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ABSTRACT: Salinazinones A (1) and B (2), two unprece-
dented pyrrolidinyl-oxazinones, were isolated from the culture
broth of Streptomyces sp. KMF-004 from a solar saltern at
Aphae Island, Korea. The structures of these salinazinones,
which are unusual and consist of 2-methylpropenyl-1,3-oxazin-
6-one bearing 1-oxopyrrolidinyl substituents, were assigned by
spectral and chemical analyses using Mosher’s method, circular
dichroism (CD), and calculated ECD. Salinazinones are the
first examples of a natural alkaloid class composed of an oxazinone−pyrrolidone conjugate.

Solar salterns, which have not been extensively investigated,
are composed of a series of shallow ponds in which

seawater is gradually concentrated to precipitate sodium
chloride and other valuable minerals via solar heat and wind.
Recently, various halophilic archaea and bacteria have been
identified in the hypersaline environment of solar salterns via
culture- or nonculture-based studies.1

As part of our ongoing program to explore new secondary
metabolites from marine actinomycetes, we isolated a bacterial
strain, Streptomyces sp. KMF-004, from a solar saltern at
Aphae Island in Korea. Based on LC-MS analysis using our
in-house UV database along with the MarinLit database, two
components were identified in the culture broth of the KMF-
004 strain and found to possess an unusual chromophore that
has not been assigned to any other known metabolites.2 A
subsequent large-scale cultivation (16 L) in liquid medium led
to the isolation of two unknown metabolites using diverse
chromatographic methods. The structures of these com-
pounds consist of an unprecedented oxazinone−pyrrolidone
conjugate.
Oxazine structures have attracted substantial synthetic

interest because of their valuable synthetic intermediates and
their biological activities, such as sedative, analgesic,
antipyretic, antitumor, and antimicrobial effects.3 1,3-Oxazin-
6-ones are six-membered heterocyclic compounds that are
important substrates in heterocyclic transformations.4 How-
ever, 1,3-oxazin-6-ones have not been thoroughly studied, and
most reports on this structure have focused on chemical
synthetic studies.3 Some 4-hydroxy-6H-1,3-oxazin-6-ones

exhibit sedative activities and cytotoxicities, which are strongly
dependent on the nature of the substituents in the 2- and 5-
positions.5

Pyrrole is also an important structural building block for
numerous natural compounds and well-established drugs, such
as Tolmetin, Atorvastatin, Premazepam, Roseophilin, and
Zomepirac.6,7 Natural compounds containing a pyrrole moiety
are present in numerous alkaloids of varying complexity,
which have been isolated from diverse natural resources, such
as marine organisms, insects, bacteria, fungi, plants, and even
vertebrates.7 However, the conjugated structure of 6H-1,3-
oxazin-6-one and pyrrolidin-2-one has never been reported.
Herein, we describe the structural elucidations of two new
molecules (1 and 2) based on spectroscopic analyses and
chemical methods.
Salinazinone A (1)8 was isolated as a yellowish gum. Its

molecular formula was determined to be C13H16N2O4 based
on a pseudomolecular ion at m/z 265.1187 [M + H]+ using
HRFABMS data coupled with 13C NMR data. The 1H NMR
spectrum of 1 exhibited four methine proton signals (δH 6.78,
5.94, 4.65, and 4.49), a methylene group (δH 2.69 and 2.61),
three methyl doublets (δH 2.28, 2.03, and 1.28), and a doublet
signal of an exchangeable proton (δH 3.42) (Table 1).
The 13C NMR spectrum exhibited 13 carbon signals,

including two carbonyl carbon signals (δC 174.2 and 161.5)
and three quaternary carbon signals that appeared downfield
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from 150 ppm (δC 165.2, 159.6, and 156.8) (Table 1). The
interpretation of the 2D NMR spectral data allowed for the
construction of two structural fragments (Figure 1).

One fragment, 2-methylpropenyl-1,3-oxazin-6-one, was
established by interpreting the HMBC correlations from H-
5 (δH 6.78) to C-4 (δC 156.8), C-6 (δC 161.5), and C-7 (δC
117.4). The HMBC correlation across five bonds from H-5 to
C-7 provided valuable information for the 1,3-oxazin-6-one
moiety. Standard HMBC spectra usually show correlations
across either two or three bonds. However, five bond long-
range couplings can sometimes be found in quinones and
heteroaromatic-like compounds.9 The observation of 5JC,H
correlations in these structural classes depends on the pattern
and nature of the substituents, and 1,3-oxazin-6-one bearing a
vinyl substituent could be a good example of 5JC,H coupling in
a standard gHMBC experiment. The presence of the 2-
methylpropenyl group was supported by the HMBC
correlations from H-7 (δH 5.94) to C-9 (δC 21.5) and C-10

(δC 28.5). The HMBC correlations from H3-9 and H3-10 to
C-2 (δC 165.2) permitted the 2-methylpropenyl group to be
positioned at C-2 of the oxazinone ring. In addition, the
strong NOE correlation between H-7 and H3-10 (δH 2.03)
was observed in the NOESY spectrum of 2, whereas there
was no NOE correlation between H-7 and H3-9 (δH 2.28).
This NOE correlation allowed us to assign the geometric
relationship of H-7 and H3-10 as a cis configuration (Figure
S2). The 1H−1H COSY correlations corresponding to the
connectivity from C-3′ to C-6′ as well as the HMBC
correlation of H-5′ (δH 4.65) and C-2′ (δC 174.2) allowed for
the construction of the other fragment, 4-hydroxy-5-
methylpyrrolidin-2-one. The connection between the two
fragments was identified based on the HMBC correlations
from H-5′ to C-4.
The relative configuration at C-4′ and C-5′ of 1 can be

assigned as a syn orientation for H-4′ and H-5′ based on the
NOE correlation between 4′-OH and H3-6, as well as the
NOE correlation between H-4′ and H-5′ (Figure S2). The
absolute configurations for C-4′ and C-5′ of 1 were
determined by applying the modified Mosher’s method.10

Separate treatment of 1 in pyridine with (R)-(−)-α-methoxy-
α-(trifluoromethyl) phenylacetyl chloride [(R)-MTPA-Cl] and
(S)-MTPA-Cl yielded the (S)- (1-Ma) and (R)-Mosher esters
(1-Mb), respectively. Analysis of the 1H chemical shift
differences (ΔδS‑R) between 1-Ma and 1-Mb revealed negative
values for H2-3′ but positive values for H-5′ and H3-6′
(Figure S3). These data allowed the absolute configurations of
C-4′ and C-5′ of 1 to be assigned as S and S, respectively.
Therefore, the structure of salinazinone A (1) was determined
to be 4-((4S,5S)-4-hydroxy-5-methyl-2-oxopyrrolidin-1-yl)-2-
(2-methylprop-1-en-1-yl)-6H-1,3-oxazin-6-one.
Salinazinone B (2)11 was obtained as a pale yellowish gum

with a molecular formula of C13H16N2O3 based on
HRFABMS data (obsd [M + H]+ at m/z 249.1241). The
molecular formula indicated that 2 possessed one fewer
oxygen atom than 1. The UV and IR spectra of 2 were nearly
identical to those of 1, suggesting a structural scaffold similar
to that of 1. As was done for salinazinone A (1), a
comprehensive analysis of the 2D NMR data of 2 allowed for
the complete assignment of the proton and carbon signals,
leading to the construction of a planar structure for 2. Unlike

Table 1. NMR Spectroscopic Data for 1 and 2 in Acetonitrile-d3

1 2

no. δC
a δH mult (J, Hz)b δC

a δH mult (J, Hz)b

2 165.2 C 165.1 C
4 156.8 C 157.0 C
5 90.8 CH 6.78 s 90.0 CH 6.84 s
6 161.5 C 161.6 C
7 117.4 CH 5.94 br m 117.4 CH 5.94 br m
8 159.6 C 159.4 C
9 21.5 CH3 2.28 d (1.3) 21.5 CH3 2.28 d (1.3)
10 28.5 CH3 2.03 d (1.3) 28.5 CH3 2.03 d (1.3)
2′ 174.2 C 177.0 C
3′ 40.5 CH2 α: 2.69 dd (17.0, 7.8) 32.4 CH2 α: 2.76 ddd (17.6, 11.3, 9.1)

β: 2.61 dd (17.0, 9.3) β: 2.44 ddd (17.6, 9.4, 2.1)
4′ 65.8 CH 4.49 dddd (9.3, 7.8, 6.5, 4.8) 25.8 CH2 α: 2.25 m/β: 1.75 m
5′ 58.9 CH 4.65 dq (6.5, 6.5) 55.5 CH 4.72 dqd (8.0, 6.4, 1.6)
6′ 13.7 CH3 1.28 d (6.5) 20.5 CH3 1.33 d (6.4)
4′-OH 3.42 d (4.8)

a13C NMR experiment was performed at 100 MHz. b1H NMR and gHSQC experiments were performed at 400 MHz.

Figure 1. Key HMBC correlations in 1.
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1, the 1H spectral data of 2 indicated no exchangeable
hydroxyl protons and aliphatic methylene protons (δH 2.25
and 1.75) rather than the H-4′ methine proton of 1 (Table
1). Therefore, the structure of salinazinone B (2) was
determined to be a dehydroxylated analogue of 1.
The absolute configuration of C-5′ in 2 was assigned by

comparing its circular dichroism (CD) spectrum with the
calculation of the electronic circular dichroism (ECD) spectra,
coupled with analysis of NOE correlations in the NOESY
experiment. Because two heterocyclic chromophores, an
oxazinone and a pyrrolidinone, are connected by the N−C
bond (N atom exist as bridge tail) and no NOE correlations
between H-5 and any protons of the pyrrolidinone moiety are
observed in 2, there could be four supposable stereochemical
structures depending on the rotation directions of two
chromophores12 and the absolute configuration at C-5′
(Figure S4). The measured CD spectrum of 2 was similar
to that of 1, and both spectra exhibited a distinct negative
Cotton effect at 250 nm, which are consistent with the
calculated ECD spectra of 1a and 2a (Figure 2). The NOESY

spectrum of 2 showed the correlation between H-5′ and H3-9,
while no NOE correlation between H3-6′ and H3-9 was
observed (Figure 3). Thus, the possible direction of two
heterocyclic chromophores and the NOE correlation (H-5′
and H3-9) allowed us to assign the absolute configurations at
C-5′ of 2 as S (Figure 3).
The core structures of salinazinones A and B are

unprecedented in the alkaloid literature.13 In addition, to
the best of our knowledge, the 6H-1,3-oxazin-6-one core of 1
and 2 has not been previously observed in natural products.
Although further exploration of the related intermediates is

needed to gain insight into their biogenetic pathway, we
discovered a new demethylated bohemamine derivative, which
is referred to as bohemamine D (3) (Scheme 1), along with
bohemamine B which was reported from a marine-derived
Streptomyces sp.14 Bohemamine D (3)15 was isolated as a pale

yellowish gum. The molecular formula was determined to be
C13H18N2O3 based on HRFABMS data ([M + H]+ at m/z
251.1391). The UV spectrum was nearly identical to those
reported for other bohemamines.14 The 1D and 2D NMR
spectral data for 3 were similar to those of NP25302, which
was isolated from Streptomyces sp. UMA-044.16 Comprehen-
sive analysis of the 2D NMR data for 3 allowed the complete
assignment of the proton and carbon signals, leading to the
construction of a planar structure for 3. Unlike the known
compound NP25302, the 1H NMR and HMBC spectral data
of 3 indicated the presence of a hydroxyl group at the C-7
position of 3 instead of the methyl group in NP25302. The
absolute configurations of the chiral centers have not been
determined. The demethylated bohemamine at the C-7
position may be the result of another biosynthetic pathway
in previously reported bohemamine series, and 3 is a possible
key precursor for the biosynthesis of 1 and 2.
A plausible biosynthetic pathway for 1 and 2 is proposed in

Scheme 1. The key intermediate (3) is expected to be
synthesized in a manner similar to that proposed by Fu and
MacMilan.17 The amide in 3 serves as a nucleophile for the

Figure 2. (a) CD data for 1 and 2. (b) Calculation of ECD data for
1a, 1b, 2a, and 2b.

Figure 3. Two supposable conformations of 2 (2a and 2b).

Scheme 1. Plausible Biosynthetic Pathway for 1 and 2 from
Bohemamine D (3)
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cyclization that forms the oxazinone scaffold. Prior to the
production of oxazinone, cleavage of the carbon−carbon bond
results in the formation of the pyrrolidine ring system, and
further oxidation generates 2 and 1. This type of cyclization
process, which is accompanied by C−C bond cleavage to
form oxazinone, is unusual, and the typical mechanism
involves leaving a general electron-withdrawing atom or
group.18 In this context, it would be interesting to identify
the enzyme involved in this cyclization reaction. The genome
of Streptomyces sp. TP-A0873, a bohemamine-producing
bacterium, was recently sequenced, but the biosynthetic
gene cluster has not yet been revealed.19 Therefore, the
elucidation of the biosynthesis of salinazinones and bohem-
amines will be the aim of our next study, in which the
genomic sequences of the two producers, Streptomyces sp.
KMF-004 and TP-A0873, will be investigated.
Compounds 1−4 were tested for their biological activities

against LPS-induced NO production by BV-2 microglia cells.
Salinazinone B (2) inhibited the NO production with IC50
values of 17.7 μM (positive control L-NMMA IC50 19.6 μM)
without any cellular toxicity in BV-2 microglia cells compared
to the LPS treated group, whereas salinazinone A (1) was
found to be inactive (IC50 162 μM) (Table S3).
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