
10.1021/ol400694h r 2013 American Chemical Society
Published on Web 04/03/2013

ORGANIC
LETTERS

2013
Vol. 15, No. 9
2168–2171

Isolation and Photoinduced Conversion
of 6-epi-Stephacidins from
Aspergillus taichungensis

Shengxin Cai, Yepeng Luan, Xianglan Kong, Tianjiao Zhu, Qianqun Gu, and Dehai Li*

Key Laboratory of Marine Drugs, Chinese Ministry of Education, School of Medicine
and Pharmacy, Ocean University of China, 5 Yushan Road, Qingdao, 266003,
P. R. China

dehaili@ouc.edu.cn

Received March 14, 2013

ABSTRACT

Three prenylated indole alkaloids with a rare anti bicyclo-[2.2.2]diazaoctane core ring (5�7) were isolated from Aspergillus taichungensis. The
structures including absolute configurations were elucidated based on NMR, X-ray, and CD methods. (þ)-Versicolamides B and C (8�9) which
contain a spiro-center, together with seven analogues (7, 10�15), were isolated as photoinduced conversion products of 6. Biological evaluation
indicated that 6 and 7 exhibited significant cytotoxicities with IC50 values in the low micromolar range.

Prenylated indole alkaloids including brevianamides,
paraherquamides, malbrancheamides, stephacidins, as-
perparalines, versicolamides, avrainvillamide, marcfor-
tines, and sclerotiamide, which all contain the bicyclo-
[2.2.2]diazaoctane core ring, have been isolated mainly
from Aspergillus spp. and Penicillium spp.1 This family is
biosynthetically derived from tryptophan, a cyclic amino
acid, and either one or two isoprene units.2 Due to their

complex structures and diverse bioactivities, including
antitumor, insecticidal, and calmodulin inhibition, this
family has become an interesting target for synthetic,
biosynthetic and bioactivity studies.1h,2,3

Biomimetic total synthesis of (þ)-stephacidin A (1) and
(�)-notoamide B (2) has been carried out by employing an
intramolecular Diels�Alder (IMDA) reaction via noto-
amide E (3);3d however feeding and incorporation experi-
ments strongly suggested that 3 was not the specific
precursor leading to 1 and 2.1h Recently, Williams and
co-workers confirmed that notoamide T (4) could be
converted to 1 and 24 and also demonstrated the
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biotransformation from 1 to 2 in feeding experiments.2 To
the best of our knowledge, biosynthetic studies of this
family has mostly focused on compounds with the syn-
relative configuration in the bicyclo-[2.2.2]diazaoctane
core ring. In addition, the origin of the fascinating enan-
tio-divergence observed ((()-stephacidins A, (()-notoa-
mides B, and (()-versicolamides B) and the syn- and anti-
relative configurations have not been fully elucidated. A
combination of genomemining, proteomics, and biotrans-
formation experiments aimed at elucidating these ques-
tions is currently underway.2,3

In our continued search for new anticancer natural
products from fungi, an extract from Aspergillus taichun-
gensis ZHN-7-07 exhibited strong in vitro cytotoxicity
against the murine leukemia P388 cell line. A series of
p-terphenyls,5 aspergilazine A,6 and brevianamide F were
isolated from this stain cultured in a liquidmedium.When
the medium was varied to rice, three prenylated indole
alkaloids with the bicyclo-[2.2.2]diazaoctane core ring,
6-epi-stephacidin A (5), N-hydroxy-6-epi-stephacidin A
(6), and 6-epi-avrainvillamide (7), were identified by chem-
ical investigation of the extract alongwith 3-epi-notoamide

C.1h The structures and absolute configurations were
elucidated by detailed analysis of MS, NMR, CD, and
X-raydata (Supporting Information, SI). Interestingly,5�7
all contained the rare anti relative configuration as (þ)-
versicolamide B and no compounds with syn configuration
were isolated. The syn/anti relationship refers to the relative
configuration between the C6�C7 and C4�N24 bonds
(6-epi-stephacidinAnumbering).Until now,only three cases
with the anti relative configuration, (()-versicolamides B
and chrysogenamide A, have been reported.1f,g,7 (()-Versi-
colamides B were isolated from two different cultures of
Aspergillus sp. as minor metabolites, the major metabolites
of which had the syn configuration.1f,g

Compound 58 was isolated as a colorless block crystal.
Based on the HRESIMS [M þ H]þ ion at m/z 432.2299
(calcd 432.2287), themolecular formula was established as
C26H29N3O3 indicating 14 degrees of unsaturation. Care-
ful analysis of 1D NMR (Tables S1 and S2, SI) together
with the HMQC spectrum revealed the presence of two
amide/carbonyl carbons, eight aromatic carbons, two
carbons for double bond, four quaternary carbons, one
methine, five methylenes, and four methyls. With seven
degrees of unsaturation accounted for the eight aromatic
carbons, two olefinic carbons, and two carbonyls, there
must be seven rings tomeet the 14 degrees of unsaturation.
Further detailed 1D and 2DNMR spectral analysis led to
the elucidation of the planar structure of 5, the same as
stephacidin A (1), although there was an obvious differ-
ence between the 13C chemical shifts of C-6 of these two
compounds (δC 46.2 for 5, δC 49.2 for 1)1c,9 implying a

Figure 1. Chemical structures of 1�15.

Figure 2. Selected 1H�1HCOSY,HMBC, andNOESY correla-
tions of 5�7.
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difference in the stereostructure of these two compounds.
The complete structure of 5 was further confirmed by
X-ray crystallographic analysis (Figure 3), revealing the
anti-relative configuration as shown in Figure 1.
Many synthetic and biosynthetic studies of stephacidin

A (1) and its analogues have been developed.1h,2,3 The
epimer, 6-epi-stephacidin A (5), which bears the anti-
relative configuration, has been synthesized and has been
suggested as a natural precursor of (þ)-versicolamide
B,1f,10 but until now no biosynthetic study regarding the
anti-relative configuration compounds has been made
due to the shortage of this kind of compound, and also
the rarity of the fungal sources that can produce them.

The 1DNMRspectraof611 (Tables S1 andS2, SI) borea
striking resemblance to compound 5, except for the chemical
shift of one exchangable proton (δH 10.82 for 6 and δH 10.47
for 5) and the difference ofHRESIMS ([MþH]þ: 432.2299
for 5; [M � H]�: 446.2085 for 6), thus 6 was an oxidized
analogue of 5. The complete structure and anti-relative
configuration of 6 were further determined by 1H�1H
COSY and HMBC correlations (Figure 2) and X-ray
analysis (Figure 3).
The molecular formula of 6-epi-avrainvillamide (7)12

was determined as C26H27N3O4 based on an HRESIMS
[MþH]þ ion atm/z 446.2076 (calcd 446.2080).Thebiggest
differences between the 1D NMR spectra of 7 and 5
(Tables S1 and S2, SI) were the absence of the resonances
for onemethylene (δH, 3.58, 2.72; δC, 28.1) and 1-NH (δH,
10.47) and the presence of one sp2 methine (δH, 7.05; δC,

121.3) assigned as C-21. Based on intensive analysis of
both 1D and 2D NMR spectra (Tables S1 and S2, SI,
Figure 2), the structure of 7 was elucidated.
The absolute configurations of 5�7 were elucidated by

CD spectra comparison with that of brevianamide B
(Figure 4). Williams reported that the Cotton effect at
200�250 nm arising from an n�π* transition of the
diketopiperazine amide bonds is diagnostic for the bicyclo-
[2.2.2]diazaoctane ring system.1d,13 Thus the absolute con-
figurations of 5�7 were assigned as 4S, 6R, 22S.
In this study,we found that6wasunstablewhenexposed

to air and light. Compound 6was dissolved in DMSO and
drops of methanol were added, and then the solution was
placed under UV light. After 3 days, (þ)-versicolamides B
and C (8�9), which contain a spiro-center, together with
seven analogues (7, 10�15) were purified from the photo-
conversion reaction mixture (Figure 1). Conversely, 5 was
stable under the same conditions. The structures of 8�14
were determined by a combination of spectroscopic meth-
ods (for NMR, MS, and CD spectra, see SI). Due to the
minor amount and instability of 15, only 1H NMR was
obtained. Although the data were limited, the structure
could be proposed upon comparison of the 1HNMR data
with other compounds obtained in this study.

A proposal for the mechanism of the conversion of 6
is shown in Scheme 1. Since the UV irradiation could
accelerate the decomposition reaction, the initiation is
likely due to a free radical reaction. As shown in Scheme 1,
the N�OH bond of 6 was homolytically cleaved with UV
light, and then intermediate 16 was furnished by the
subsequent rearrangement and recombination with •OH,
further oxidation, and elimination affording compound 13
and intermediate 17, respectively. Catalyzed by acid, com-
pounds 10, 11, and 14 were produced from the reaction of
17 with methanol or H2O (i). Similarly, compound 8 was
formed first by pinacol rearrangement and then addition
with H2O (ii). Alternatively, 17 underwent oxidation to
give compound 7, which was further catalyzed by hv to
form a structure containing oxaziridine (intermediate 18),

Figure 4. CD spectra of compounds 5�7.

Figure 3. X-ray crystal structures for compounds 5 and 6.
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and 15 was obtained from 18 reacting with H2O under
acidic conditions. Compound 15 could undergo pinacol
rearrangement to give 9 (iii), or generate carbocation
intermediate (iv), and the following charge rearrangement
and addition of methanol furnished 12.
In order to find analogues like the photoinduced con-

version products and clarify the biosynthesis of the anti
configured alkaloids, detailed observation and analysis
have been carried out by employing A. taichungensis. The
fungal isolate was cultured on rice, with subsequent meta-
bolite profiles analyzed daily by HPLC-UV and then
HPLC-MS from the fourth day.N-Hydroxy-6-epi-stepha-
cidinA (6) appeared on the fourth day, and 6-epi-stephacidin
A (5) and 6-epi-avrainvillamide (7) appeared on the ninth
day; after10days, therewereno furtherobviouschanges (SI).
In particular, 8�15, which were obtained from the photo-
induced conversion, and any other analogues were targeted
through the HPLC and HPLC-MS data; unfortunately, no
detectable peaks with related UV andMS were found.

Biological evaluation of 5�11 and 13�14 using both
SRB14 andMTT15 methods showed that 6 and 7 exhibited
significant cytotoxicity with IC50’s of 4.45 and 1.88 μM
against HL-60 and 3.02 and 1.92 μM v. A-549, respec-
tively. No other compounds showed significant cytotoxi-
city. Compound 7 shares the same planar structure with
avrainvillamide which can bind to the nuclear chaperone

nucleophosmin, a proposed oncogenic protein that is over-
expressed in many different human tumors, to inhibit the
growth of the cancer cell lines. The antiproliferative activ-
ity of stephacidin B arises from its prior dissociation to
form avrainvillamide.3a,c In our experiment, 6 and 7 func-
tioned equivalently to inhibit the growth of the two tested
cell lines, the reason for this might be that 6 can be
transformed to 7 and then act as avrainvillamide does in
the cancer cell lines. Biological evaluation of compounds
12 and 15was hindered by the small quantities of material
available.
In conclusion, three prenylated indole alkaloids (5�7)

containing the rare anti bicyclo-[2.2.2]diazaoctane core
ring were isolated from A. taichungensis ZHN-7-07. Bio-
logical evaluation indicated that 6 and 7 had significant
cytotoxicities against HL-60 and A-549 cell lines. In the
past few years, the stephacidin/notoamide family, which
has the unique bicyclo-[2.2.2]diazaoctane core ring, has
attracted the attention of a number of synthetic chemists
and has stimulatedmany interesting studies concerning the
biogenesis of this core ring structure.2,3 Among them, the
confirmation of chemical transformation and bioconver-
sion from (()-stephacidin A with a syn-relative configura-
tion to (()-notoamide B by Williams and co-workers is
particularly notable.2 Here we report the photoinduced
conversion from N-hydroxy-6-epi-stephacidin A (6) with
an anti-relative configuration to (þ)-versicolamides B and
C (8�9) for the first time. The photoconversion of 6 was
useful in understanding the origin of this family of alka-
loids containing the spiro ring system such as 8 and 9.
In addition, the metabolite profiles revealed 8 and 9 were
not present, suggesting that our fungal strain lacks the
face-selective enzyme responsible for the conversion from
6-epi-stephacidin A (5) or N-hydroxy-6-epi-stephacidin A
(6) to 8�9.
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