
Organic &
Biomolecular Chemistry

COMMUNICATION

Cite this: Org. Biomol. Chem., 2016,
14, 3695

Received 24th February 2016,
Accepted 17th March 2016

DOI: 10.1039/c6ob00430j

www.rsc.org/obc
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Oxacyclododecindione-type macrolactones exhibit highly potent

anti-inflammatory activities even at nanomolar concentration.

After the determination of the relative configuration of the stereo-

centers at C14 and C15 by total synthesis of 4-dechloro-14-deoxy-

oxacyclododecindione and 14-deoxyoxacyclododecindione, the

absolute configuration has now been assigned by X-ray crystallo-

graphy. Surprisingly, the absolute configuration is (14S,15R) which

differs for C15 from that of the well-known derivatives of (S)-cur-

vularin. The biological activities of both enantiomers of 14-deoxy-

oxacyclododecindione, obtained by racemic synthesis and optical

resolution, were investigated and the ring conformation of the

natural product was compared to that of (S)-curvularin and (R)-

dehydrocurvularin.

Introduction

The 12-membered macrolactones (S)-curvularin ((−)-1),1 (S)-
10,11-dehydrocurvularin ((−)-2),1 4-dechloro-14-deoxyoxacyclo-
dodecindione (3),2 14-deoxyoxacyclododecindione (4),2 and
oxacyclododecindione (5)3 were all isolated as fungal second-
ary metabolites (Fig. 1). While the absolute configurations of
(S)-curvularin ((−)-1) and (S)-10,11-dehydrocurvularin ((−)-2)
were proven by total synthesis,4–11 it could not yet be deter-
mined for the macrolactones 3–5. It should be noted that the
relative configuration of the two adjacent stereocenters was
assigned as (14R*,15S*) by racemic total synthesis of
4-dechloro-14-deoxyoxacyclododecindione (3) and 14-deoxyoxa-
cyclododecindione (4).12,13 Due to their structural analogy to
the macrolactones 1 and 2 the absolute configuration was

assumed to be (14R,15S).12–15 While (−)-1 and (−)-2 show bio-
logical activities in the micromolar range, the secondary
metabolites 3–5 exhibit anti-inflammatory and anti-fibrotic
activities in cell culture experiments at nanomolar concen-
trations.2,3 Furthermore, these lactones were successfully used
in an in vivo mouse model of systemic lupus erythematosus
(SLE).16 They may thus serve as lead structures for therapeutics
against chronic inflammatory and/or fibrotic diseases like
asthma, rheumatoid arthritis, SLE or cancer.2,16

Results and discussion

In our previous report on the racemic total synthesis of
4-dechloro-14-deoxyoxacyclododecindione ((±)-3) and 14-deoxy-
oxacyclododecindione ((±)-4), we found that synthetic (±)-4 was
more active on a IL-4/Stat6-dependent and a TGF-β/Smad2/3-
dependent transcriptional luciferase reporter in transiently trans-
fected HepG2 cells, than the isolated natural product (+)-4.12,13

There are two possibilities to explain this result; the isolated
material had a lower degree of purity, or the unnatural enantio-
mer (−)-4 is more active than the naturally occurring enantiomer
(+)-4. To investigate this issue and to elucidate the absolute con-
figuration of 14-deoxyoxacyclododecindione ((+)-4), a separation
of racemic (±)-4 by chiral, preparative HPLC was performed.

Comparison of the optical rotations of the pure synthetic
enantiomers of 4 ([α]26D = +23° (c = 0.57 g per 100 mL, MeOH)
and [α]26D = −21° (c = 0.55 g per 100 mL, MeOH)) with the
respective value of the natural product ([α]22D = +9.6° (c = 0.34 g
per 100 mL, methanol-d4)) allowed the assignment of the natu-
rally occurring isomer as the dextrorotatory enantiomer.2 Crys-
tallization and subsequent X-ray crystallography of this
enantiomer using anomalous dispersion at the chlorine sub-
stituent revealed that its absolute configuration is (14S,15R).
This is in contrast to the assumed configuration and is rather
surprising because the structurally related macrolactones (−)-1
and (−)-2 have the (S)-configurations at C15.17–19 A comparison
of the crystal structures of (+)-4 with (−)-18,20 shows that the
carbonyl group in both cases is perpendicular to the aromatic
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system and that the ester group adopts the trans-configuration
(Fig. 2). However, the conformation of the 12-membered ring
in (+)-4 differs considerably and is even less similar to that of
(R)-curvularin (+)-1 20,21 (Fig. 3). Thus, the double bond

between C10–C11 appears to have a significant effect on the ring
conformation. Therefore, the crystal structure of (+)-4 was com-
pared with the structure of (15S)-dehydrocurvularin (−)-2 22 and
its enantiomer (+)-2,19 the conformations of which were pre-
viously discussed by Dai et al. and differ from each other due to
the presence of solvent molecules in the crystal (Fig. 4).19 The
crystal structures of (+)-4 and (+)-2 reveal a highly similar spatial
orientation of both 12-membered rings and demonstrate that
the ring conformation is largely governed by the unsaturation.

The reason for the inconsistency in the orientation of the
methyl group at C15 between the oxacyclododecindione and
the curvularin series is unclear and worthwhile of investi-
gation. Given the close structural relationship of lactone 4 and
oxacyclododecindione (5), it might be speculated that the
latter natural products could have (14R,15R)-configuration if 4
is its direct biogenetic precursor but an independent analysis
is absolutely required in view of the nonuniform stereo-
chemistry within this series.

Fig. 1 Structures of the secondary metabolites 1–5.

Fig. 2 Crystal structure of (14S,15R)-14-deoxyoxacyclododecindione ((+)-4) (left: hydrate), (15S)-curvularin ((−)-1) (center) and overlay of (+)-4 and
(−)-1 (right, blue: (+)-4, yellow: (−)-1).

Fig. 3 X-ray structures of (15R)-curvularin ((+)-1) (left) and overlay with
(+)-4 (right, blue: (+)-4, grey: (15R)-curvularin (+)-1).

Fig. 4 X-ray structure of (15S)-dehydrocurvularin (−)-2 (left), (15R)-dehydrocurvularin (+)-2 (center), and overlay of (+)-4 and (+)-2 (right, blue:
(+)-2, yellow: (+)-4).
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Biological evaluation

Both enantiomers of 14-deoxyoxacyclododecindione (4) were
tested for their inhibitory activity on IL-4 inducible Stat6-
dependent and TGF-β inducible Smad2/3 dependent transcrip-
tional luciferase reporter assays using transiently transfected
HepG2 cells (Table 1). These two reporter gene assays were
selected since the JAK/STAT- and the TGF-β signal transduction
pathway play key roles in inflammatory and fibrotic diseases.

The synthetic, naturally occurring enantiomer (+)-4 at con-
centrations of IC50 = 90 nM (Smad) and IC50 = 20 nM (Stat6)
is around 27- and 17-fold more active than its synthetic anti-
pode (−)-4 (2400 nM and 343 nM, respectively, as measured for
IC50 and supported by the IC90 data, see Table 1). Thus, the
second hypothesis (see above) was disproved and the higher
activity of synthetic (+)-4 compared to the isolated natural
product (198 nM and 140 nM) appears to originate from a
higher degree of purity which is consistent with the higher
optical rotation of synthetic (+)-4.

Conclusion

In summary, the absolute configuration of 14-deoxyoxacyclo-
dodecindione ((+)-4) was assigned by optical resolution of (±)-4
using chiral preparative HPLC and X-ray crystallography. Sur-
prisingly, the absolute configuration is (14S/15R). Further-
more, the biological activities of both enantiomers were
investigated and illustrated that the synthetic naturally occur-
ring (+)-4 is around 20-fold more active than synthetic (−)-4.

Experimental section
Material and methods

Analytical, chiral HPLC was performed on a Daicel chiralpak
AD-H column, 250 × 4.6 mm i.D., flow 1.0 mL min−1. Solvent
system heptanes : ethanol : methanol 5 : 1 : 1. Rt ((+)-4) = 6.2 min,
Rt ((−)-4) = 4.5 min. Preparative, chiral HPLC was performed on
a chiralpak AD-H column, 250 × 30 mm i.D., flow 30 mL min−1.
Solvent system heptane : ethanol : methanol 5 : 1 : 1.

The polarimeter values were measured with a Perkin-Elmer
241 polarimeter at 546 nm and 578 nm. The data were extra-
polated to a wavelength of λ = 589 nm by using the Drude
equation.23

Crystallization was performed by the solvent diffusion
method using ethyl acetate and petroleum ether.

X-ray crystallography of (+)-4 was performed on a STOE
IPDS 2T with Mo-Kα radiation (graphite monochromator).

CCDC 1454207 contains the supplementary crystallographic
data for (14S/15R)-14-deoxyoxacyclododecindione (+)-4.

Reporter gene assays

HepG2 cells (DSMZ ACC 180) were cultured in DMEM medium
supplemented with 10% fetal calf serum (FCS) and 65 µg per mL
penicillin G and 100 µg per mL streptomycin sulfate in a
humidified atmosphere. The Stat6-dependent transcriptional
activation assay was performed by transfection of HepG2 cells
with the Stat6-driven reporter plasmid pGL3-TK-7xN4 which
contains the herpes simplex virus thymidine kinase promoter
under the control of 7 copies of the palindromic sequence TTC
(N)4GAA together with a Stat6 expression plasmid (TOPO-
Stat6).3 The TGF-β inducible Smad2/3 dependent reporter
plasmid (AGCCAGACA)9MLP-Luc was a kind gift from Prof.
Dr S. Dooley (University of Mannheim, Germany) and was
described previously.24 The control reporter vector pRL-EF1α
for data normalization was purchased from Promega (Dual-
Luciferase-Reporter-Assay). Luciferase-based reporter gene
expression was thereby normalized for transfection variability
and cytotoxicity against renilla expression of the constitutively
active control vector (pRL-EF1α) assayed in the same sample.
Transfection of HepG2 cells were performed by electroporation
(Bio-Rad, Gene-Pulser) of 1 × 107 cells per mL DMEM together
with of the indicated constructs (50 µg) and the internal
control pRL-EF1α vector at 500 V cm−1. After electroporation
the cells were seeded at 2 × 105 cells per mL and allowed to
recover for 16 h. For induction of reporter gene expression, the
cells were treated either with 5 ng mL−1 TGF-β or 5 ng mL−1

IL-4 with or without test compounds in DMEM containing 5%
FCS. Luciferase activity was measured 16 h after induction
using the luciferase assay system (Promega, Mannheim,

Table 1 Effect of 14-deoxyoxacyclododecindione (4) in two relevant reporter gene assays

(CAGA)9x-MLP-Luc (Smad2/3) pgl3-TK-7xN4 (Stat6)

Optical rotation
IC50 (nM) IC50 (nM)
IC90 (nM) IC90 (nM)

Natural (14S/15R)-14-deoxyoxacyclododecindione
((+)-4)

198.2 ± 7.8 140 ± 5.2 [α]22D = +9.6° (c = 0.34 g per 100 mL,
methanol-d4)402 ± 5.3 396 ± 4.2

Racemic 14-deoxyoxacyclododecindione ((±)-4) 137.9 ± 4.8 58.4 ± 2.6
—485.17 ± 5.2 214.3 ± 4.7

Synthetic (14S/15R)-14-deoxyoxacyclo-
dodecindione ((+)-4)

90.1 ± 9.6 20.1 ± 1.4 [α]26D = +23° (c = 0.57 g per 100 mL,
MeOH)221.7 ± 15.8 87.9 ± 2.9

Synthetic (14R/15S)-14-deoxyoxacyclo-
dodecindione ((−)-4)

2400 ± 11.6 343.0 ± 1.2 [α]26D = −21° (c = 0.55 g per 100 mL,
MeOH)8050 ± 43.6 2134.4 ± 1.5

HepG2 cells were transiently transfected with the indicated reporter gene construct and the constitutively active pRL-EF1α reporter gene and
stimulated with 5 ng mL−1 TGF-β or 5 ng mL−1 IL-4 with or without test compounds for 16 h as described in Materials and methods.
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Germany) according to the manufacturer’s instructions with a
luminometer.
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