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Cytospolides 1–5, five new nonanolides with an unprece-6
dented 15-carbon skeleton with the unique chemical feature
of a C-2 methyl group, were isolated from the endophytic
fungus Cytospora sp. The structures were elucidated by
spectroscopic analysis, chemical interconversion, and single-
crystal XRD. The solution and solid state conformers were11
compared by experimental methods (X-ray, NMR) and sol-
vent and gas phase DFT calculations. The absolute configu-
rations were assigned by time dependent (TD)-DFT calcula-
tions of CD spectra, including solution and solid state CD/

Introduction26

Naturally occurring nonanolides (or decanolides) are a
large family of secondary metabolites with an interesting
10-membered macrolide subunit. Metabolites of the nonan-
olide family can be roughly divided into two groups accord-
ing to the structural features of the side chain: (i) simple31
nonanolides with a methyl group at C-9 and (ii) nonanol-
ides with extended alkyl chains at C-9. Structurally complex
nonanolides with additional rings are sometimes also in-
cluded in the family.[1] The first member of this fascinating
group of metabolites, jasmine keto lactone, was isolated and36
structurally elucidated in 1964 from Jasminum grandiflor-
ium.[2] In the years that followed, a series of nonanolides
have been continuously reported from a variety of natural
sources, which demonstrate various biological activities.[1,3]

The broad spectrum of bioactivity and the intriguing struc-41
ture of the medium-sized ring in nonanolide analogues have
attracted great interest as targets for total synthesis[4,5] and
biosynthetic studies.[1,3v] Interestingly, the carbon skeletons
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TD-DFT approaches. The cytotoxicity assay of C-2 epimers 16
showed significantly different activity against A549, suggest-
ing that the C-2 methyl group has an important role in
growth inhibition towards the tumor line. The existence of
two conformers of the bioactive epimer in solution was
proven by the soft pulse transfer NMR technique and further 21
supported by DFT calculations. The discovery of the new me-
tabolites not only extends the nonanolide family with cyto-
spolide-type skeletons but also gives insight into the biosyn-
thetic process of these fungal metabolites.

of all reported nonanolides, both natural and synthetic, are
constructed with an even number of carbon atoms with ex- 46
tended C-9 alkyl chains, which are responsible for chemical
diversity. To the best of our knowledge, there is no report
on the nonanolide skeleton with an odd number of carbon
atoms or with a C-2 alkyl chain.

During our ongoing screening for biologically active sec- 51
ondary metabolites from fungi,[6] we recently investigated
the endophytic fungus Cytospora sp., isolated from Ilex can-
ariensis (Aquifoliaceae, Aquifoliales). Fractionation of the
crude acetone extract led to the isolation and structural de-
termination of four new 10-membered macrolides, the cyto- 56
spolides 1–5 (Scheme 1). The carbon skeletons of 1–5 con-
tain the unprecedented number of 15 carbon atoms with
the unique chemical feature of a C-2 methyl group. In par-
ticular, an unexpected discovery was the isolation of both
C-2 epimers from the same fungal extract. This stereochem- 61
ical difference seems to be responsible for an amazing in-
crease in the cytotoxic activity against the A549 cell line.
The existence of two slowly exchanging solution conformers
of the bioactive epimer was proven by the soft pulse transfer

Scheme 1. Cytospolides 1–5.
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NMR technique and supported by DFT calculations. Here66
we report the structure elucidation of the new metabolites
using a combination of detailed spectroscopic analysis,
chemical interconversion, and single-crystal XRD, the as-
signment of the absolute configurations using TD-DFT cal-
culations of CD spectra, and their biological properties.71

Results and Discussion

The fungus Cytospora sp. was cultivated on biomalt agar
medium for four weeks and then extracted into acetone.
The crude extract was fractionated on silica gel to yield
crude mixtures of 1–5, which were further purified by silica76
column chromatography or semipreparative reversed phase
(RP)-HPLC.

Cytospolide 1 was obtained as optically active colorless
crystals ([α]D20 = –119.3, c = 0.19 in CHCl3). The molecular
formula of C17H28O5 was established by HRMS, indicating81
four double bond equivalents. The IR spectrum of 1 showed
absorptions from hydroxy (3506 cm–1) and ester groups
(1741 cm–1). This observation is in agreement with the sig-
nals in the 13C NMR and DEPT spectra (Table 1) for four
sp2 carbon atoms (2� OC=O, CH=CH) at low field and86
thirteen sp3 carbon atoms at high field (1� CH, 6 � CH2,
3� CH3, 3� OCH), accounting for three double bond
equivalents. The remaining double bond equivalent was due
to the presence of one ring in the molecule.

The HSQC spectrum facilitated the assignment of the91
protons to the corresponding carbon atoms (Table 1), and

Table 1. NMR spectroscopic data for 1–4.[a]

1 2 3 4

δH, m, J in Hz δC, m δH, m, J in Hz δC, m δH, m, J in Hz δC, m δH, m, J in Hz δC, m

1 172.4, s 173.7, s 171.7, s 174.5, s
2.69, qd, 7.0,

2 2.74, qd, 7.2, 3.6 45.0, d 2.71, qd, 7.2, 3.6 46.6, d 2.74, qd, 7.0, 3.2 45.0, d 46.7, d
3.2

3 5.35, br. s 72.5, d 4.32, br. s 72.1, d 5.35, br. s 72.6, d 4.30, br. s 72.0, d
4 5.59, dd, 16.2, 2.4 128.9, d 5.66, dd, 16.2, 2.4 133.3, d 5.64, dd, 16.2, 2.8 129.0, d 5.61, ov 133.2, d

5.61, ddd, 16.2, 9.0, 5.55, ddd, 16.2, 9.7,
5 5.55, ddd, 16.2, 9.0, 4.2 129.6, d 127.2, d 129.2, d 5.61, ov 127.7, d

4.2 5.1
6α 2.11, m 29.1, t 2.24, m 28.8, t 2.20, m 29.2, t 2.15, m 28.4, t
6β 2.36, m 2.29, m 2.25, m 2.38, m
7α 2.00, m 38.1, t 1.88, m 35.5, t 1.88, m 35.3, t 1.99, m 38.1, t
7β 1.83, m 1.88, m 1.88, m 1.85, m
8 3.65, t, 7.2 73.9, d 4.77, td, 7.2, 1.8 75.2, d 4.75, td, 7.6, 1.2 75.1, d 3.66, t, 7.1 73.9, d
9 4.78, td, 7.8, 3.9 77.7, d 4.94, td, 7.8, 4.0 75.8, d 4.94, td, 7.3, 4.1 75.6, d 4.77, td, 7.4, 4.0 77.9, d
10a 1.74, m 32.1, t 1.61, m 31.9, t 1.61, m 32.0, t 1.72, m 32.1, t
10b 1.55, m 1.45, m 1.45, m 1.54, m
11a 1.28, m 24.3, t 1.22, m 24.2, t 1.22, m 24.1, t 1.29, m 24.4, t
11b 1.28, m 1.22, m 1.22, m 1.29, m
12a 1.28, m 31.8, t 1.25, m 31.7, t 1.25, m 31.7, t 1.29, m 31.8, t
12b 1.28, m 1.25, m 1.25, m 1.29, m
13a 1.28, m 22.5, t 1.26, m 22.4, t 1.25, m 22.5, t 1.28, m 22.5, t
13b 1.28, m 1.26, m 1.25, m 1.28, m
14 0.88, t, 6.9 14.0, q 0.86, t, 6.8 14.0, q 0.86, t, 6.7 14.0, q 0.88, t, 6.6 14.0, q
15 1.18, d, 7.0 12.2, q 1.29, d, 7.0 12.5, q 1.18, d, 7.1 12.3, q 1.28, d, 6.9 12.4, q
3-OAc 2.14, s 170.4, s 2.14, s 170.3, s

20.9, q 20.9, q
8-OAc 2.07, s 169.9, s 2.06, s 169.9, s

21.2, q 21.2, q

[a] In CDCl3, assignments made by DEPT, 1H–1H COSY, HSQC, HMBC, and NOESY.
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the 1H–1H COSY spectrum gave the proton sequence from
CH3-15 to CH3-14. The observation of HMBC correlation
from both H-2 and H-9 to C-1 led to the formation of the
10-membered lactone ring (Figure 1); a C-3 acetoxy substi- 96
tution was inferred from its remarkable downfield proton
signal (δH = 5.35) in comparison with that of H-8 (δH =
3.65).

Figure 1. 1H-1H COSY (bond) and selected HMBC (arrow) corre-
lations of 1.

The relative stereochemistry of 1 was deduced from the
1H–1H coupling constants and NOESY data (Figure 2). 101
The geometry of the Δ4 double bond was assigned as E
based on the proton coupling constant (3JH4,H5 = 16.2 Hz).
The NOE cross peaks between H-9 and H-5, and H-7β,
indicated a β configuration of these protons. The obvious
NOE effect between H-4 and both H-2 and H-6α, and be- 106
tween H-6α and H-8, suggested that these protons have an
α-axial orientation. The α orientation of H-3 was deduced
from the NOE effect between H-3 and both H-2 and H3-
15. The small proton coupling constant between H-2 and
H-3 (3JH2,H3 = 3.6 Hz) supported the above conclusion, 111
suggesting an equatorial position of H-3.
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Figure 2. Key NOESY correlations of 1 indicated on the lowest-
energy DFT solution conformer.

The structure and relative stereochemistry of 1 were fur-
ther confirmed by single-crystal X-ray analysis. The most
likely absolute chemistry of 1 was suggested to be
(2R,3R,8S,9R) by the absolute structure parameter 0.1 (2)116
of the X-ray analysis, showing two slightly different con-
formers in a 1:1 ratio in the crystal depicted in Figure 3.
This absolute configuration was further confirmed by the
solid state CD/TD-DFT approach,[7] in which the geometry
of the DFT-optimized X-ray structure is used as input for121
TD-DFT CD calculations,[8] and the resultant computed
CD spectrum is compared with the solid state CD spectrum
measured from a microcrystalline KCl pellet. This method
is especially useful for the configurational assignment of
conformationally flexible natural products as it does not126
require any conformational analysis.[7]

Figure 3. Superposition of the two DFT-optimized X-ray struc-
tures of 1 (a) and 5 (b).

The solution CD spectrum of 1 showed a weak positive
n–π* Cotton effect (CE) at 224.5 nm and an intense nega-
tive π–π* CE at 196 nm (Figure 4). The solid state CD spec-
trum (KCl) also showed a negative π–π* transition, with a131
negative shoulder appearing in the n–π* region above
220 nm, indicating the conformational flexibility of the mo-
lecule. CD spectra were calculated with three different func-
tionals as the weighted average of the two DFT-optimized
geometries (1:1 ratio), which differed only in the arrange-136
ment of the C-9 alkyl chain, the OH, and the acetate group.
The CD spectra computed for the (2R,3R,8S,9R) enanti-
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omer were in good agreement with the solid state CD spec-
trum, allowing the determination of the absolute configura-
tion as (2R,3R,8S,9R). 141

Figure 4. Experimental solution (grey line) and solid state (black
line) CD spectra of cytospolide 1 [(2R,3R,8S,9R)-1] compared with
the averaged B3LYP/TZVP spectrum calculated for (2R,3R,8S,9R)
enantiomers of the X-ray geometries (dashed line). Bars represent
rotational strength calculated with B3LYP/TZVP method for con-
former A.

As the collection of high theta reflections was insufficient
due to the quality of the crystal of 1, a Merck molecular
force field (MMFF) conformational search was carried out
on the model compound of 1 containing a methyl group
instead of the C-9 pentyl chain. The MMFF conforma- 146
tional search (Macromodel) resulted in 33 conformers
within a 21 kJ/mol energy window, which, after reoptimiza-
tion at B3LYP/6-31G(d) level in the gas phase, afforded
seven clusters with 95.5% overall population (Figure S1,
Supporting Information). However, the distribution of the 151
computed conformers was not fully in agreement with the
results of the X-ray analysis and solution NMR spectro-
scopic data (see details in the Supporting Information).

Thus the B3LYP/6-31G(d) reoptimizations of the
MMFF conformers was repeated with an implicit solvent 156
model for chloroform. The 3-OAcax,8-OHeq conformer,
identical to that obtained from X-ray analysis, was found
to be the lowest-energy and most abundant conformer with
a total population of 87.7% (sum of three slightly different
conformers with 46.1, 27.1, and 14.5 % populations, Figure 161
S2), which was in accordance with the solution coupling
constant data and NOE effects as well as the X-ray geome-
try.

Cytospolide 2 was isolated as an optically active colorless
oil. The molecular formula of C17H28O5, established by 166
HRMS, was the same as that of 1. The IR and UV spectra
of 2 closely resemble those of 1, showing similar functional-
ities in the molecule. Analysis of 1H and 13C NMR spectra
of 2 also revealed similarities to those of 1 (Table 1). How-
ever, the acetoxy group is assigned to C-8 in 2 instead of 171
C-3 in 1 due to the difference in chemical shifts of the H-3
and H-8 methine protons (δ3H = 5.35 in 1, δ8H = 4.77 in
2). The assignment was further confirmed by the proton
sequence from CH3-15 to CH3-14 established by the 1H–1H
COSY spectrum, and the long-range correlation from H- 176
8 to the acetyl carbonyl group deduced from the HMBC
spectrum. Acetylation of 2 afforded the 3,8-diacetoxy deriv-



Job/Unit: B11675 /KAP1 Date: 27-07-11 08:49:22 Pages: 9

L. Li, W. Zhang et al.FULL PAPER
ative identical to the acetylation product of 1 in all respects,
including MS, NMR, and [α]D20 values. The structure of 2
was thus determined and the absolute stereochemistry was181
assigned as (–)-(2R,3R,8S,9R).

Cytospolide 3 was isolated as an optically active colorless
oil. Its molecular formula was determined as C19H30O6 by
HRMS. The absorption band from the hydroxy groups dis-
appeared from the IR spectrum. The 1H NMR spectrum of186
3 was similar to that of 1, except for the presence of an
additional methyl signal at δH = 2.06 (s) (Table 1). This sig-
nal, in conjunction with two carbon resonances at δ C =
169.9 (s) and 21.2 (q) in its 13C NMR spectrum (Table 1),
suggested the presence of an additional acetyl group in 3.191
The location of the acetoxy group at C-8 was suggested by
the downfield shift of the respective proton signal at C-8
(δH = 3.65 in 1, δH = 4.75 in 3). An additional structural
proof came from chemical interconversion; acetylation of 1
afforded 3 with identical MS, NMR, and [α]D20 values. Thus,196
the structure and absolute stereochemistry of 3 were deter-
mined as the 8-acetyl derivative of 1.

Cytospolide 4, the major metabolite of the fungus, was
also isolated as an optically active colorless oil. Its molecu-
lar formula of C15H26O4 was established by HRMS. Its UV,201
IR, 1H and 13C NMR spectroscopic data (Table 1) were
very similar to those of 1, suggesting that they share the
same framework. In fact, the absence of an acetyl group
compared to 1 was the only difference recognized in the
spectroscopic data of 4. Furthermore, the upfield-shifted 1H206
NMR resonance of H-3 (δH = 4.30 in 4, 5.35 in 1) indicated
the presence of a hydroxy group instead of an acetyl group
at C-3. Chemical correlation of 4 and 1 by acetylation con-
firmed the structure of 4 as the 3-deacetyl derivative of 1.

Cytospolide 5 was isolated as optically active colorless211
crystals ([α]D20 = +33.3, c = 0.09 in CHCl3). Its molecular
formula of C15H26O4, established by HRMS, was the same
as that of 4. The 1H and 13C NMR spectra of 5 showed
two set of signals with an approximately 4:5 ratio (Table 2).
The well separated resonance signals made it possible to216
elucidate the two structures from a detailed analysis of the
1D and 2D NMR experiments, including 1H, 13C NMR,
DEPT, HSQC, COSY, and HMBC. The planar structures
corresponding to the two sets of signals were found to be
identical to each other and the same as that of 4.221

The observation of strong proton exchange signals of the
coupled protons in the NOE spectra suggest that the cou-
pled signals originate from two conformers of the same
compound. The exchange between two equally populated
conformers was proven by a magnetization transfer NMR226
technique, namely soft pulse transfer (SPT).[9] The ex-
change-coupled resonance of H3-15 (δH = 1.37 and 1.17,
Table 2) was selectively inverted and initiated with a weak
pulse of radiofrequency power. The temporal response of
the exchanged-coupled resonances was then determined by231
observation of the resonance intensities after a variable de-
lay time using determined Fourier transform techniques de-
veloped for inversion–recovery (T1) experiments. The inten-
sities obtained after various delay times at 300 K are shown
in Figure 5. It is clear that chemical exchange effects quali-236

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–04

Table 2. NMR spectroscopic data for 5a and 5b solution conform-
ers of 5.[a]

No. 5a 5b

δH, m, J in Hz δC, m δH, m, J in Hz δC, m

1 175.4, s 173.5, s
2.88, qd, 7.2,2 2.62, m 50.9, d 50.9, d2.6

3 4.05, t, 8.4 77.7, d 4.26, br. s 72.5, d
4 5.44, dd, 15.8, 9.2 130.5, d 5.73, ov 129.7, d

5.71, ddd, 15.8, 10.6,5 136.7, d 5.73, ov 130.3, d4.7
6α 2.08, m 26.5, t 2.15, m 28.3, t
6β 2.28, m 2.38, m
7α 1.77, m 34.3, t 1.88, m 37.9, t
7β 1.92, m 1.94, m
8 3.83, t, 6.2 73.2, d 3.68, t, 6.6 73.7, d
9 4.79, m 78.9, d 4.81, m 78.1, d
10a 1.62, m 31.1, t 1.69, m 32.0, t
10b 1.62, m 1.57, m
11a 1.28, m 25.4, t 1.29, m 24.3, t
11b 1.28, m 1.29, m
12a 1.27, m 31.4, t 1.27, m 31.7, t
12b 1.27, m 1.27, m
13a 1.30, m 22.5, t 1.30, m 22.5, t
13b 1.30, m 1.30, m
14 0.87, t, 6.7 14.0, q 0.87, t, 6.7 14.0, q
15 1.37, d, 7.0 15.5, q 1.17, d, 7.2 13.0, q

[a] In CDCl3, assignments made by DEPT, 1H–1H COSY, HSQC,
and HMBC.

tatively manifest themselves in initial intensity loss in the
first conformer (5a, δH = 1.37) due to the transfer of magne-
tization from the inverted resonance of the second con-
former. The resonance of the second conformer (5b, δH =
1.17) reflects the presence of chemical exchange by relaxing 241
more quickly than in the absence of exchange.

Figure 5. Relaxation behavior at 300 K of H3-15 of 5; a) observed
intensities of the conformer 5a (Δ); b) observed intensities of the
conformer 5b (�).

It is reasonable to observe large coupling constant values
between H-3ax, H-2ax, and H-4ax in 5a, which is reduced
when the axial H-3 changes to equatorial in 5b (Table 2).
The exchange signals of the two conformers is due to the 246
high energy barrier of the conformational change involving
a flip of 3-OH from axial to equatorial while the 8-OH re-
mains unchanged. The origin for a relatively high energy
barrier of the conformational interconversion of 5a and 5b
is due to the presence of a trans-double bond in a medium- 251
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sized ring. In contrast, according to the DFT calculation
and NMR spectroscopic data of 1 and 4, there is only one
major conformer (87.5 % 3-OAcax,8-OHeq conformer from
DFT) of 4 in solution due to its different configuration.
Interestingly, 5 demonstrated a different NOE pattern to 4256
(Figure 6). The relative configuration was mainly deduced
from the NOE effect of 5a as its proton signals are well
separated. Distinct NOE cross peaks between H-5 and H-3
and H-8, and between H-3 and H3-15, indicated that these
protons were oriented on the same side of the lactone ring.261
The NOE effect between H-7β and H-4 and H-9, indicated
a β orientation of these protons (Figure 6). The geometry
of the Δ4 double bond was determined as E due to the large
proton coupling constant (3JH4,H5 = 15.8 Hz, Table 2).
However, the double bond was half circle rotated with both266
protons oriented on the opposite side compared to those in
1–4. Obviously, H-2 and H-9 of 5 are located on the same
side of the lactone ring in contrast to the situation in 4
where they were on opposite sides of the lactone ring. Thus
5 is the C-2 epimer of 4, which is also in accordance with271
the 13C chemical shift difference of C-2 in the two com-
pounds (δC = 46.7 in 4, 50.9 in 5, see Tables 1 and 2).

Figure 6. Key NOESY correlations of 5 shown on the lowest-en-
ergy 3-OHeq,8-OHeq DFT solution conformer.

The structure and relative stereochemistry of 5 was fur-
ther confirmed by single-crystal X-ray analysis (Figure 3),
showing again two conformers in a 1:1 ratio in the crystal276
lattice. It is noteworthy that the two X-ray geometries have
only minor differences in the conformation of the C-9 pen-
tyl chain and thus they probably represent only one of the
solution conformers (5a) responsible for the duplicate
NMR signals. The CD spectrum of 5 is dominated by tran-281
sitions of the lactone chromophore, which in turn is pre-
dominantly governed by the absolute configuration of the
adjacent C-2 chiral center. Thus, the opposite π–π* CE of
5 at around 200 nm compared to that of 4 (Figure S3, Sup-
porting Information) indicates a different configuration at286
C-2 and hence the (2S,3R,8S,9R) absolute configuration.
Although the solid state CD spectrum of 5 could not be
recorded due to the limited amount of crystalline 5 ob-
tained, the solution CD curve could be reproduced well by
the averaged TD-DFT CD spectra calculated for the291
(2S,3R,8S,9R) enantiomer of the reoptimized two X-ray
geometries, confirming the established absolute configura-
tion (Figure S3).
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Furthermore, the conformational analysis of the CD cal-
culation was also used to support the insufficient collection 296
of high theta reflections of the crystal of 5. A MMFF con-
formational search was carried out on the model of 5 con-
taining a C-9 methyl instead of the pentyl group. The solu-
tion conformers were reoptimized at the B3LYP/6-31G(d)
level in the gas phase, the result of which was against the 301
measured NOE effects and 3JH,H data, since 3-OHax,8-
OHax and 3-OHax,8-OHeq conformers were found to be
dominant with 43.6 and 34.5% overall population, respec-
tively (for details see Supporting Information, Figure S4).
In order to improve the correlation with the spectroscopic 306
data, the DFT reoptimization was repeated with an implicit
solvent model for chloroform. The two equilibrating con-
formers observed in solution by NMR could then be iden-
tified as 3-OHeq,8-OHeq and 3-OHax,8-OHeq, which were
the two most populated conformers in solution, although 311
their calculated relative populations (10.1 and 71.3 %) were
markedly different from the nearly 4:5 ratio observed exper-
imentally (Figure S5). As the most abundant calculated
solution conformer (3-OHax,8-OHeq) was different from the
3-OHeq,8-OHeq solid state conformer, the CD of the lowest 316
energy 3-OHax,8-OHeq conformer was also calculated and
compared with the experimental solution curve (Figure 7).
The CD spectrum calculated for the (2S,3R,8S,9R) enanti-
omer had a positive CE above 200 nm, which confirmed the
previous configurational assignment. 321

Figure 7. Experimental solution CD spectrum (solid line) of 5 com-
pared with that computed with PBE0/TZVP in chloroform (dashed
line) for the most abundant 3-OHax,8-OHeq conformer of the
truncated model compound obtained from B3LYP/6-31G(d) opti-
mizations in chloroform. Bars represent rotational strength calcu-
lated by the PBE0/TZVP method.

The structurally most related metabolites, putaminoxins
B and D, were isolated previously from a pathogenic fungus
Phoma putaminum.[3s,3t] The carbon skeleton of putaminox-
ins B and D differs from that of 1–5 by the absence of a C-2
methyl group. The discovery of an array of new nonanolides 326
demonstrates the chemical diversity and extend the nonan-
olide family by a new carbon skeleton with the unique
structural feature of a C-2 methyl group. The appearance
of an additional methyl group in 1–5 suggests a different
biogenetic route from the polyketide pathway found in the 331
fungal nonanolides of aspinolides[3v] and decarestric-
tines.[10] The C-2 methyl group of the cytospolides can be
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incorporated by two possible biosynthetic pathways. Meth-
ylmalonyl-CoA instead of malonyl-CoA may be used as the
final extender unit in the PKS elongation process of cyto-336
spolides in contrast to that of other nonanolides (Figure 8,
A). The other possible way for the incorporation of the
methyl group may occur by enzymatic methylation using S-
adenosylmethionine during posttranslational modifications,
which is involved in numerous biochemical processes in ani-341
mals, plants and microorganisms (Figure 8, B).[11] The iso-
lation of both C-2 epimers as metabolites from one fungus
is quite unusal. The isolation protocol was repeated on
10 mg of pure 4, which did not even show traces of 5. Actu-
ally, the low acidity of the 2-CH α to the ester (pKa ≈ 25)346
makes it unlikely that epimerization would occur after the
biosynthesis but more likely if the last ketide extension dur-
ing biosynthesis gave rise to a longer-lived bis-β-ketothioes-
ter intermediate, which is far more acidic (pKa ≈ 7–9).

Figure 8. Two possible biosynthetic pathways of incorporation of
C-2 methyl in cytospolides.

It is noteworthy that inversion of the absolute configura-351
tion at C-2 from (2R) of 4 to (2S) of 5 leads to a surprising
increase in cytotoxic activity. In a cytotoxic in vitro bioas-
say, 1, 3, and 4 showed no activity against the A-549 cell
line at 50.0 μg/mL, whereas 2 and 5 displayed strong cyto-
toxic activity with IC50 values of 5.15 and 7.09 μg/mL,356
respectively. The 8-O-monoacetate and the absolute config-
uration on C-2 clearly play important roles in the growth
inhibition of the tumor line.

The isolation of the C-2 methyl nonanolides from the
fungal extract gives insight into the biosynthetic process of361
the metabolite. The new structures, the cytotoxic activity,
and the structure–activity relationship may encourage fur-
ther investigations by natural product chemists, synthetic
chemists, and pharmacists.

Experimental Section366

General Experimental Procedures: Commercial silica gel (Yantai,
P. R. China, 200–300; 400–500 mesh) was used for column
chromatography. Precoated silica gel plates (Yantai, P. R. China,
HSGF-254) were used for analytical TLC. Spots were detected on
TLC under UV or by heating after spraying with an anisaldehyde–371
sulfuric acid reagent. TLC Rf values are reported. The NMR spec-
tra were recorded at 293K with a Bruker Avance 600 spectrometer.
Chemical shifts are reported in parts per million (δ), with the resid-
ual CDCl3 signal (δH = 7.26 ppm) as an internal standard for 1H
NMR and CDCl3 (δC = 77.0 ppm) for 13C NMR; coupling con-376
stants (J) in Hz. 1H NMR and 13C NMR assignments were sup-
ported by 1H–1H COSY, HSQC, HMBC, and NOESY experi-
ments. The following abbreviatons are used to describe spin multi-
plicity: s = singlet, d = doublet, t = triplet, q = quartet, m = mul-
tiplet, br. s = broad singlet, dd = doublet of doublets, ddd = doub-381
let of doublets of doublets, dt = doublet of triplets, qd = quartet
of doublets, ov = overlapped signals. Optical rotations were mea-
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sured in CHCl3 with an Autopol IV polarimeter at the sodium D
line (590 nm). Infrared spectra were recorded in thin polymer films
with a Nexus 470 FTIR spectrophotometer; peaks are reported in 386
cm–1. Melting points were determined with an XT5-XMT micro
melting point apparatus and are uncorrected. UV absorption spec-
tra were recorded with a Varian Cary 100 UV/Vis spectrophotome-
ter; wavelengths are reported in nm. CD spectra were recorded with
a Jasco-715 spectropolarimeter. See ref.[7] for the solid state CD 391
protocol. The mass spectra and high-resolution mass spectra were
performed with a Q-TOF Micro mass spectrometer, resolution
5000. An isopropyl alcohol solution of sodium iodide (2 mg/mL)
was used as a reference compound. The X-ray diffraction study
was carried out with a Bruker SMART APEX-II CCD dif- 396
fractometer with Cu-Kα radiation (λ = 1.542178 Å). Semiprepar-
ative RP-HPLC was performed with an Agilent 1100 system
equipped with a refractive index detector using a YMC Pack ODS-
A column (particle size 5 μm, 250�10 mm).

Culture, Extraction and Isolation: The endophytic fungus Cytospora 401
sp., internal strain no. ZW02, was isolated following surface sterili-
zation from Ilex canariensis, a woody, evergreen shrub from Go-
mera in Spain in 2007. The fungal strain was isolated and identified
by Dr. Siegfried Draeger (Institut für Mikrobiologie, Technische
Universität Braunschweig, Germany) and a voucher specimen is 406
deposited in the culture collection of Institut für Mikrobiologie,
Technische Universität Braunschweig. The fungus Cytospora sp.
was cultivated on biomalt (5% w/v; Villa Natura Gesundprodukte
GmbH, Kirn, Germany) solid agar medium at room temperature
for 28 days.[12] The culture medium was then extracted into acetone 411
to afford a residue (9.98 g) after removal of the solvent under re-
duced pressure. The extract was subjected to column chromatog-
raphy (CC) on silica gel, eluted with a gradient of CH2Cl2 in ace-
tone (100:1, 80:20, 50:50, 30:70, 1:100 v/v), to give 17 subfractions.
Fractions 2 and 3 were first purified on silica gel CC (400– 416
500 mesh, CH2Cl2/acetone, 100:1), and then subjected to RP-
HPLC (MeOH/H2O, 8:2) to yield 1 (18.7 mg, 25.7 min) and 2
(11.2 mg, 34.0 min) from fraction 3 with flow rate of 1.0 mL/min,
and 3 (4.2 mg, 14.1 min) from fraction 2 with flow rate of 1.5 mL/
min, respectively. Fraction 7 gave the main metabolite 4 (263.0 mg) 421
after purification by silica gel CC (400–600 mesh, CHCl3/MeOH,
80:1). Fraction 14 was purified by silica gel CC (400–500 mesh,
CHCl3/MeOH, 20:1), and then separated by RP-HPLC (MeOH/
H2O, 7:3, 1.5 mL/min) to yield 5 (9.3 mg, 25.2 min).

Cytospolide 1: Colorless crystals (CH2Cl2/petroleum ether, 1:1). Rf 426
= 0.61 (CHCl3); m.p. 121–123 °C. [α]D20 = –119.3 (c = 0.19, in
CHCl3). CD (CH3CN, c = 2.0 �10–4): λmax (Δε) = 224.5 (+0.99),
196 (–18.27) nm. CD (KCl) λ (mdeg), 1.70 mg of 1 in 250 mg KCl:
225 sh (–3.65), 198 (–33.30). IR (film): ν̃ = 3506, 2930, 2859, 1741,
1670, 1510, 1459, 1376, 1238, 1177, 1107, 1066, 1020, 989, 912 431
cm–1. UV (CH3CN): λmax(ε) = 221 (2455) nm. 1H and 13C NMR
spectroscopic data see Table 1. HRMS (ESI) m/z: calcd. for
C17H28O5Na: 335.1834; found 335.1837 [M + Na]+.

Cytospolide 2: Colorless oil; Rf = 0.66 (CHCl3). [α]D20 = –75.0 (c =
0.11, CHCl3). IR (film): ν̃max = 3360, 3196, 2926, 2854, 1736, 1664, 436
1633, 1461, 1372, 1238, 1169, 1102, 1026, 978 cm–1. UV (CH3CN):
λmax (ε): 221 (2156), 246 (1418), 256 (1491) nm. 1H and 13C NMR
spectroscopic data see Table 1. HRMS (ESI): m/z: calcd. for
C17H28O5Na, 335.1834; found 335.1831 [M + Na]+.

Cytospolide 3: Colorless oil; Rf = 0.61 (CH2Cl2/n-hexane, 20:1). 441
[α]D20 = –54.7 (c = 0.04, in CHCl3). IR (film): ν̃ = 2928, 2856, 1740,
1454, 1372, 1236, 1169, 1108, 1064, 1022 cm–1. UV (CH3CN): λmax

(ε) = 216 (1581) nm. 1H and 13C NMR spectroscopic data see
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Table 1. HRMS (ESI) m/z: calcd. for C19H30O6Na, 377.1940; found
377.1941 [M + Na]+.446

Cytospolide 4: Colorless oil; Rf = 0.43 (CHCl3/MeOH, 10:1). [α]D20

= –89.5 (c = 0.38, in CHCl3). CD (CH3CN, c = 2.4�10–4): λmax

(Δε) = 195 (–10.19) nm. IR (film): ν̃ = 3436, 2954, 2929, 2861,
1718, 1456, 1375, 1181, 1101, 1067, 989, 910 cm–1. UV (CH3CN):
λmax(ε) = 222 (2276) nm. 1H and 13C NMR spectroscopic data see451
Table 1. HRMS (ESI) m/z: calcd. for C15H26O4Na, 293.1729; found
293.1731 [M + Na]+.

Cytospolide 5: Colorless crystals (ethyl acetate/petroleum ether,
2:1); Rf = 0.42 (CHCl3/MeOH, 6:1); m.p. 124–125 °C. [α]D20 = +33.3
(c = 0.09, in CHCl3). CD (CH3CN, c = 2.2�10–4): λmax (Δε) = 200456
(+10.03) nm. IR (film): ν̃ = 3360, 3193, 3003, 2924, 2854, 1706,
1660, 1634, 1463, 1416, 1265, 1020, 976 cm–1. UV (CH3CN):
λmax(ε) = 221 (2280) nm. 1H and 13C NMR spectroscopic data see
Table 2. HRMS (ESI) m/z: calcd. for C15H26O4Na, 293.1729; found
293.1728 [M + Na]+.461

X-ray crystallographic studies of 1: A colorless needle-shaped crys-
tal of 1 was obtained by recrystallization from CH2Cl2/petroleum
ether (1:1). C17H28O5 (Mr = 312.18), orthorhombic, space group
P212121 with a = 5.2934(2) Å, b = 26.0941(10) Å, c =
26.6983(10) Å, α = β = γ = 90.00°, V = 3687.7(2) Å3, Z = 2, Dcalcd.466
= 1.125 g/cm3, λ = 1.542178 Å. Intensity data were measured with
a Bruker SMART APEX-II CCD diffractometer (Cu-Kα radiation,
graphite monochromator). A total of 10221 reflections were col-
lected to a maximum 2θ value of 101.04° at 296(2) K. The structure
was solved by direct methods and refined by full-matrix least-471
squares procedure. All non-hydrogen atoms were given anisotropic
thermal parameters; hydrogen atoms were located from difference
Fourier maps and refined at idealized positions riding on their par-
ent atoms. The refinement converged at R1 [I � 2σ(I)] = 0.0571,
wR2 = 0.1602 for 10221 independent reflections and 401 variables;476
absolute structure parameter: 0.1(2).

X-ray Crystallographic Studies of 5: A colorless needle-shaped crys-
tal of 5 was obtained by recrystallization from ethyl acetate/petro-
leum ether (2:1). C15H26O4, (Mr = 270.36), monoclinic, space group
P21 with a = 5.1384(4) Å, b = 36.752(2) Å, c = 8.7172(5) Å, α = γ481
= 90.00°, β = 106.756(5)°, V = 1576.31(18) Å3, Z = 2, Dcalcd. =
1.139 g/cm3, λ = 1.542178 Å. Intensity data were measured with a
Bruker SMART APEX-II CCD diffractometer (Cu-Kα radiation,
graphite monochromator). A total of 4876 reflections were col-
lected to a maximum 2θ value of 133.86° at 296(2) K. The structure486
was solved by direct methods and refined by full-matrix least-
squares procedure. All non-hydrogen atoms were given anisotropic
thermal parameters; hydrogen atoms were located from difference
Fourier maps and refined at idealized positions riding on their par-
ent atoms. The refinement converged at R1 [I � 2σ(I)] = 0.0972,491
wR2 = 0.2519 for 3659 independent reflections and 352 variables.

CCDC-797932 (for 1) and -797933 (for 5) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.496

Acetylation of 1: To a solution of 1 (1.0 mg) in dry pyridine
(0.5 mL) was added 1 drop of Ac2O. The mixture was stirred at
room temperature for 16 h to afford, after the usual work up, an
sample identical to 4 in quantitative yield.

Acetylation of 2: Treatment of 2 (0.9 mg) with Ac2O, using the501
above procedure, afforded an acetate in quantitative yield, identical
to 4.
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Acetylation of 3: Treatment of 3 (1.2 mg) with Ac2O, using the
above procedure, afforded an acetate in quantitative yield, identical
to 4. 506

Cytotoxicity Assay: The cytotoxic activity of tested compounds
against the A-549 cancer cell line was assayed by the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] colorimet-
ric method.[13] Adriamycin was used as the standard and exhibited
an IC50 value of 0.4 μg/mL. 511

Computational Section: Geometry optimizations [B3LYP/6-31G(d)
level of theory, applying no or PCM solvent model for chloroform]
and TD-DFT calculations were performed with Gaussian 03[14]

using various functionals (B3LYP, BH&HLYP, PBE0) and TZVP
basis set. CD spectra were generated as the sum of Gaussians[15] 516
with 3000 cm–1 half-height width (corresponding to 12 nm at
200 nm), using dipole-velocity computed rotational strengths. Con-
formational searches were carried with Macromodel 9.7.211[16]

software using MMFF with an implicit solvent model for chloro-
form. Boltzman distributions were estimated from the ZPVE cor- 521
rected B3LYP/6-31G(d) energies in the gas phase calculations and
from the B3LYP/6-31G(d) energies in the solvated ones. The MO-
LEKEL[17] software package was used for visualization of the re-
sults.

Supporting Information (see footnote on the first page of this arti- 526
cle): Gas phase and solvent model conformational analysis of the
truncated models of 1 and 5; experimental CD spectra of 4 and 5
compared with the computed TD-DFT CD spectra calculated for
5.
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Cytospolides A–E, Nonanolides from an Endophytic Fungus

Nonanolides

Five nonanolides with an unprecedented S. Lu, T. Kurtán, G. Yang, P. Sun,
15-carbon skeleton, cytospolides 1–5, were A. Mándi, K. Krohn, S. Draeger,
isolated from the endophytic fungus Cyto-686 B. Schulz, Y. Yi, L. Li,*
spora sp. The structures were elucidated by W. Zhang* ........................................ 1–9
spectroscopic analysis, chemical intercon-
version, and single-crystal X-ray diffrac- Cytospolides A–E, New Nonanolides from
tion analysis. The absolute configurations an Endophytic Fungus, Cytospora Sp.691
and conformations were determined by ex-
perimental methods and TD-DFT calcu- Keywords: Natural products / Antitumor
lations. agents / Configuration determination /696

Nonanolide / Cytospolide
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