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bstract
5�-Hydroxy-14-eudesm-11-en-3-one (1) was metabolised by the filamentous fungi Rhizopus nigricans, Cunninghamella elegans and Mucor
lumbeus to produce four metabolites. Regioselective hydroxylation at C-6 and C-11 were detected. These 11-hydroxylated compounds can be
hemically transformed into �-agarofuran.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There is an increasing body of information about the use of
iocatalysis for selective transformations of synthetic and nat-
ral products. The principal advantages of these biocatalytic
rocesses are their relatively mild conditions, environmental
afety, and especially high selectivity. Special attention has been
aid to filamentous fungi because they are able of catalysing
egio and stereoselective hydroxylation [1,2]. The enzymatic
ystems involved are monoxygenases capable of providing one
f two oxygens molecules. Among these monoxygenases, the
ey enzyme is cytochrome P450, which is contained within the
icroorganism [3,4].
Eudesmane sesquiterpene are common in nature, and the bio-

ransformation with different type of filamentous fungi of this
ype of compounds has been carried out several times, producing
hydroxylated product, among others, that is difficult to achieve
y classical chemical means [5]. �-Cyperone and two of its

somers has been biotransformed. The metabolites obtained by
ioconversion of these three stereoisomers of �-cyperone show
hat the predominant transformation of the side chain included
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vinyl group. Other studies with eudesmane derivates show
imilar results [6–12].

The eudesmane sesquiterpene derivative is a pathway in the
hemical synthesis of natural agarofurans (epoxyeudesmane),
hich is isolated from the Celastraceae family. Several of these

ompounds exhibit insecticide, insect anti-feedant, cytotoxic,
nti-tumour and immunosuppressive activities [13–22]. It has
een reported that when the amount of hydroxyl groups is
ncreased in the molecule, an increment of biological activity can
e observed [23]. From the several routes for synthetic agaro-
urans production [24–26], we employed Robinson annelation
ombined with microbiological hydroxylation in the synthesis of
ydroxylated agarofuran [24]. This route used 7-epi-cyperone as
tarting material because this compound has an angular methyl
roup and the three-carbons side chains trans, which are neces-
ary to synthesise agarofurans compound (Scheme 1).

This work deals with the metabolism of the sesquiter-
ene eudesmane with different microorganisms. We studied
he biotransformation of 5�-hydroxy-14-eudesm-11-en-3-one
ith Rhizopus nigricans, Cunninghamella elegans ATCC 35112

nd Mucor plumbeus ATCC 4740 (Scheme 2). The structures

f these metabolites were fully elucidated with spectroscopic
xperiments. Derivatives 2 and 3 are useful as intermediates in
ynthetic agarofuran formation because total agarofuran synthe-
is can be reduced to only two steps [24,27,28].

mailto:jalarcon@pehuen.chillan.ubiobio.cl
dx.doi.org/10.1016/j.molcatb.2007.06.001


24 J. Alarcón et al. / Journal of Molecular Catalysis B: Enzymatic 48 (2007) 23–27

urans

2

2

s
B
a
f
w
C
r

G
s
t
H
D
i
1
g
A

Scheme 1. Classical synthesis of agarof

. Material and methods

.1. General experimental procedures

The NMR spectra (250 MHz 1H and 65 MHz 13C) were mea-
ured in CDCl3 (which also provided the lock signal) with
ruker spectrometers (AC-250). The 13C chemical shift was
ssigned with distortion-free enhancement of polarization trans-
er (DEPT) using a flip angle of 135◦. NOESY experiment

as used by determining the stereochemistry of OH group at
6. IR spectra were recorded on Shimadzu FTIR-8400. Optical

otations were measured in chloroform at 25 ◦C. The GC and

e
v
1

Scheme 2. Modification by microbiological biotrans
from 5�-hydroxyeudemane-3-one (1).

C–MS analyses were made on a gas chromatography–mass
elective detector (GC: Shimadzu GC-17A, injection tempera-
ure 270 ◦C, split/splitless injector, MS: Shimadzu QP5050A).
elium (1.2 ml/min) was used as carrier gas. Capillary column
B-1 (30 m × 0.25 mm i.d., film thickness 0.25 �m) was used

n the GC, the oven temperature was programmed at 120 ◦C for
min and then increased 10 ◦C/min to 270 ◦C. Merck 60 silica
el (40–60 �m) was used for flash chromatography. Hexane and
cOEt containing increasing amounts of MeOH were used as
luents. Analytical plates (silica gel, Merck 60G) were rendered
isible by spraying with H2SO4–AcOH followed by heating to
20 ◦C.

formation of 5�-hydroxyeudemane-3-one (1).
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Table 1
Hydroxylation of 5�-hydroxy-14-eudesm-11-en-3-on using different fungal
strain as biocatalyst

Fungi Time (days) Transformation Metabolites formed (%)

Compound 1 (%) 2 3 4 5

R. nigricans 12 98 23 15 38 22
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.2. Synthesis of 5α-hydroxy-14-eudesm-11-en-3-one (1)

Compound 1 was prepared from (+)-dihydrocarvone by
Robinson annelation reaction with ethyl vinyl ketone [28]

Scheme 1). The structure of compound 1 was determined by
MR spectroscopy. [α]D

15 = +50◦ IR (thin film) ν 3506, 2931,
869, 1701, 1643, 1454, 1438, 1377, 1138, 1056, 1022, 991, 960,
87, 794 cm−1. MS: m/z (relative intensity) = 236 (M+, 25), 218
8), 203 (4), 175 (2), 161 (4), 152 (80), 137 (39), 123 (35), 109
100), 95 (35), 81 (24), 55 (73). 1H NMR (250 MHz, CDCl3,
in ppm, respect to TMS). δ = 4.68–4.65 (d, 2H, J = 8.0 Hz),

.86 (q, 1H, J = 6.4 Hz), 2.65–2.5 (m, 1H), 2.37–2.28 (m, 1H),

.26–2.15 (m, 1H), 2.14–2.00 (m, 1H), 1.95–1.80 (m, 1H), 1.68
s, 3H), 1.63–1.51 (m, 3H), 1.49–1.35 (m, 3H), 1.23 (s, 3H),
.13–1.06 (d, 1H, J = 13.1 Hz) and 1.03 (d, 3H, J = 6.7 Hz). 13C
MR (62.4 MHz, CDCl3, δ in ppm, respect to TMS). δ = 210.62,
49.26, 109.03, 77.94, 51.73, 39.70, 37.64, 37.54, 35.38, 33.39,
1.56, 25.76, 21.67, 20.79 and 6.52.

. Organism, media and culture conditions

Native R. nigricans was obtained from the Colección de Cul-
ivos, Laboratorio de Sı́ntesis y Biotransformación de Productos
aturales, Facultad de Ciencias, Universidad del Bı́o-Bı́o,
hillán, Chile. C. elegans ATCC 35112 and M. plumbeus
TCC 4740 were obtained from the American Type Culture
ollection, Rockville, MD. USA. The microorganisms were
ept in Hagen medium containing CaCl2 (0.005%), KH2PO4
0.0025%), (NH4)2HPO4 (0.025%), MgSO4·7H2O (0.015%),
eCl3 (0.0012%), malt extract (0.3%) and glucose (1%) in H2O
t pH 6.5. Erlenmeyer flasks (250 ml) containing 125 ml of
edium were inoculated with microorganism before 5 days of

reculture. The cultures were incubated with shaking (100 rpm)
t 25 ◦C for 12 days, after which a solution of the substrate in
thanol was added.

.1. Biotransformation of 1

The substrate 1 (300 mg) was dissolved in 3 ml ethanol and
he solution was added in three equal portions to the three
rlenmeyer flask cultures, each containing 125 ml of medium.
fter incubation for 12 days in a shaker at room tempera-

ure, the cultures were filtered over filter paper, the cells were
ashed thoroughly with EtOAc, and the filtrates were pooled

nd extracted with EtOAc. The combined extracts were dried
ver anhydrous Na2SO4 and evaporated under reduced pres-
ure to give a mixture of compound (310 mg). Chromatography
n silica gel using n-hexane: EtOAc mixes produced the yields
ndicated in Table 1.

.2. Spectroscopy data of metabolite 2

[α]20
D = −208◦ IR (0.6, CHCl3) ν 2924, 2870, 1662, 1450,
091, 1118 and 887 cm−1. MS: m/z (relative intensity) = 218
M+, 33), 203 (35), 190 (37), 175 (56), 161 (73), 147 (80), 132
88), 119 (76), 105 (73), 91 (100), 79 (91), 67 (71) and 55 (82).
H NMR (250 MHz, CDCl3, δ respect to TMS). δ = 4.75 (s, 1H),

3

3

. elegans 12 91 21 23 35 12
. plumbeus 12 59 12 15 32 0

.56 (s, 1H), 1.76 (s, 3H), 1.67 (s, 3H) and 1.19 (s, 3H). 13C
MR (62.4 MHz, CDCl3, δ respect to TMS). δ = 198.61, 162.92,
47.26, 129.00, 110.89, 40.82, 37.43, 35.76, 35.72, 33.83, 30.99,
2.98, 22.93, 22.47 and 10.84.

.3. Spectroscopy data of metabolite 3

IR (thin film) ν 3421, 2924, 2924, 2854, 1647, 1450, 987,
87 and 737 cm−1. MS: m/z (relative intensity) = 234 (M+, 12),
19 (10), 205 (28), 191 (29), 177 (17), 164 (24), 145 (18), 135
57), 123 (67), 107 (57), 93 (57), 79 (63), 67 (58) and 55 (100).
H NMR (250 MHz, CDCl3, δ, respect to TMS). δ = 4.91 (s,
H), 4.81 (s, 1H), 4.37 (s, 1H), 1.87 (s, 3H), 1.73 (s, 3H) and
.38 (s, 3H). 13C NMR (62.4 MHz, CDCl3, δ, respect to TMS).
= 199.91, 160.07, 145.26, 132.02, 111.37, 69.53, 47.71, 38.81,
5.10, 35.02, 34.13, 25.66, 22.90, 18.60 and 10.38.

.4. Spectroscopy data of metabolite 4

IR (thin film) ν 3440, 2927, 2866, 1647, 1458, 1377, 1184,
088, 929, 752 cm−1. MS: m/z (relative intensity) = 236 (M+,
5), 218 (8), 203 (4), 175 (2), 161 (4), 152 (80), 137 (39), 123
35), 109 (100), 95 (35), 81 (24), 55 (73). 1H NMR (250 MHz,
DCl3, δ in ppm) δ = 2.67–2.45 (m, 2H), 2.44–2.24 (m, 2H),
.20–1.91 (m, 1H), 1.80 (s, 3H), 1.76–1.60 (m, 2H), 1.58–1.50
m, 3H), 1.41–1.25 (m, 2H) 1.23 (s, 3H), 1.21 (s, 3H), 1.17 (s,
H). 13C NMR (62.4 MHz, CDCl3, δ in ppm), 198.63, 164.87,
29.80, 73.43, 44.47, 37.29, 36.36, 35.89, 34.05, 28.75, 27.45,
6.83, 24.64, 21.30 and 11.26.

.5. Spectroscopy data of metabolite 5

IR (thin film) ν 3417, 2931, 2866, 1651, 1454, 1377, 1326,
184, 1018, 921, 860, 818 cm−1. MS: m/z (relative inten-
ity) = 251 (M+, 3), 234 (95), 221 (69), 203 (100), 177 (79), 175
59), 163 (73), 161 (55), 147 (18), 133 (31), 119 (29), 107 (39),
05 (47), 91 (59), 75 (53), 57 (42), 55 (44). 1H NMR (250 MHz,
DCl3, δ in ppm) δ = 4.99 (d, 1H, J = 5 Hz), 2.89–2.51 (m, 4H),
.92 (s, 3H), 1.89–1.70 (m, 2H), 1.65–1.57 (m, 3H), 1.55–1.42
m, 2H), 1.39 (s, 3H), 1.32 (s, 3H), 1.14 (s, 3H). 13C NMR
62.4 MHz, CDCl3, δ in ppm), 199.92, 161.13, 133.15, 73.52,
9.60, 53.81, 37.92, 37.75, 35.09, 34.26, 30.05, 28.00, 25.10,
1.02 and 11.18.
.6. Time-course experiment

Spores of filamentous fungi R. nigricans, C. elegans ATCC
5112 and M. plumbeus ATCC 4740 (about 6 × 105 spores)
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Fig. 1. Kinetics of compound 1 metabolism by Rhizopus nigricans.
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semi-synthesis of sesquiterpenolides from their sesquiterpene
starting material.
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ere transferred to a 250 ml Erlenmeyer flask containing 125 ml
agen medium, and cultured with continuous shaking for 7 days

t room temperature. The compound 1 (100 mg) was added to the
uspension cultures and incubated at room temperature in rotary
haker (100 rpm). At a regular time interval of 3 days, three
rlenmeyer flask of the incubation mixture was taken out under
terile conditions for 12 days and then extracted with EtOAc.
he yields of the product were determined based on the peak
rea from GC–MS.

. Results and discussion

Compound 1 was obtained by a Robinson annelation reac-
ion of (+)-dihydrocarvone with ethyl vinyl ketone as a white
owder, very soluble in ethanol with a fusion point of 105 ◦C,
nd strong absorptions at 3506 and 1701 cm−1 in its I.R.
pectra. The 1H NMR, 13C NMR and its additional exper-
ments, permitted us to elucidate its chemical structure as
�-hydroxy-14-eudesm-11-en-3-one (1). The incubation of 1
ith R. nigricans, C. elegans AT35112 and M. plumbeus
TCC 4740 produced four metabolites that were identified as
4-eudesm-4,11-dien-3-one (2), 6β-hydroxy-14-eudesm-4,11-
ien-3-one (3), 11-hydroxy-14-eudesm-4-en-3-one (4), and
1,6β-dihydroxy-14-eudesm-4-en-3-one (5). By contrast, M.
lumbeus produced only metabolites 2, 3 and 4.

Metabolite 5 contained additional oxygen, as was deduced
rom its molecular ion peak (m/z 251). The hydroxylation
onfiguration at C-6 was spectroscopically characterised. The
tereochemistry of 3 was established with the 2D-NOESY exper-
ment. The most relevant dipolar coupling was observed between
-6 and H-15. These features show that the hydroxylation
ccurred on the �-face, indicating the stereoselectivity of the
iotransformation process. Furthermore, the proton–proton cou-
ling constant between H-6 and H-7 proton was 5 Hz. This value
s greater that the J value (1.3 Hz) reported for �-hydroxylated
esquiterpen eudesmane derivative previously synthesized by
hemical methods [29].

The metabolites obtained could be formed in two stages. The
rst stage corresponds to a dehydration of the C-5 position of

he starting compound, producing metabolite 2 and subsequent
ydroxylation of this metabolite in the position C-6, C-11 and
oth positions. This interpretation is confirmed by a kinetic study
f the metabolism where the concentration of 2 is greater, until
he third day, when the concentration of the other metabolites
egins to increase (Figs. 1–3).

The exocyclic double-bond elimination performed by R.
igricans, C. elegans and M. plumbeus, which produced the
ydroxylated product at the C-11 position, could occur via an
ntermediate epoxide, although this species was not observed.
he formation of an intermediate epoxide has also been reported

n limonene [30] and other sesquiterpene biotransformations
8]. Furthermore, it is possible that an epoxide intermediate
as not observed due to its high instability in aqueous sys-
ems [31–33]. Regioselective hydroxylations in both “A” and
B” rings, on C-2 and C-8, were detected when was used
�-hydroxylated eudesmane as substrate, but the main hydrox-
lating action was directed to the isopropenyl moiety, mainly F
ig. 2. Kinetics of compound 1 metabolism by Cunninghamella elegans ATCC
5112.

n C-11[]. Biotransformation of (−)-10-epi-�-cyperone yielded
hree stereoisomers, and one of them present hydroxylation on
-6 [34]. Biotransformation of 5�-hydroxyeudesmanolides and
ours kinetic have not previously been reported.

The hydroxylation in C-11 can play a very important role,
ince the 11-hydroxyeudesmane compounds by means of acid
atalysis give agarofurans compounds. The results show that the
btained yields are greater than the reported in literature for the
hemical route of obtention of these compounds (Table 1) [28].

The present work newly confirms the use of bio-
ydroxylation catalysis as a promising tool to achieve the
ig. 3. Kinetics of compound 1 metabolism by Mucor plumbeus ATCC 4740.
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