Antibacterial Neurymenolides from the
Fijian Red Alga Neurymenia fraxinifolia
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ABSTRACT

Two novel a-pyrone macrolides, neurymenolides A (1) and B (2), were isolated from the Fijian red alga Neurymenia fraxinifolia and characterized
using a combination of NMR and mass spectral analyses. These molecules represent only the second example of a-pyrone macrolides, with
1 existing as interchanging atropisomers due to restricted rotation about the o-pyrone ring system. Neurymenolide A (1) displayed moderately
potent activities against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecium (VREF).

o-Pyrone-containing natural products have been found in
bacteria, fungi, plants, and animals and exhibit awide range
of biological activities, such as antimicrobial, antineoplastic,
and anti-HIV effects. Despite the abundance of o-pyrone
analogues in nature, only one species, the red alga Phace-
locarpus labillardieri, has previously been reported to
produce macrocyclic o-pyrones.>® Herein we report the
discovery of two novel macrocyclic o-pyrones, neuryme-
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nolides A (1) and B (2), the first report of natural products
from the red alga Neurymenia fraxinifolia (Figure 1).

Extracts of N. fraxinifolia collected from Taveuni, Fiji,
were first separated by reversed-phase column chromatog-
raphy guided by growth-inhibitory effects against methicillin-
resistant Saphylococcus aureus (MRSA). Following reversed-
phase, normal-phase, and chiral high-performance liquid
chromatography (HPLC), 1 and 2 were isolated.*

(4) Neurymenolide A (1): clear ail (2.9 mg, 0.098% plant dry mass);
[0]%p —150 (c 0.02 g/100 mL, MeOH); UV (ACN) Amax 295 nm (log £ =
3.39); IR (NaCl) vmax 3350 (br), 3010, 2860, 2660, 1680, 1570, 1440, 1280,
1160, 970 cm™%; H and **C NMR (CDCls, 500 MHz) data see Table 1;
COSY, HMBC, and NOE data, see the Supporting Information; HR ESI-
MS[M + H]" m/z 369.2428 (calcd for CpH330s, 369.2429). Neurymenolide
B (2): clear ail (1.0 mg, 0.013% plant dry mass); [a]?p —240 (c 0.02 g/100
mL, MeOH); UV (ACN) Ama 295 nm (log ¢ = 3.41); H and *C NMR
(CDCl3, 500 MHz) data, see Table 1; COSY, HMBC, and NOE data, see
the Supporting Information; HR ESI-MS [M + H]* m/z 397.2756 (calcd
for CysH3703, 3972743)



Table 1. 3C and *H NMR Spectral Data for Neurymenolides A and B (1 and 2) (500 MHz; in CDCl3)

1 2
no. o 13C o0 H (Jun) o 13C 0 H (Jun)
1 165.1 165.0
2 103.9 103.8
3 164.7 164.3
4 101.4 581s 101.2 5.77s
5 165.1 165.0
6 33.5 2.30 ddd (14, 11, 3.3), 2.61 ddd (14, 10, 3.1) 33.3 2.26 ddd (15, 11, 3.2), 2.63 ddd (15, 11, 3.4)
7 25.6 1.57m, 1.86 m 24.6 1.49m, 1.82 m
8 26.9 1.24m,1.34 m 25.2 1.15m, 1.22 m
9 27.7 1.18 m, 1.35 m 27.1 1.08 m, 1.25 m
10 27.1 1.07m,1.156m 29.7 1.24m,1.30m
11 26.6 1.76 m, 1.83 m 28.7 1.18 m, 1.23 m
12 131.0 5.23 m 26.7 1.20 m, 1.27 m
13 126.6 5.21m 27.6 1.88 m, 2.01 m
14 27.0 2.52 br d (17), 2.85 m 131.3 5.34 m
15 135.2 5.65 m 126.4 5.32 m
16 127.0 5.64 m 26.8 2.63m, 2.94 m
17 36.5 4.55br s 134.9 5.60 m
18 129.4 5.61 m 127.0 5.67 m
19 129.9 5.61 m 36.2 4.61brs
20 30.0 2.77 m 129.9 5.62 m
21 125.9 5.30dt (11, 7.2) 130.4 5.62 m
22 132.9 5.42 dt (11, 7.2) 35.3 2.71m
23 20.5 2.00 p (15, 7.4) 126.8 5.33 m
24 14.2 0.93t(7.4) 133.5 5.43 m
25 25.5 1.99 m
26 13.8 0.94 t (7.5)

OH 6.48 br s 6.40 br s

Neurymenolide A (1) displayed an [M + H]* m/z of
369.2428 by HRESIMS, suggesting a molecular formula of
CoiH3303. AnaIySIS of lH, 13C, and DEPT NMR and IR
spectra indicated six carbon—carbon double bonds, one
carbonyl, and based upon the index of hydrogen deficiency,
two rings (Table 1). Three quaternary carbons displayed **C
NMR chemical shifts at 164.7—165.1 ppm, supporting the
presence of one ester group (IR 1680 cm™1) and two aromatic
carbinol carbons, accounting for al three oxygen atoms.
These dataand UV spectrophotometric properties of 1 (Amax
= 295 nm) were consistent with the literature on hydroxyl-
substituted a-pyrones.>®> HMBC correlations from the aro-
matic hydroxyl proton (6 6.48) to C-3 (6 164.7) and C-4 (6
101.4), as well as correlations from H-4 (6 5.81) to C-2 (6
103.9), C-6 (6 33.5), and C-1 (¢ 165.1) and/or C-5 (6 165.1),
confirmed the hydroxy-substituted o-pyrone ring (Figure 2;
Supporting Information). Additional 2D NMR spectral data
led to the identification of a macrocyclic ring connected via
the pyrone system by C-5—C-6 and C-2—C-17 bonds, with
H-17 (6 4.55) coupled to C-2 and H-6 coupled to C-5 in the
HMBC spectrum (Figure 2). Double bonds within the
macrocycle were assigned at A>3 (6 131.0, 126.6) and A>®
(6 135.2, 127.0) based upon COSY correlations between
olefinic protons and adjacent methylenes (Figure 2). Finally,

(5) Berson, J. A.; Jones, W. M.; O'Callaghan, S. L. F.; O’ Callaghan,
C. S. J. J. Am. Chem. Soc. 1956, 78, 622—623.
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the unsaturated 7-carbon aiphatic chain at C-17 was
established through COSY and HMBC correlations, termi-
nating with Me-24 (6 14.2).

Due to substantial chemical shift overlap in the oléfinic
region of the *H NMR spectrum of 1, E/Z stereochemistry
could not be assigned using J couplings. Instead, ROESY
NMR spectral data for well-resolved allylic protons were
used (Figure 2). NOEs were observed between H-11b (6
1.83) and both H-14s (6 2.52, 2.85), suggesting a Z
configuration at A*2%3, Similarly, correlations between both
H-14s and H-17 implied a Z configuration at A'>6, No NOEs
were observed between H-17 and H,-20 (6 2.77), suggesting
an E configuration at A%, Finally, NOEs between H,-20
and H,-23 (6 2.00) were evident, supporting a Z configuration
at A?*?2, We were unable to assign the stereochemistry of
chiral C-17; thus at present, the absolute stereochemistry of
1 is unknown.

High-resolution mass spectral data indicated that neury-
menolide B (2) possessed two additional methylene units
relative to 1, displaying an [M + H]T m/z 397.2765,
consistent with amolecular formula of CysH3;03. Comparison
of 'H and 3C NMR spectral data of 2 with that of 1
suggested that the o-pyrone and linear aliphatic systems were
identical. The two extra methylenes were assigned in the
macrocyclic ring, based on a combination of COSY and
HMBC correlations (Supporting Information). Equivalent

Org. Lett, Vol. 11, No. 1, 2009



Table 2. Pharmacological Activities of 1 and 2

antibacterial 1Cso («M)

anticancer ICs (uM)

compd MRSA VREF tuberculosis mean® DU4475° antimalarial ICjy (uM) antifungal I1C5° («M)
1 2.1 4.5 >100 8.8 3.9 68 >600
2 7.8 31 >100 39 19 >100 >600

aMean of 12 cell lines (see the Supporting Information for details). P breast tumor cell line. © Using amphotericin B-resistant Candida albicans.

NOEs were observed for 1 and 2, suggesting that the E/Z
stereochemistry is identical for both natural products of N.
fraxinifolia.

Figure 1. Novel natural products from N. fraxinifolia, neuryme-
nolides A and B (1 and 2), and natural product (3) from P.
labillardieri.®

HPLC purification of 1 using several different stationary
phases consistently resulted in two peaks, each of which split
again into the same two peaks when reanalyzed using the
same HPL C column. NMR spectral and optical rotation data
were identical for material collected from each of these peaks,
which led to the hypothesis that 1 consists of quickly
interchanging rotational isomers (atropisomers). Synthetic
reports of related compounds suggest planar chirality due to
the restricted rotation about the a-pyrone ring.® Because 1
contains a stereogenic carbon (C-17), these two atropisomers
would be expected to behave as diastereomers. To further
explore this hypothesis, 1 was acetylated to yield 3-O-
acetylneurymenolide A, separated by HPLC, and then
analyzed by *H NMR spectroscopy. The added bulk of the
acyl group slowed the rotation about the a-pyrone enough
to yield two distinguishable sets of *H chemical shifts and
two HPL C peaks that equilibrated over the course of several
hours, rather than the minute time-scale conversion observed
for atropisomers of 1 (Supporting Information). Rotational

(6) Sato, M; Uehara, F.; Sato, K.; Yamaguchi, M.; Kabuto, C. J. Am.
Chem. Soc. 1999, 121, 8270-8276.
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isomerization was not observed with 2, which is reasonable
given the larger macrocyclic ring size of 2 relative to 1.
The two unique macrolides described in this study each
represent new carbon skeletons and only the second example
of macrocyclic a-pyrones occurring in nature. Macrocyclic
pyrones isolated from P. labillardieri (e.g., 3; Figure 1) are
connected through an ether bond at C-3, unlike the neury-
menolides. However, al of these macrocyclic pyrones would
be expected to share a common biogenesis. Given the similar
chemistry of N. fraxinifolia and P. labillardieri, it is
interesting to note that the two red algal species are only
distantly related, sharing the class Florideophyceae. Thisis
thefirst report of chemistry from the red alga N. fraxinifolia,
athough its family, Rhodomelaceae, is well studied.”

Figure 2. Key COSY (bold) and HMBC (single-headed arrow)
correlations established the macrocyclic a-pyrone system of neu-
rymenolide A (1). NOE correlations (double-headed arrows)
established the stereochemistry of the double bonds in 1.

The biosynthesis of the neurymenolides is expected to
occur by successive condensations of malonate, beginning
at the aliphatic chain terminus and ending at the o-pyrone
carbonyl. These natural products may be formed by a mixed
polyketide/fatty acid biosynthetic pathway,® with previous
such examples reported involving both prokaryotes and
eukaryotes.®>'° One could envision the neurymenolides
arising from diketide extension of eicosapentaenoic acid or
docosahexaenoic acid, with macrocyclization promoted by
an enolate attack with loss of water (Scheme 1); however, it

(7) Blunt, J. W.; Copp, B. R.; Hu, W. P.; Murray, H. G. M.; Northcote,
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(8) Dewick, P. M. Medicinal Natural Products: A Biosynthetic Ap-
proach, 2nd ed.; John Wiley & Sons, Ltd.: New Y ork, 2001; Chapter 3, pp
35—120.
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Yazawa, K.; Knauf, V.; Browse, J. Science 2001, 293, 290-293.
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Scheme 1. Proposed Biosynthesis of Neurymenolide A (1) from
a Putative Polyketide-Extended Eicosapentaenoic Acid-Derived
Precursor

enolization folowed
by lactone formation

is unclear whether the macrocyclization or the a-pyrone
formation occurs first. The E configuration at A% could
potentially occur through a free radical process common to
eicosanoids.®

Neurymenolide A (1) exhibited moderately potent activity
against methicillin-resistant Saphylococcus aureus (MRSA)
and vancomycin-resistant Enterococcus faecium (VREF)
(ICsp 0of 2.1 uM and 4.5 uM, respectively, Table 2). Moderate
in vitro cytotoxicity against DU4475 breast tumor cells was
also observed for 1 (1Csp of 3.9 uM), as well as moderate to
weak activity against 11 other tumor cell lines (1Csy values
ranging from 5.4 to 28 uM). Neurymenolide B (2) was
dightly less active against MRSA and considerably less
active in all other pharmacological assays (Table 2), sug-
gesting that the size or conformationa restriction of the
macrocyclic ring is important for biological activity. 3-O-
Acetylneurymenolide A (mixed atropisomers) was also less
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active against MRSA (ICso of 11 uM), signifying the
importance of the aromatic hydroxyl group for antibacterial
activity.

The current study describes structurally novel macrocyclic
o-pyrones, establishing thefirst report of chemistry from the
red alga N. fraxinifolia. Determining 1 to be present as
interchanging atropisomers presented an exciting chemical
challenge, and the putative polyketide/fatty acid biogenesis
of the neurymenolides represents another example of the
diversity of the acetogenic pathway. Neurymenolide A (1)
shows promise as a novel template for the design and
development of new antibiotics.
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