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Endophytes isolated from tropical plants represent a largely untapped reservoir of bioactive secondary
metabolites. We screened a library of fungal endophyte extracts for inhibition of the plant pathogen,
Pythium ultimum, and purified an active compound using bioassay-guided fractionation. A new noneno-
lide, (4S,7S,8S,9R)-4-O-succinyl-7,8-dihydroxy-9-heptyl-nonen-9-olide, was isolated and named xyolide.
The structure was elucidated by a combination of 1D and 2D NMR methods and the absolute configura-
tion was determined by exciton-coupled circular dichroism. The MIC of xyolide against P. ultimum was
425 lM.

� 2013 Elsevier Ltd. All rights reserved.
Natural products have a rich history as pharmaceutical agents
and biological probes.1 Microorganisms have been an abundant
source of biologically active natural products, but in recent years
the discovery of new compounds has declined and, in some enter-
prises, the re-discovery rate has approached 99%.2

Our goal is to identify new reservoirs of biodiversity likely to
contain novel, bioactive natural products. Recent studies in our
group indicate that microorganisms residing within tropical plants
feature promising phylogenetic diversity and bioactivity. To iden-
tify organisms, we sequenced the internal transcribed spacer
(ITS), a useful phylogenetic marker that lies between rRNA genes.
Out of 135 endophytes isolated from plants collected in Peru and
Bolivia, 10 featured ITS sequences that diverged deeply (<85% iden-
tity) from known sequences. Furthermore, a striking 73% of isolates
tested exhibited antimicrobial activity.3 Taken together, these re-
sults justified further investigation into the secondary metabolites
of tropical endophytes.

Given their ecological niche, we reasoned that endophytes
might produce compounds that inhibit plant infection by patho-
gens. Therefore, we screened our collection of Amazonian endo-
phytes for inhibition of growth of Pythium ultimum, an oomycete
plant pathogen. Oomycetes are lower eukaryotes, most closely re-
lated to the golden-brown algae, which infect major food crops,
causing annual losses estimated in billions of dollars.4 P. insidiosum
is pathogenic to mammals, including horses and humans. Cur-
rently available drugs are often ineffective against P. insidiosum,
which lacks certain targets typical of other eukaryotic pathogens,
such as fungi.5 Thus, improving control of oomycetes is a high pri-
ority for practitioners of agriculture and medicine.

To explore the metabolic potential of tropical endophytes, we
collected plant samples from diverse sites in Ecuador, including
cloud, rain, and dry forests. We cultured endophytes and assem-
bled an extract library, which we screened for inhibitory activity
against P. ultimum. The crude dichloromethane extract of isolate
E6912B, identified as Xylaria feejeensis based on ITS sequencing,
inhibited growth of P. ultimum. Bioassay-guided fractionation
using reversed-phase HPLC yielded compound 1 as an amorphous
white solid (8.9 mg, 9.1%).

Analysis of 1 by high resolution ESI-MS indicated a molecular
formula of C20H32O8 and five degrees of unsaturation. NMR re-
vealed 20 distinct 13C signals, including three resonances between
171.53 and 176.61 ppm, suggesting that 1 contains three carbonyl
groups (Table 1). We also inferred the presence of a trans-disubsti-
tuted olefin, based on 1H resonances at 5.49 and 5.87 ppm, with
3JH,H = 15.8 Hz, and 13C resonances at 123.58 and 132.53 ppm.
The presence of three carbonyls and one olefin suggested that 1
contains a single ring.

2D NMR analysis beginning with COSY experiments revealed
two non-overlapping spin systems (Fig. 1) and yielded more
insight into the connectivity of 1. Both vinyl protons coupled to
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Figure 1. Key COSY (bold) and HMBC correlations for xyolide (1).
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Figure 2. Structures of related bioactive nonenolides.

Table 1
NMR spectroscopic data for compound 1 in CDCl3

Pos. dH, mult. (J in Hz) dC COSY HMBCa

1 174.6
2a 2.03–2.08 m 31.2 3 1, 3, 4
2b 2.31–2.39 m
3a 1.95, 2.02 m 29.6 2, 4 1, 2, 4, 5, 6
3b 2.03–2.08 m 4
4 5.10–5.18 m 76.4 3, 5 10 , 3
5 5.49, ddd (1.5, 9.6, 15.8) 123.6 4, 6, 7 7
6 5.87, dd (1.7, 15.8) 132.5 4, 5, 7 4, 5, 7
7 4.50, br sb (1.5, 1.7, 1.7) 72.6 5, 6, 8 5, 6, 8, 9
8 3.59, dd (1.7, 9.6) 73.5 7, 9 7, 9, 10
9 4.99, dt (1.7, 9.6) 70.8 8, 10 1, 8, 10, 11
10a 1.49–1.57, m 31.5 11 11, 12
10b 1.82–1.91, m 11, 12
11 1.18–1.26, m 24.6
12 1.24–1.29, m 29.4
13 1.26–1.30, m 29.2
14 1.27–1.31, m 31.8
15 1.26–1.34, m 22.6
16 0.87, t (6.9) 14.1 15 14, 15
10 171.5
20 2.60, t (5.7) 29.2 3’ 10 , 30 , 40

30 2.65, t (6.2) 28.8 2’ 10 , 20 , 40

40 176.6

a HMBC correlations are from the specified protons to the indicated carbons.
b This is the apparent multiplicity as observed by 1H NMR. J-Values were deter-

mined from homonuclear decoupling experiments.

2 E. G. Baraban et al. / Tetrahedron Letters xxx (2013) xxx–xxx
H7, which appears at 4.50 ppm, suggesting the presence of an
allylic alcohol. Also coupled to H7 was H8, which, at 3.59 ppm,
indicated the presence of another alcohol on C8. In short, analysis
of this spin system provided evidence for a 1,2-diol directly adja-
cent to a trans-disubstituted olefin.

The second spin system contains only four protons. The HSQC
spectrum placed these protons on C20 and C30, and DEPT data con-
firmed these as methylenes. Signals representing H20 and H30 ap-
peared in the 1H spectrum at 2.60 and 2.65 ppm respectively,
consistent with a succinate. HMBC data confirmed that C20 and
C30 are flanked by carbonyls C10 and C40, respectively. H20 and
H30 were the only protons coupled to C40, suggesting that the C40

carbonyl belongs to a carboxylic acid. This proposal was also sup-
ported by the mass spectrum: the base peak at m/z = 283.1898 cor-
responds precisely to the loss of the succinyl group.

HMBC analysis then bridged the two spin systems by revealing
a key correlation between H4 and C10. HMBC also solidified the
identity of C1 as an ester carbonyl: H9, shifted downfield to
4.99 ppm was coupled to C1 across the acyl ester oxygen; thus, 1
is a nonenolide. Based on its biological origin, we assigned 1 the
trivial name xyolide.
Please cite this article in press as: Baraban, E. G.; et al. Tetrahedron Let
To determine the relative configuration of xyolide, we com-
pared the 1H NMR coupling constants and carbon chemical shifts
to those of the previously reported compounds herbarumin I, stag-
onolide B, 4-epi-stagonolide B, and pinolide (Fig. 2).6–9 The H8–H9
coupling constant in xyolide was 9.6 Hz, suggesting that these pro-
tons are on opposite faces of the ring in a trans-relationship, as in
herbarumin I, pinolide, stagonolide B, and 4-epi-stagonolide B
(3JH8,H9 = 9.8, 9.3, 8.9, and 9.6 Hz respectively).6–8 Indeed, we ob-
served an NOE between H10a of the n-heptyl side chain and H8,
which indicated that the heptyl group is trans to the C8 hydroxyl.
Additionally, 3JH7,H8 was determined to be 1.7 Hz through homonu-
clear decoupling experiments, suggesting a synclinal relationship
between them as in herbarumin I, stagonolide B, and 4-epi-stagon-
olide B (3JH7,H8 = 2.0, 2.6, and 2.3 Hz, respectively).6–8 Conversely,
3JH7,H8 for pinolide, in which H7 and H8 are trans, was reported
as 8.9 Hz.9

We used a combination of analysis of previously published data,
NOESY, and molecular modeling to determine whether the O-suc-
cinyl substituent at C4 was cis or trans to the hydroxyl at C7.
(Table S1, Fig. 3). Stagonolide B and 4-epi-stagonolide B have the
same oxygenation pattern and relative stereochemistry with re-
spect to C7–C9 as in xyolide. We analyzed the reported NMR data
for these compounds, and found that the spectral data of xyolide,
specifically the chemical shifts of C4, C5, and C6, were more consis-
tent with the data for 4-epi-stagonolide B than stagonolide
(Table S1) B. We also noted that 3JH4,H5 for xyolide (9.6 Hz) was
the same as for 4-epi-stagonolide B (9.6 Hz), but quite different
from that of stagonolide B (2.5 Hz). Additionally, the lowest energy
conformation of 1 was calculated using molecular modeling and
was found to be similar to the calculated conformation of herbar-
umin I.6 In the model, H4 is pseudoaxial, as in herbarumin I. We
also observed a NOESY correlation between H4 and H6, suggesting
that H4 was indeed in the pseudoaxial position and that the succi-
nyl group was therefore cis to the C7 hydroxyl.

To determine the absolute configuration, we converted 1 to the
di-p-bromobenzoyl derivative 1a and employed the exciton-cou-
pled circular dichroism method.10 We observed a bisignate circular
dichroism spectrum that corresponded to positive chirality. This
indicates that 1 is (4S,7S,8S,9R)-4-O-succinyl-7,8-dihydroxy-9-
heptyl-nonen-9-olide (Fig. 4).

To determine the potency of 1 against P. ultimum, we adapted
the method from Park et al.11 Since P. ultimum does not grow reli-
ably in liquid media, we spotted 100 lL of serial dilutions of 1 di-
t. (2013), http://dx.doi.org/10.1016/j.tetlet.2013.05.093
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Figure 3. Molecular model of the lowest energy conformation of xyolide (1) and
key NOESY correlations.

Figure 4. Absolute configuration of xyolide (1).
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rectly onto a potato dextrose agar plate, added a fresh plug of P.
ultimum, and measured subsequent zones of growth inhibition.
The lowest concentration of 1 with detectable activity was
425 lM.12

We isolated and characterized xyolide, a new secondary metab-
olite from an Amazonian endophyte. Xyolide represents a new
member of the nonenolides, a small class of fungal natural prod-
ucts containing 10-membered lactone rings. Members of this fam-
ily have recently attracted attention due to their diverse
pharmacological properties (Fig. 2). For example, stagonolide A
and herbarumins I and II are phytotoxins that inhibit the growth
of certain invasive weeds,6,13 phomol exhibits antibacterial and
antifungal activity,14 and microcarpalide is weakly cytotoxic to
mammalian cells.15 Our discovery of an additional bioactive non-
enolide underscores the biosynthetic versatility of endophytic fun-
gi, and invites the design, synthesis, and biological evaluation of
nonenolide analogs not found in nature.

As measured by ITS sequencing, isolate E6912B was not among
the most divergent endophytes we isolated; its ITS was 97% iden-
tical to a known Xylaria feejeensis ITS sequence. Furthermore, the
Xylaria genus is a well studied source of secondary metabolites de-
rived from a variety of biosynthetic pathways,16 including polyke-
tides,17 non-ribosomal peptides,18 and terpenoids.19 Therefore,
even phylogenetically unremarkable organisms isolated from trop-
ical plants may enable discovery of new structures. Endophytic
natural products are also unlikely to exhibit non-specific toxicity,
as these organisms live directly within plant tissues. For example,
many endophytes are known to produce antimicrobial
compounds.20

Most plants contain at least one endophyte, and some plants
harbor hundreds of different endophyte species.21 Tropical regions
Please cite this article in press as: Baraban, E. G.; et al. Tetrahedron Let
contain most of the world’s plant and endophyte biodiversity.22

Several new bioactive natural products have recently been isolated
from tropical endophytes.23,24 Accordingly, tropical endophytes re-
main a promising reservoir of biodiversity, likely to contain natural
products with a wide range of activities, particularly against plant
pathogens. Together, these results invite more comprehensive pro-
filing of tropical endophytes and their secondary metabolites.
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