(c 0.085, CHCY); IR (film) vmax 3405, 2956, 1643 crd; H and 13C
NMR data,Tables 1and2; EIMS m/z308 (M", 15), 293 (M — 15,

bearing methine carbon signal@&t 76.2 ppm. The position of
newly introduced hydroxyl was established by comparing the
13C NMR spectrum of2 with that of diisophorone). The
methylene signal ab 46.3 ppm assigned to C-8 thwas not
present in the!3C NMR spectrum of2, indicating that the
hydroxyl group was inserted at C-8. Tfiestereochemistry of
the alcohol was established when irradiation of the proton
geminal to the C-8 ab 3.46 ppm gave 2.9% nuclear Overhauser
enhancement (NOE) to the signal @2.08 ppm, which was
assigned to the proton at position C-6. An X-ray crystal
structure of the compound confirmed the structure proposed for
2 (Figure 3). All other physical and spectroscopic data were in
agreement with those described in the literature for 8-
hydroxydiisophorone (2)8).

Diisophorone 1, 400 mg) was incubated with a second strain,
B. cinerea2100, following methodology previously described
by our group 13). Four compound£{-5) that were not present
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Figure 4. NOESY correlations for compound 3.

in the control fermentation were detected by TLC. The
metabolites were extracted from the medium with ethyl ace-
tate on the third and fourth days. Both extracts were puri-
fied by chromatography to yield four biotransformation prod-
ucts in addition td5, a natural product produced By cinerea.
The first compound to be isolated wag-Bydroxydiiso-
phorone (2) (2.6 mg), the only compound obtained in the first
experiment.

Compounds3 (48 mg, 11.34%) and (55 mg, 13%) both of
which are monohydroxylated derivatives bfwere the major
biotransformation products. The exact molecular masses of both
compounds were determined by HREIMS and found to be
292.2075 and 292.2065 respectively, confirming the molecular
formula, GgH2503 for both compounds. A methine proton signal
at 6 3.84 and 3.94 ppm, respectively, was correlated in the
HMBC experiment with vinylic carbons C-2 and C-7 136.8,
157.4 and 136.3, 159.3 ppm), a quaternary carldoB7(9 and
38.2, respectively) assigned to C-5, and two methyl signals (
23.2,26.9 and 20.1, 27.3 ppm) corresponding to C-14 and C-15.
These results indicated that both compounds were monohy-
droxylated derivatives of at C-6. Theo-stereochemistry o3
was assigned by NOESY experimeRidure 4). NOE experi-
ments with compound} confirmed thef-disposition of the
hydroxyl group at C-6.

Further hydroxylation of compoun@ gave 5, which was

isolated as a colorless amorphous material and displayed a

molecular formula of gH»504. The absence of a methyl group
signal in thelH and13C NMR spectra and the appearance of
hydroxymethyl resonance®y 3.40 and 3.43pc 70.7 ppm)
suggested thd is hydroxylated on thgem-dimethyl group at
C-5. This was confirmed by the downfield shift of the signal

assigned to C-5. The stereochemistry at C-5 was revealed by

Daoubi et al.

the correlations observed in the NOESY experiment, between
H-8 and H-15 and between H-16 and H-14.

The antifungal properties of biotransformation products
againstB. cinerea UCA992 were tested, showing that all
hydroxylated metabolites are inactive at 100 and 200 ppm. These
results confirm that thaB. cinereahas a mechanism to detoxify
compoundl by hydroxylating positions C-6 and C-8.

The metabolites obtained from biotransformation of racemic
diisophorone ) by B. cinereawere found to be optically active.
This result indicated that the microbiological transformation has
taken place with one enantiomer but it does not prove that the
metabolites belong to the same enantiomeric series. Neverthe-
less, the specific rotation showed by recovered diisophorone
(2) in the biotransformation with UCA992 strain indicated that
at least an enantioselective biotransformation has taken place.
Fungal biodegradation may proceed via a monooxygenase-
catalyzed hydroxylation of the-€H bonds to yield compounds
2—5. The structures of these metabolites suggest compounds
that might be targets for future study as inhibitory agents.

Comparing the products obtained from the biotransformation
by B. cinereawith those described for the biotransformation
by A. niger(7), we observed a common feature: all monohy-
droxylations were produced on carbons that were in 1,4 relative
positions from the initial hydroxyl group of diisophorong)(

This observation seems to indicate that the hydroxyl group must
be the point of binding between the substrate and the enzyme.
Nevertheless whilé. nigerproduces the hydroxylation on ring

C, B cinereadoes it on ring A.

Supporting Information Available: Crystal data, structure
refinement, atomic coordinates, displacement parameters, bond
lengths and angles, and hydrogen coordinates for comp®und
This information is available free of charge via the Internet at
http://pubs.acs.org.
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