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ABSTRACT: Chemical investigation of the
fungal strain Microdiplodia sp. isolated from
the shrub Lycium intricatum led to the isola-
tion of four new compounds: a hexahydrox-
anthone (2), a 2,3-dihydrochroman-4-one
(3), a 7-oxoxanthone derivative (4), and a
1,4-oxazepan-7-one (5). The relative config-
urations of the new compounds were deter-
mined by intensive NMR investigations,
notably NOESY experiments at different
temperatures. The absolute configurations
of the well-known fungal metabolite diversonol (1) and of other xanthone derivatives (3, 4) were established by means of TDDFT
ECD calculations. Most of the metabolites were biologically active, with antibacterial activity against Legionella pneumophila and/or
antifungal activity against Microbotryum violaceum.

Endophytic fungi have been proven to be a rich source of new
biologically active natural products because as a group they

inhabit a relatively untapped ecological environment, and their
secondarymetabolism is activated by their metabolic interactions
with their hosts.1 Xanthones and partially hydrogenated di- or
tetrahydroxanthones are widespread classes of natural products2

with considerable bioactivity that occur in fungi,3 plants,4 ferns,5

and lichens.6 Owing to their pronounced toxicity, they are
classified as mycotoxins.3 The tetrahydroxanthones occur as
monomers, for example, as R- and β-diversonolic esters, mono-
dictysins, or blennolides, the recently isolated monomeric units
of secalonic acids.7 Other examples of highly active anticancer
hydrogenated xanthones are globosuxanthone A,8 nidulalin A,9

xanthoquinodins,10 and parnafungins.11 Fungal secondary meta-
bolites have served as an important source of lead structures for
new drug compounds.11,12 In our screening program for new
biologically active fungal secondary metabolites we have been
investigating the metabolites of fungal endophytes, presently of
an endophytic Microdiplodia sp. The EtOAc extract was sub-
jected to column chromatography, and four new metabolites
(2-5) were isolated, together with six known compounds

(1, 6-10). The new compounds were named microdiplodiasol
(2), microdiplodiasone (3), microdiplodiasolol (4), and micro-
diplactone (5).

’RESULTS AND DISCUSSION

The endophytic fungus Microdiplodia sp. (internal strain no.
9907) was isolated from the shrub Lycium intricatum, from
Gomera, and cultivated at room temperature on biomalt solid
agar media for 28 days. The culture media (12 L) were then
extracted with EtOAc to afford a crude extract (5.5 g), and in
order to perform an efficient targeted isolation of active meta-
bolites, the EtOAc extract was subjected to column chromatog-
raphy, resulting in the isolation of 10 metabolites (1-10)
(Scheme 1).

The structure of diversonol (1), the major metabolite of the
title fungus, was determined by detailed spectroscopic analysis

Special Issue: Special Issue in Honor of Koji Nakanishi

Received: October 19, 2010



366 dx.doi.org/10.1021/np100730b |J. Nat. Prod. 2011, 74, 365–373

Journal of Natural Products ARTICLE

and comparison with reported data.13,14 The absolute configura-
tion of this well-known compound is not known.13,15 Therefore,
we elucidated the absolute configuration of diversonol (1), as
well as of the new compounds 3 and 4, by comparing their
electronic CD spectra (ECD) with those calculated by the time-
dependent DFT method (TDDFT).16,17 Since diversonol (1)
was obtained in crystalline form suitable for X-ray analysis
(Figure 1), we first thought to employ our solid-state ECD/
TDDFT approach17 to determine its absolute configuration.

For this purpose, ECD spectra of (þ)-1 were recorded in
MeOH solution and in the microcrystalline solid state as a KCl
pellet (Figure 2a). However, the two spectra were not as similar
as it would be expected on the basis of the apparently rigid
molecular structure of 1. The differences are especially evident
in the region around the absorption maximum at 282 nm (ε =
2800 M-1 cm-1 in MeOH) due to the 1La-type transition of the
aromatic chromophore. It is likely that between 260 and 330 nm
the solid-state ECD spectrum is affected by intermolecular exciton
couplings between molecules closely packed in the crystals.17

This situation is not ideal for application of the solid-state ECD/
TDDFT approach, which relies on single-molecule calculations.
Therefore, we focused on the solution ECD spectrum of com-
pound 1; the same choice was more obvious for compounds
3 and 4, whose X-ray structures were not available. The ECD
spectra of the three compounds, belonging to the family of
chromanones, are almost entirely determined by the helicity
assumed by ring B (see Scheme 1), which is in turn dictated by
the substituents on the same ring.18 For compound 1, the

configuration of the stereogenic centers C-5a and C-8a is the major
determinant of the observed ECD spectrum, and for an assumed
(5aS,8aR) absolute configuration ring B acquires a so-called M
helicity (negative C-4a-O-C-5a-C-8a dihedral angle).

Following a standard procedure for the prediction of solution
ECD spectra,16,17 the conformational ensemble of 1 in solution
was investigated by a molecular mechanics conformational search
(using the MMFF force field) followed by DFT geometry
optimizations at the B3LYP/6-31G(d) level, using input struc-
tures with a (5S,5aS,8S,8aR) configuration. To obtain more reli-
able structures and free energies, DFT geometry optimizations
and frequency calculations were run at the B3LYP/6-311þG(d,
p) level including the PCM solvation model for MeOH. This
procedure afforded for 1 three energy minima with free energies
within 2.5 kcal/mol (see Supporting Information), which dif-
fered only in the orientation of some OH groups. In particular,
the most stable conformer (55% Boltzmann population at 300 K;
see structure in the Supporting Information) is similar to the
X-ray structure shown in Figure 1. This finding supports the
assumption that the difference between solution and solid-state
ECD spectra of 1 is not related to a different conformation. After
screening of several combinations of functionals and basis sets
(see Computational Section and Supporting Information), ECD
spectra were calculated for the three low-energy DFT structures
with TDDFT at the B3LYP/aug-TZVP level, including PCM for
MeOH, and averaged using respective Boltzmann populations
(estimated from free energies) at 300 K (Figure 2b). The agree-
ment between the experimental and calculated spectra in MeOH
is very good in the wavelength region below 330 nm. At long
wavelengths, the negative experimental ECD Cotton effect at
360 nm is missing in the calculated spectrum. Actually, a small
positive rotational strength is predicted for the first transition
calculated at 355-365 nm, which is mainly of π-π* character
(aromatic 1Lb band). It must be stressed that this kind of band is
often problematic for TDDFT calculations.19 This minor dis-
crepancy does, however, not preclude the assignment of the
absolute configuration of diversonol (þ)-(1) as 5S,5aS,8S,8aR.
To further substantiate the result, we calculated optical rota-
tions20 at the D line for the three low-energy structures with a
(5S,5aS,8S,8aR) configuration at the same B3LYP/aug-TZVP
level. The three values were all positive and in the range between
þ86 andþ118, their weighted average wasþ87.6, in agreement
with the experimental value of [R]D þ70 ( 2.

Microdiplodiasol (2) was obtained as an optically active,
brown gum. The molecular formula C15H18O7, indicating seven

Scheme 1. Structures of Compounds 1-10 Isolated from Microdiplodia sp.

Figure 1. Molecular structure of 1. Displacement ellipsoids are drawn at
the 50% probability level. Labels are related to the deposited cif file (see
Experimental Section) and do not correspond to the numbering shown
in Scheme 1.
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double-bond equivalents, was established by HREIMS. The
IR spectrum of 2 showed the presence of hydroxy groups
(3245 cm-1), a carbonyl functionality (1649 cm-1), and a typical
1,2,3-trisubstituted aromatic system (1633, 1572, 716 cm-1).
These observations were in agreement with the observation
of signals in the 13C NMR and DEPT spectra (see Experimental
Section) for two secondary oxygenated carbons [δC 69.7 (C-8),
66.9 (C-5)], a conjugated ketone carbonyl atom (δC 194.4, s),
and six aromatic carbons (δC 162.1, s; 158.5, s; 153.2, s; 105.9, d;
105.7, d; 104.6, s) accounting for five double-bond equivalents.
The remaining double-bond equivalents were due to the pre-
sence of two further rings. The 1H NMR data of 2 revealed the
presence of two hydrogen-bonded hydroxy groups at δH 12.31
(1H, s) and 11.30 (1H, s), one (δH 12.31) of which had to be
placed at C-1 and the second one (δH 11.30) at C-8a. The
absence of aromatic signals around δH 7.40-7.60 in the 1H
NMR spectrumwas consistent with the lack of protons peri to the
carbonyl group.6 The 1HNMR spectrum also showed two aromatic
protons at δH 6.51 and 6.62 in a m-arrangement and one methyl
singlet at δH 1.56. The positions of the former groups were
further established according to HMBC correlations of H-2 with
C-3, C-4, and C-9a and of H-4 with C-4a, C-2, and C-9a
(Scheme 2). The structure of 2 was determined by comparison
of its spectroscopic data with those of 1.13 The molecular ion
peak of compound 2, which is 16 amu higher than compound 1,
indicated the presence of one extra oxygen atom. Other differ-
ences were apparent in the 1H and 13C NMR spectra. Two
methylene protons [δH 4.59 (2H, d, J = 5.5 Hz)] appeared in the
1H NMR spectrum of 2 instead of a three-proton signal for an

aromatic methyl at C-3 [δH 2.24 (3H, s)] as found in compound
1. Similarly, the 13C NMR spectrum showed the disappearance
of the methyl carbon atom [δC 21.9 (C-10) in 1], which was
replaced by a methylene carbon atom (δC 63.5) at C-3. The
structure of 2 was unequivocally determined by 2D NMR
experiments, which gave corresponding COSY and HMBC
correlations (Scheme 2).

Compound 3 was obtained as a yellow gum, whose molecular
formula C14H14O6 was determined by HREIMS. The UV
spectrum showed bands at 211, 278, and 348 nm, while the IR
spectrum displayed bands at 3384, 1776, and 1642 cm-1 char-
acteristic for hydroxy, γ-lactone carbonyl, and conjugated ketone
carbonyl groups, respectively. The 13C NMR spectrum (see
Experimental Section) showed resonances at δC 176.6 and 196.6,
supporting the presence of γ-lactone and ketone carbonyl
groups. The 1H NMR spectrum exhibited resonances for one
hydrogen-bonded hydroxy group (δH 11.57, s), two aromatic
protons (δH 7.11, br s, and 7.21, br s), one oxymethine proton
(δH 4.58, t, J = 7.2 Hz), three methylene groups [δH 2.98 (d, J =
17.1 Hz, 1H), 2.61 (d, J = 17.1 Hz, 1H), 2.60 (m, 2H), and 2.32
(m, 2H)], and one oxyquaternary methyl group (δH 1.43, s).
HMBC and NOEDIFF results indicated that 3 possessed an
aromatic ring A identical to 1, except that the aromatic methyl
group at C-3 was missing in the 1H and 13C NMR spectra and
was replaced by a hydroxy group in compound 3. The non-
equivalent methylene protons at δH 2.98 and 2.61 were attributed
to H2-3 of the chromanone skeleton due to their correlations
with C-2 (δC 81.1), C-4 (δC 196.6), and C-13 (δC 18.8) in the
HMBC spectrum. The oxyquaternary methyl group resonating
at δH 1.43 gave a HMQC cross-peak with C-13 and HMBC
correlations (Scheme 3) from the methyl protons to C-2 and C-3
(δC 42.8). In the COSY spectrum, the methylene protons at δH
2.32 (H2-10) were coupled with the methylene protons at δH
2.60 (H2-11) and the oxymethine proton at δH 4.58 (H-9).
These results together with a 3J HMBC cross-peak from H-9 to
the carbonyl carbon at δC 176.6 (C-12) confirmed the presence
of the γ-lactone moiety. Bond formation between C-9 of the
γ-lactone unit and C-2 of the chromanone skeleton was estab-
lished on the basis of 3JHMBC correlations of H-9 with C-3 and
C-13. The NOEDIFF results between H-9 and H3-13 and H-3R

Figure 2. ECD spectra of (5S,5aS,8S,8aR)-(þ)-diversonol (1). (a) Experimental spectra in MeOH solution and in the solid state (as KCl disk,
expressed in ellipticity φ). (b) Weighted-average TDDFT-calculated spectrum at B3LYP-SCRF/aug-TZVP//B3LYP-SCRF/6-311þ(d,p) level with
PCM in MeOH. Vertical bars represent rotational strengths calculated for the lowest-energy conformer; σ is the applied Gaussian band shape.

Scheme 2. COSY and Key HMBC Correlations for
Compound 2
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(2.98, d, J = 17.1 Hz) and those between H3-13 and H-9 and
H-3β (δ 2.61, d, J = 17.1 Hz) revealed that both H-9 and H3-13
have a β-orientation. The structure of microdiplodiasone (3) was
determined as 5,7-dihydroxy-2-methyl-2-(5-oxotetrahydro-2-
furanyl)-2,3-dihydro-4H-chromen-4-one. The structure of chro-
manone 3 closely resembles that of lachnone C,21 with the only
difference being the presence of a hydroxy rather than a hydroxy-
methyl substituent at C-7. Its structure is also similar to the
recently isolated blennolides D-F,7 albeit with differences
including the presence of a hydroxy group at C-7, the absence
of substituents at C-10 and C-11, and the replacement of a
methoxycarbonyl with a C-13 methyl group.

Additional NOESY experiments were done in acetonitrile-d3
for better comparison with ECD spectra measured in the same
solvent, and the principal results are displayed in Scheme 3. The
strong NOE between CH3-13 and H-3β and the absence of a
corresponding NOE between CH3-13 and H-3R revealed that
the 13-methyl group occupies a preferential axial position relative
to ring B; the lactone ring is equatorially oriented. Very im-
portantly, only a weak NOE association was observed between
H-3R andH-10R, which, however, disappeared at-20 �C (while
the remaining NOE network was almost unchanged). These
findings were useful to assign the relative configuration at the two
stereogenic centers when rationalized with the help of molecular
modeling. Two diastereomeric starting structures with (2R,9R)
and (2R,9S) configuration were subjected to the same modeling
protocol described for compound 1. However, microdiplodia-
sone (3) is conformationally more flexible, so several low-energy
minima were obtained for the two diastereomers, that is, 10 and
12 structures with DFT free energies within 1.6 kcal/mol for
(2R,9R)-3 and (2R,9S)-3, respectively (calculated at the B3LYP-
SCRF/6-311þG(d,p) level with PCM in acetonitrile; see Sup-
porting Information). The most important degree of conforma-
tional freedom is the conformation assumed by ring B, which, as
explained above, determines the shape of the ECD spectrum. For
both diastereomers, structures with an axial 13-methyl group
were favored over those with an equatorial 13-methyl group;
that is, the lactone groups showed a stronger preference for the
equatorial position. Structures with an axial 13-methyl group
accounted for 77% overall population at 300 K for (2R,9R)-3
and 85% for (2R,9S)-3, respectively. The most important differ-
ence between the two conformational ensembles lies in the

orientation of the lactone group with respect to the chromanone
ring, as determined by the C-2/C-9 torsion. For (2R,9R)-3, the
two most stable conformers (which differ in the orientation of
7-OH and account for 60% population) have the equatorial
lactone ring almost perpendicular to the chromanone ring, and
the CH2-10 group is oriented toward theβ face (see lowest-energy
structure in Figure 3; other structures are shown in the Supporting
Information). In this conformation, the H2-10 and H2-3 methy-
lene protons are far from each other (at least 4.4 Å). This is also
true for the next pair of conformers with an axial lactone group
(17% population). Only for higher-energy pairs of conformers
(10% and 7% populations) is H-3R closer to H-10R (2.8 and
3.4 Å, respectively). For (2R,9S)-3, on the contrary, the first five
low-energy conformers (overall population of 73%) have H-3R
and H-3β hydrogens close to H-10β and H-10R, respectively
(2.3-3.2 and 2.5-3.6 Å; see structures in the Supporting Infor-
mation). This conformational picture is compatible with NOESY
experiments as far as the (2R,9R)-3 diastereomer is concerned, but
less for the (2R,9S) analogue. As a result, the relative configuration
of microdiplodiasone has to be defined as (2R*,9R*)-3. We also
calculated 13C NMR magnetic shieldings22 at the B3LYP-SCRF/
6-311þG(d,p) level (with PCM in CHCl3) on the two diaster-
eomers, to be compared23 with the experimental data recorded in
CDCl3. However, the two sets of calculated 13C NMR chemical
shifts (weighted average over the first five low-energy minima in
both cases; see Supporting Information for details) were too
similar to be used to discriminate between the two diastereomers,
although they reproduced the experimental set (R2 values around
0.988) very well.23 It must be stressed that the related lachnone C
has been assigned a (2R*,9S*) relative configuration on the basis of
NOE results, which were, however, not substantiated bymolecular
modeling.21 The comparison with blennolides, whose configura-
tion at C-9 is again opposite that of compound 3,7 is less obvious
because of the stressed structural differences.

To assign the absolute configuration of microdiplodiasone
(3), the same ECD protocol described above for diversonol (1)
was employed. The ECD spectrum of (þ)-3 in acetonitrile
(Figure 4a) is consistent with those of other chromanone deri-
vatives.18 The first eight low-energy DFT structures (free
energies within 1.4 kcal/mol and overall population 94% at

Scheme 3. COSY and Key HMBC Correlations (top) and
Relevant NOEs (bottom) for Compound 3

Figure 3. Structure of the absolute lowest-energy conformer of
(2R,9R)-(þ)-microdiplodiasone (3) calculated at the B3LYP-SCRF/
6-311þ(d,p) level with PCM in MeOH.
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300 K) were employed for TDDFT calculations at the B3LYP/
TZVP level.24 As expected, the major determinant of the ECD
spectrum is the helicity of the B ring: all structures with an axial
13-methyl group led to similar calculated spectra, and they were
almost the mirror image of those calculated for structures with an
equatorial 13-methyl group (see Supporting Information). The
weighted-average calculated spectrum (Figure 4b) reproduced
the experimental one over the whole spectral range very well.
Thus, the absolute configuration of microdiplodiasone could be
assigned as (2R,9R)-(þ)-3. We also calculated the ECD spectra
for the “wrong” (2R,9S) diastereomer, which, as anticipated,
were similar to those of the (2R,9R) analogue. However, the
weighted average spectrum for (2R,9S)-3 (Supporting Infor-
mation) lacked the low-energy negative ECD band found experi-
mentally. In conclusion, we can confidently assign the (2R) abso-
lute configuration, while the configuration at C-9 is less certain,
though most probably it is (R), too.

Microdiplodiasolol (4) was isolated as optically active, yellow
crystals with the molecular formula C16H16O7, as deduced from
HREIMS. The IR and UV spectra of 4 were reminiscent of those
of 1, showing functional absorption bands for hydroxy groups,
carbonyl groups, and a typical 1,2,3,5-tetrasubstituted phenyl
group. The presence of a hydrogen-bonded proton, resonating at
δH 12.31 in the 1H NMR spectrum, was observed similarly to 1.
Similarity of the A and B rings was also confirmed by comparison
of the 13C NMR spectra. However, two main differences were
apparent in the spectrum of compound 4 with respect to ring C:
first, the appearance of a low-field quaternary carbon at δ 173.6
instead of a methine carbon at C-5 (δC 66.3 and δH 4.32) as
found in compound 1; second, the two methylene signals in the
13C NMR spectrum of compound 1 for C-6 (δC 24.9) and C-7
(22.7) were missing, and instead an R,β-unsaturated signal at δC
173.6 and a methine carbon at δC 99.8 appeared in the spectrum
of 4, together with a methine signal for H-6 (δH 5.32). Moreover,
there was one methoxy group (δC 56.4 and δH 3.84) with
HMBC correlation of its protons to C-5 (Scheme 4). Other
HMBC correlations that assisted in the assignment of ring C
were from H-6 to C-7, C-5, and C-5a; from H-8 to C-7, C-6, and
C-8a; and from H-8 to the C-7 carbonyl (Scheme 4). Therefore,
microdiplodiasolol (4) was determined as 1,8,8a-trihydroxy-5-
methoxy-3,5a-dimethyl-5a,8a-dihydro-1H-xanthene-7,9-dione.

The ECD spectrum of (-)-4 in MeOH (Figure 5a) is
reminiscent of that of the chromanone family,18 possibly with
some interference from the enone chromophore. ECD bands at
210 and 280 nm have a sign opposite to the corresponding ones for
(þ)-1, which would imply a reversed configuration at the C-5a
and C-8a stereogenic centers. Four DFT low-energy structures
with a (5aS,8S,8aS) configuration were obtained differing in the
orientation of the OH groups (Supporting Information). The
weighted-average TDDFT-calculated ECD spectrum (Figure 5b)
was again in good agreement with the experimental one (except
in the 1Lb region above 330 nm) and allows assignment of the
absolute configuration as (5aS,8S,8aS)-(-)-4. The average calcu-
lated optical rotation was -87.6, also in keeping with the experi-
mental [R]D-101( 5. It can be concluded, perhaps unexpectedly,
that the two related compounds diversonol (1) and microdiplodia-
solol (4) extracted from the same source have opposite absolute
configuration at C-5a, C-8, and C-8a. The configuration at C-5 and
C-5a of diversonol (1) corresponds to that found in blennolides
A-Cand in the dimeric compounds of the secalonic acid type.7The
unexpected inverse (5aS,8S,8aS)-configuration of microdiplodiaso-
lol (4) cannot be rationalized at the moment.

Themolecular formula of microdiplactone (5) was assigned as
C11H21NO2 on the basis of HREIMS and 1H and 13C NMR
spectroscopic data (see Experimental Section). IR absorption
bands at 1735 cm-1 together with the corresponding carbon
signals in the 13C NMR spectrum at δC 173.5 (see Experimental
Section) indicated the presence of a lactone group. The 13C NMR
spectrum of compound 5 displayed 11 carbon resonances, while
the DEPT-135 experiment sorted these signals into two methyl,
seven methylenes, one methine, and one quaternary carbon. The
1H NMR spectrum in CDCl3 exhibited one oxymethylene group

Figure 4. ECD spectra of (2R,9R)-(þ)-microdiplodiasone (3). (a) Experimental spectrum in acetonitrile solution. (b) Weighted-average TDDFT-
calculated spectrum at the B3LYP-SCRF/TZVP//B3LYP-SCRF/6-311þ(d,p) level with PCM in MeOH. Vertical bars represent rotational strengths
calculated for the lowest-energy conformer; Gaussian band shape with 0.3 eV width.

Scheme 4. Key HMBC Correlations for Compound 4
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[δH 3.98 (dd, J = 14.5, 5.4 Hz, 2H, H-6)], two methylene signals
[2.34 (t, J = 7.5 Hz, 2H, H-3), 2.95 (t, J = 7.5 Hz, 2H, H-2)], and
two sets of signals for two propyl groups [δH 2.03 (m, 2H, H-10),
1.35 (m, 2H, H-100), 1.29 (m, 4H, H-20, H-200), 0.86 (t, J = 7.0 Hz,
6H, H-30, H-300)]. The correlations in the 1H,1H-COSY NMR
spectrumwere also consistentwith two n-propyl units and one 1,4-
oxazepin-7(2H)-one, and the interconnections between these
units were determined through the relevant HMBC correlations
(Scheme 5). The structure of 5 was determined by 2D NMR
experiments, giving correspondingCOSYandHMBCcorrelations
(Scheme 5). The absolute configuration of microdiplactone (5)
remains to be assigned.

Known compounds were identified by comparison with
published data as emodin (6),25 the two xanthones 1,8-dihy-
droxy-3-methoxy-6-methylxanthone (7)26 and methyl 3,8-dihy-
droxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (8),27 (-)-
gynuraone (9),28 and the steroid ergosterol (10)29 (see Support-
ing Information).
Biological Activity. The metabolites 1-4 and 8-10 were

tested for antibacterial activity in an MIC (minimum inhibitory
concentration) test in liquid medium against Legionella pneumo-
phila Corby, Escherichia coli K12, and Bacillus megaterium, and
antifungal activity in an agar diffusion assay against the fungus
Microbotryum violaceum. Except for 8, the metabolites inhibited
L. pneumophila; none of the metabolites inhibited E. coli or B.
megaterium. Metabolites 2, 4, 8, and 10 were antifungal against
the fungal test organism M. violaceum (Table 1).

’EXPERIMENTAL SECTION

General Experimental Procedures. For general methods and
instrumentation see refs 30 and 31, and for microbiological methods and
conditions of culture see ref 32. The melting points were determined on
a Gallenkamp micromelting point apparatus and are uncorrected. Opti-
cal rotations were recorded on a Perkin-Elmer 241 polarimeter. ECD
spectra were recorded on Jasco J-810 and J-715 spectropolarimeters
using 0.01-0.1 cm cells.The NMR spectra were recorded on a Bruker-
500 NMR Avance spectrometer (11.7 T) and a Varian INOVA 600
(14.1 T) spectrometer. Mass spectra were obtained on a MAT 8200

Figure 5. ECD spectra of (5aS,8S,8aS)-(-)-microdiplodiasolol (4). (a) Experimental spectrum in MeOH solution. (b) Weighted-average TDDFT-
calculated spectrum at the B3LYP-SCRF/aug-TZVP//B3LYP-SCRF/6-311þ(d,p) level with PCM in MeOH. Vertical bars represent rotational
strengths calculated for the lowest-energy conformer; σ is the applied Gaussian band shape.

Scheme 5. COSY and Key HMBC Correlations for
Compound 5

Table 1. Antibacterial (MIC test) and Antifungal Activities
(agar diffusion assay) of Metabolites from Microdiplodia sp.a

MIC test agar diffusion assay

Legionella

pneumophila Corby

Microbotryum

violaceum

[radius of zone of

inhibition in mm]

compoundb mg/mL inhibition 50 μg

1 1.0 þ 0

2 0.125-0.25 þ gi 7

3 1.0 þ 0

4 1.0 þ 6

8 1.0 - 6

9 1.0 þ n.t.

10 0.25-1.0 þ gi 7

penicillin n.t. n.t. 0

tetracycline n.t. n.t. 0

nystatin n.t. n.t. 20

actidione n.t. n.t. 50

kanamycin 0.0125-1.0 þ n.t.

acetone 0 - 0
a Legend: n.t. = not tested,þ = inhibition,- = no inhibition, gi = some
growth within the zone of inhibition. bThe last 6 lines refer to control
substances.
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mass spectrometer (EI and HR-MS). Column chromatography was
performed by using silica gel (Merck). Preparative TLC was performed
on silica 20 � 20 cm TLC plates (Macherey and Nagel); compounds
were detected by spraying with cerium-molybdenum spray reagent
followed by heating.
Extraction and Isolation. The endophytic fungus Microdiplodia

sp., internal strain No. 9907, was isolated from Lycium intricatum from
Gomera, Spain, and cultivated on biomalt solid agar medium (12 L,
5%w/v) at room temperature for 28 days. The culture mediumwas then
extracted with EtOAc to afford a residue (5.5 g) after removal of the sol-
vent under reduced pressure. The extract was separated into three
fractions by column chromatography (CC) on silica gel (200 g), with use
of gradients of n-hexane/ethyl acetate (90:10, 50:50, 0:100). The more
polar fractions (500 mg) were separated by silica gel column chroma-
tography with elution with n-hexane/EtOAc (6:4) to give crude com-
pound 1, together with pure compound 2 (6.5 mg). The crude
compound 1 was then recrystallized from EtOAc/n-hexane to give the
pure natural product 1 (20 mg). Fraction B (400 mg) was separated by
CC on silica gel (9 g) with n-hexane/EtOAc (8.5:1.5) to give three sub-
fractions, B1-3. Fraction B3 (200 mg) was further separated by silica gel
column chromatography and eluted with n-hexane/EtOAc (8:2) to give
3 (8 mg) and 4 (6 mg). Similarly compounds 5 (20 mg), 9 (6 mg), and
10 (15 mg) were isolated from fraction B1 (400 mg), after elution with a
mixture of n-hexane/EtOAc (8.7:1.3). Finally, repeated CC of fraction
B2 (300 mg), eluted with a mixture of n-hexane/EtOAc (8.5:1.5), gave 6
(16 mg), 7 (6 mg), and 8 (4 mg).
Diversonol (1):. [R]29D þ70 (c 0.33, MeOH); CD (MeCN, λ [nm]

(Δε), c 2.59 � 10-4) 349 (-0.34), 321sh (0.62), 283 (1.14), 242sh
(-0.25), 222sh (-2.99), 213 (-3.40); CD (KCl) λ (mdeg), 102μg of 1
in 250 mg KCl, 352 (-6.59), 322sh (27.18), 296 (63.22), 244 (-3.35),
235 (11.25), 217sh (-71.98), 210 (-82.88); 1H NMR (500 MHz,
DMSO-d6) δ 10.82 (s, 1 H, OH), 6.30 (br s, 1 H, H-2), 6.25 (br s, 1 H,
H-4), 4.35 (m, J = 14.5 Hz, 1 H, H-5), 4.07 (m, J = 11.5 Hz, H-8), 2.05
(m, 1 H, H-6a), 2.00 (m, 1 H, H-7a), 1.84 (m, 1 H, H-6b), 1.70 (m, 1 H,
H-6b), 1.46 (s, 3 H, H-11); 13C NMR (125 MHz, CDCl3þmethanol-
d4) δ 194.7 (C-9), 162.0 (C-1), 159.0 (C-4a), 150.2 (C-3), 109.5 (C-2),
109.3 (C-4), 104.9 (C-9a), 81.6 (C-8a), 76.0 (C-5a), 73.9 (C-8), 66.8
(C-5), 24.4 (C-6), 21.4 (C-7), 22.3 (C-10), 19.8 (C-11); EIMS m/z (%
rel int) 294.1 (21), 223 (13), 167 (100), 125 (12), 97 (14), 43(18), 18
(17); HREIMS m/z 294.1195 [M]þ (calcd for C15H18O6, 294.1103).
Microdiplodiasol (2):. brown gum; [R]29D þ6 (c 0.15, MeOH); 1H

NMR (500 MHz, CDCl3þmethanol-d4) δ 12.31 (s, 1 H, 1-OH), 11.30
(s, 1 H, 8a-OH), 6.51 (br s, 1 H, H-2), 6.62 (br s, 1 H, H-4), 5.43 (t, J =
5.5 Hz, 1 H, 10-OH), 4.59 (d, J = 5.5 Hz, 2 H, H-10), 4.22 (br d, J = 14.5
Hz, 1 H, H-5), 4.32 (br d, J = 11.5 Hz, H-8), 3.95 (s, 1 H, 5-OH), 3.75 (s,
1 H, 8-OH), 2.02 (m, 2 H, H-6), 1.84 (m, 2 H, H-7), 1.56 (s, 3 H-11);
13C NMR (125 MHz, CDCl3þmethanol-d4) δ 194.4 (C-9), 162.1
(C-1), 158.5 (C-4a), 153.2 (C-3), 105.9 (C-2), 105.7 (C-4), 104.6 (C-
9a), 85.5 (C-8a), 75.6 (C-5a), 69.7(C-8), 66.9 (C-5), 63.5 (CH2, C-10),
25.8 (C-6), 25.7 (C-7), 13.1 (C-11); IR (Nujol) νmax 3555, 3410, 3355,
3245, 1659, 1633, 1572, 716 cm-l; UV (MeOH) λmax (log ε) 273 (4.09),
350 (3.50); EIMS m/z (% rel int) 310 (25), 223 (13), 167 (100), 125
(12), 97 (14), 43(18), 18 (17); HREIMSm/z 310.1052 [M]þ (calcd for
C15H18O7, 310.1052).
Microdiplodiasone (3):. yellow gum; [R]29D þ14 (c 0.10, MeOH);

CD (MeCN, λ [nm] (Δε), c 7.6� 10-3) 365 (-0.52), 315 (0.85), 293
(1.12), 224sh (-1.43), 204 (-3.08); 1H NMR (500 MHz, CD-
Cl3þmethanol-d4) δ 11.57 (s, 1 H, 5-OH), 11.45 (s, 1 H, 7-OH),
7.21 (br s, 1 H, H-8), 7.11 (br s, 1 H, H-6), 4.58 (t, J = 7.2 Hz, 1 H, H-9),
2.98 (d, J = 17.1 Hz, 1 H, H-3R), 2.61 (d, J = 17.1 Hz, 1 H, H-3β), 2.60
(m, 2 H, H-11), 2.32 (m, 2 H, H-10), 1.43 (s, 3H, H-13); 1HNMR (600
MHz, acetonitrile-d3) δ 7.02 (s, 1 H, H-8 or H-6), 6.99 (s, 1 H, H-6 or
H-8), 4.64 (t, J = 7.5Hz, 1H, H-9), 3.08 (d, J = 17.1Hz, 1H,H-3R), 2.71
(d, J = 17.1 Hz, 1 H, H-3β), 2.55 (m, 2 H, H-11), 2.31 (m, 1 H, H-10β),

2.20 (m, 1 H, H-10R), 1.43 (s, 3H, H-13); 13C NMR (125 MHz,
CDCl3þmethanol-d4) δ 196.6 (C-4), 176.6 (C-12), 166.0 (C-5), 161.2
(C-7), 158.6 (C-8a), 109.3 (C-4a), 110.6 (C-6), 108.9 (C-8), 82.7 (C-
9), 81.1 (C-2), 42.8 (C-3), 28.1 (C-11), 22.2 (C-10), 18.8 (C-13); IR
(neat) νmax 3384, 1776, 1642 cm-1; UV (MeOH) λmax (log ε) 205
(3.64), 273 (3.01), 343 (2.93); EIMS m/z (% rel int) 278 (19),
221(100),181 (25), 152 (9), 85 (19), 57 (20), 43 (20), 18(42);
HREIMS m/z 278.0949 [M]þ (calcd for C15H16O6, 278.0949).

Microdiplodiasolol (4):. mp236-238 �C; yellow crystals; [R]29D-101
(c 0.16, MeOH); CD (MeCN, λ [nm] (Δε), c 2.84� 10-4) 358 (-0.96),
319 (0.26), 278 (-3.73), 245sh (-2.69), 226sh (1.43), 208 (8.53); 1H
NMR (500MHz, CDCl3þmethanol-d4) δ 12.31 (s, 1H, 1-OH),11.30 (s, 1
H, 8a-OH), 6.37 (br s, 1H,H-2), 6.45 (br s, 1H,H-4), 5.32 (br s, 1H,H-6),
5.18 (br s, 1H,H-8), 3.84 (s, 3H,OCH3), 3.75 (s, 1H, 8-OH), 2.25 (s, 3H,
CH3-10), 1.56 (s, 3 H, CH3-11); 13C NMR (125 MHz, CDCl3þmetha-
nol-d4) δ 193.1 (C-9), 192.4 (C-7), 173.6 (C-5), 162.2 (C-1), 157.1 (C-4a),
150.6 (C-3), 109.9 (C-2), 108.5 (C-4), 104.6 (C-9a), 99.8 (C-6), 84.2 (C-
8a), 72.2 (C-5a), 69.7 (C-8), 56.4 (5-OCH3), 22.1 (C-10), 13.1 (C-11); IR
(Nujol) νmax 3555, 3410, 3355, 3245, 1659, 1633, 1572 cm

-l; UV (MeOH)
λmax (log ε) 273 (4.09), 350 (3.50); EIMS m/z (% rel int) 320 (30), 207
(60), 151 (100), 139 (15), 86 (10), 43 (13), 18 (18); HREIMS m/z
320.0896 [M]þ (calcd for C16H16O7, 320.0896).

Microdiplactone (5):. oil; 1H NMR (500 MHz, CDCl3) δ 3.98 (dd,
J = 14.5, 5.4 Hz, 2H, H-6), 2.95 (t, J = 7.5 Hz, 2H, H-2), 2.34 (t, J = 7.5
Hz, 2H, H-3), 2.03 (m, 2H, H-10), 1.57 (m, 1H, H-7), 1.35 (m, 2H,
H-10 0, 1.29 (m, 4H, H-20, H-20 0), 0.86 (t, J = 7.0Hz, 6H, H-30, H-300); 13C
NMR (125 MHz, CDCl3) δ 173.5 (C-4), 66.8 (C-6), 53.4 (C-7), 38.8
(C-5), 34.0 (C-2), 30.4 (C-10), 28.9 (C-10 0), 24.5 (C-2), 23.8 (C-200),
22.9 (C-20), 14.11 (C-30), 10.9 (C-30 0); IR (Nujol) νmax 2939, 1735 cm

-l;
HREIMS m/z 199.1568 [M]þ (calcd for C11H21NO2, 199.1572).

Emodin (6), 1,8-Dihydroxy-3-methoxy-6-methylxanthone (7), Methyl
3,8-Dihydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (8), (-)-Gy-
nuraone (9), and Ergosterol (10). For experimental data see Supporting
Information.

Crystal Structure Determination of 1 (ref 33). C15H18O6, Mr =
294.3, colorless prismatic crystals (0.32 � 0.20 � 0.19 mm) ortho-
rhombic, space group P212121, a = 6.6836(3) Å, b = 10.0994(5) Å, c =
19.5108(9) Å,V = 1316.99(11) Å3, Z = 4, Fcalc = 1.484 g cm-3, F(000) =
624, μ = 0.115 mm-1. Data were collected at 120(2) K, Bruker SMART
APEX CCDC diffractometer, Mo KR radiation, λ = 0.71073 Å, θmax =
27.9�, 12 395 measured reflections, of which 1822 were unique with I >
2σ(I), Rint = 0.029. Structure solved by direct methods,34 full-matrix
least-squares refinement34 with 1822 independent reflections based on
F2 and 195 parameters, all but H atoms refined anisotropically, H atoms
from difference Fourier maps refined with riding model on idealized
positions with U = 1.5Uiso(O and methyl-C) or 1.2Uiso(C). Compound
1 crystallizes in the non-centrosymmetric space group P212121; how-
ever, in the absence of significant anomalous scattering effects, the Flack
parameter35 is essentially meaningless. Accordingly, Friedel pairs
were merged. Refinement converged at R1(I > 2σ(I)) = 0.036, wR2(all
data) = 0.100, S = 1.05, max(δ/σ) < 0.001, min./max. height in finalΔF
map -0.21/0.40 e/Å3. Figure 1 shows the molecular structure.
Assays for Biological Activity. For the agar diffusion assay, the

compounds and control substances were dissolved in acetone at a
concentration of 1 mg/mL. Fifty microliters of the solutions (50 μg)
was pipetted onto a sterile filter disk (Schleicher & Schuell, 9 mm),
which was placed onto MPY agar growth medium and subsequently
sprayed with a suspension of the fungal test organism, Microbotryum
violaceum.36 Following incubation at 20 �C, commencing at the middle
of the filter disk, the radius of the zone of inhibition was measured in
millimeters.

The MIC assays were conducted in 200 μL well microtiter plates in
liquid media. Legionella pneumophila Corby was tested in YEB medium
(10 g ACES, 10 g yeast extract, 1000 mLMilli Q water, pH 6.9, to which
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the following sterile filtrates are added: 0.4 g cysteine in 10 mL Milli-Q
water, 0.25 g ferric pyrophosphate in 10 mL Milli-Q).
Computational Section. Molecular mechanics and preliminary

DFT calculations were run with Spartan ’08 (Wavefunction, Inc., Irvine,
CA) with standard parameters and convergence criteria. DFT and
TDDFT calculations were run with Gaussian ’09,37 with default grids
and convergence criteria.

Conformational searches were run employing the “systematic” pro-
cedure implemented in Spartan ’08, using MMFF (molecular Merck
force field). All MMFF minima were reoptimized with DFT at the
B3LYP/6-31G(d) level and then at the B3LYP/6-311þG(d,p) level
using the integral equation formalism variant of the polarizable con-
tinuum model (IEF-PCM)38 for the appropriate solvent with default
parameters. Zero-point-corrected free energies were evaluated from
frequency calculations at the same level of theory. TDDFT calculations
were run using various combinations of the hybrid DFT functionals
B3LYP, CAM-B3LYP, and BH&HLYP and the basis sets SVP, TZVP,
and aug-TZVP,39 including at least 24 excited states in all cases, and
using IEF-PCM for MeOH or MeCN. The aug-TZVP set was con-
structed by augmenting TZVP with a (1s1p1d/1s1p) set of primitive
functions taken from the most diffuse functions of aug-cc-pVDZ. All
transitions computed with B3LYP/aug-TZVP (for compounds 1 and
4) and B3LYP/TZVP (for compound 3), and responsible for the
ECD bands observed above 200 nm, had energies below the
estimated ionization potentials. ECD spectra were generated using
the program SpecDis40 by applying a Gaussian band shape with
0.25-0.35 eV width, from dipole-length rotational strengths; the
difference from dipole-velocity values was negligible (<10%) for most
transitions.

Optical rotations at the sodium D line were obtained by dipole
electric field polarizability calculations at the B3LYP/aug-TZVP level
using IEF-PCM for MeOH. Magnetic shieldings σ were computed with
the GIAO method at the B3LYP/6-311þG(d,p) level using IEF-PCM
for CHCl3 and converted into chemical shifts δ (in ppm) by the
regression δ = 175.13-0.9683σ, which is appropriate for the level of
calculation.23
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