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Preface

Humans have been fascinated by the diverse biological activities of natural products,
and this has led to the extraction and structural modification of natural medicinal
compounds for the benefit of humankind. However, the mass supply of natural
products with complex structures is a difficult challenge even with chemical syn-
thesis, and compounds with simplified planar structures have become the main-
stream types of small molecular pharmaceuticals. Accordingly, the structural
expansion of the current two-dimensional drugs is limited, and now that new drug
candidates have been depleted, natural products with three-dimensionally expanded
structures are attracting attention again. Under these circumstances, 15 years after
the first edition, it is a well-timed opportunity to publish the second edition of marine
natural products in the heterocyclic chemistry series. This 18-chapter edition also
covers the recent progress of natural product chemistry, i.e. isolation, structure
determination, biosynthesis, total synthesis, analog synthesis, probe synthesis, and
bioactivity research for various types of natural products originating from marine
animals, plants, and microorganisms. I hope that this book will serve as a future
guide for the next generation of natural product chemists.

I would like to express my sincere gratitude to all the contributors to this volume,
editors of this series, and the staff of Springer, especially to Mr. Shinichi Koizumi. I
am also thankful to Prof. Christopher J. Vavricka for his advice on English expres-
sion. I also thank my wife Mrs. Ikuko Kiyota for her multifaceted cooperation.

Okayama, Japan Hiromasa Kiyota
April 2021
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Abstract After the first discovery of manzamine A from a marine sponge by Sakai
and colleagues in 1986, its derivatives have attracted much attention among chemists
and biologists due to their structural complexity and diverse biological activities. So
far, more than 100 manzamine-related alkaloids have been identified, most of which
have a fused 6-, 6-, 5-, 8-, and 13-membered ring system connected to a β-carboline
as shown in manzamine A. In addition, a variety of bioactivities including cytotoxic,
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antimicrobial, antimalarial, anti-HIV, and insecticidal are reported. This review
covers the recent reports of novel structures and biological activities of the
manzamines.

Keywords Anti-atherosclerosis · Anti-HIV · Antimalarial · Cytotoxicity ·
Manzamine · Marine sponge · Proteasome inhibitor

1 Introduction

The manzamine family is a class of alkaloids isolated from marine sponges. More
than 100 derivatives with novel structures and significant biological activities have
been reported to date. This chapter focuses on recent reports of the manzamines.

1.1 Discovery

Manzamine A (1) (Fig. 1) was first isolated by Sakai et al. in 1986 from a marine
sponge Haliclona sp. collected in Okinawa, Japan, as a cytotoxic compound against
P388 mouse leukemia cells [1]. It is composed of a β-carboline conjugated with an
aliphatic moiety with a high degree of complexity. The structure was unprecedently
novel, with complicated fused and bridged 6-, 6-, 5-, 8-, and 13-membered rings.
The absolute configuration was determined by X-ray analysis of its hydrochloride
salt. Later on, manzamine derivatives were frequently isolated from marine sponges
belonging to the genera Pellina [2], Xestospongia [3, 4], Haliclona [1, 4, 5],
Pachypellina [6], Amphimedon [7–9], Petrosia [10], Cribochalina [10], and
Acanthostrongylophora [11–14].

N N
H

N
OH

N

H

H

Manzamine A (1)

Fig. 1 Structure of
manzamine A (1)
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1.2 Biological Activities

A variety of biological activities of manzamine A (1) and its related alkaloids have
been reported.

Cytotoxic activities were reported against mouse leukemia (P388) [1], human
epidermoid carcinoma (KB) [6, 7], human colorectal adenocarcinoma (LoVo) [6],
murine leukemia (L1210) [7], colorectal cancer (HCT116) [15], cervical cancer
(HeLa, C33A, SiHa, and CaSki) [16], and pancreatic cancer (PANC-1, AsPC-1,
MIA PaCa-2, and BxPC-3) [17] cells.

Manzamine alkaloids showed antibacterial activities against gram-positive and
gram-negative bacteria, such as Staphylococcus aureus [2, 8, 18], Sarcina lutea
[7, 8, 19], Bacillus subtilis [8, 18], Corynebacterium xerosis [19], Escherichia coli
[18], and Mycobacterium tuberculosis [11].

Manzamine A (1) showed anti-protozoan activities against the chloroquine-
sensitive (D6, Sierra Leone) and the chloroquine-resistant (W2, Indo-China) strains
of Plasmodium falciparum with IC50 values of 4.5 and 6.0 ng/mL, respectively,
in vitro [20]. Further, manzamine A (1) showed promising in vivo antimalarial
activity against the rodent malaria parasite P. berghei in mice [21], which was
indicated to be immune-mediated clearance [22].

Manzamine A (1) also exhibited in vitro and in vivo anti-toxoplasmosis activity
against Toxoplasma gondii without significant toxicity to host cells [23] and anti-
leishmanial activity against Leishmania donovani, the parasite causing visceral
leishmaniasis [24]. Anti-HIV [20, 25] and anti-inflammatory [25] activities were
also reported for manzamines.

In addition to the aforementioned reports, our group recently found that
manzamines inhibited accumulation of cholesterol ester (CE) in macrophages and
suppressed atherosclerosis in mice [12–14]. Further, our group found that
manzamines showed inhibition of the proteasome [13, 14]. Although various activ-
ities have been reported for manzamines as promising drug leads, these activities
have not yet been included. Details of these results are described in Sect. 3 of this
chapter.

1.3 Biosynthesis

The biosynthesis of manzamine alkaloids has attracted much attention among a
broad community of chemists. Kobayashi’s group isolated ircinals A (2) and B (3)
from the sponge Ircinia sp. [26] and suggested them to be plausible biogenetic
precursors of manzamines A (1) and B (4) [5] (Scheme 1). Manzamine A (1) was
chemically transformed from ircinal A (2) by a Pictet–Spengler reaction with
tryptamine followed by oxidation with DDQ (2,3-dichloro-5,6-dicyano-p-
benzoquinone) [26].

Manzamines: Marine Bioactive Heterocycles 5
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In 1992, Baldwin and Whitehead suggested an elegant biogenesis for the
manzamines [27], which are derived from four units: ammonia, acrolein (C3 unit),
dialdehyde (C10 unit), and tryptophan (Scheme 1). A macrocyclic bis-
dihydropyridine intermediate a may be converted to a pentacyclic intermediate
such as keramaphidin B (5) through an intramolecular endo-Diels–Alder cycload-
dition to afford manzamines A (1) and B (4) (Scheme 1).

Subsequently, in 1994, Kobayashi’s group isolated ircinols A (6) and B, anti-
podes of the alcoholic forms of ircinals A (2) and B (3) and the first alkaloids in this
class to have the opposite absolute configuration to that of the manzamines [28]. Fur-
thermore, they isolated an enantiomeric mixture of keramaphidin B (5), and the (+)-
and (�)-enantiomers were postulated to be the precursors of ircinal A (2) and ircinol
A (6), respectively [8, 9]. As keramaphidin B (5) was revealed to be an enantiomeric
mixture enriched with the (+)-isomer, the Diels–Alder cycloaddition would proceed
under an incomplete stereoselective regulation.

Although the manzamines show unique chemical scaffolds and remarkable
therapeutic potential, as described in Sect. 1.2, their use in drug development is
hampered by the lack of a sustainable supply. In 2014, Hill and Hamann’s group
analyzed producers of the manzamines by MALDI-MS imaging and reported a
sponge-associated bacterium Micromonospora sp. from the Indo-Pacific sponge
Acanthostrongylophora ingens as a producer of manzamine A [29].

2 Recently Isolated Unique Manzamine Derivatives

To date, more than 100 manzamine congeners have been isolated, most of which
share the common structural framework of manzamine A (1) or manzamine B (4)
with some modifications. Reviews of the structures, biological activities, proposed
biogenesis, and synthesis of manzamine alkaloids have been published already [30–
33]. We describe below the unique structures and biological activities of the
manzamines that have recently been reported.

2.1 Zamamidines A–D

Kobayashi and coworkers isolated two new manzamine-related alkaloids,
zamamidines A (7) and B (8) [34], from the marine sponge Amphimedon
sp. (SS-975) collected off Seragaki beach, Okinawa, Japan, and zamamidine C (9)
from another specimen of the sponge (Fig. 2) [35]. Zamamidines A–C were the first
examples of manzamines containing a second β-carboline moiety connected to N-2
of the typical manzamine framework through an ethylene unit. Their structures
revealed the presence of the 6/6/11/13 ring system characteristic of manzamine B
(4) for 7 and 8 and the 5/6/6/8/13 ring system of manzamine A (1) for 9. Meanwhile,
7 and 9 showed positive Cotton effects [Δε +16.4 (221 nm) for 7 and Δε +16.9

Manzamines: Marine Bioactive Heterocycles 7



(223 nm) for 9], which indicated a 1R configuration [36]. In contrast, 8 showed a
negative Cotton effect [Δε 217.7 (223 nm)], indicating a 1S configuration.
Zamamidines A–C showed cytotoxicity against P388 murine leukemia cells (IC50

13.8, 14.8, and 14.1 μg/mL, respectively) and exhibited inhibitory activities against
Trypanosoma brucei brucei, the parasite associated with sleeping sickness (IC50

1.04, 1.05, and 0.27 μg/mL, respectively), and Plasmodium falciparum (IC50 7.16,
12.20, and 0.58 μg/mL, respectively) in vitro.

Successively, they isolated zamamidine D (10) from the sponge Amphimedon
sp. (SS-1231) collected at Zamami, Okinawa [18]. It was the first manzamine
alkaloid possessing a 2,20-methylenebistryptamine unit as the aromatic moiety
instead of a β-carboline unit. Compound 10 may be derived from
3,4-dihydromanzamine A by oxidative cleavage of the C-1–N-2 bond, followed by
attachment of tryptamine (Scheme 2). Compound 10 exhibited antimicrobial activity
against gram-positive bacteria, Staphylococcus aureus, Bacillus subtilis, andMicro-
coccus luteus (MIC 8 μg/mL); a gram-negative bacterium, Escherichia coli (MIC
32 μg/mL); and fungi, Aspergillus niger, Trichophyton mentagrophytes, Candida
albicans, and Cryptococcus neoformans (IC50 16, 8, 16, and 2 μg/mL, respectively).
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Fig. 2 Structures of zamamidines A–D (7–10)
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2.2 Acanthomanzamines A–E

In 2014, our group isolated acanthomanzamines A–E (11–15) from the marine
sponge Acanthostrongylophora ingens (RMNH POR 6184) collected at Mantehage,
North Sulawesi, Indonesia (Fig. 3a). Acanthomanzamines A (11) and B (12) were
the first examples of manzamine alkaloids containing a tetrahydroisoquinoline
moiety instead of a β-carboline ring [14]. An analysis of NMR spectra indicated
that 11 and 12 possessed the same pentacyclic ring system as manzamine A (1), with
a 1,2,3,4-tetrahydroisoquinole-6,7-diol ring attaching at C-10. The structure of 12
was indicated to be the same as 11, except for the configuration of C-1. The 13C
chemical shifts of C-1 of 11 and 12 showed 6.5 ppm differences, suggesting that they
are epimers at C-1. Although their C-1 configurations could not be determined by
NOE experiments, the calculated ECD spectra indicated 1S- and 1R-configurations
for 11 and 12, respectively [14].

Acanthomanzamine C (13) possesses a unique 6/6/13/5/5/5 ring system, in which
the classical eight-membered ring of manzamines is converted to bicyclic ring
system composed of two five-membered rings fused at C-30–C-34. The configura-
tions at C-30 and C-34 were analyzed by NOE correlations. Among the four possible
configurations 13a–13d (Fig. 3b), a NOE correlation between H-28 and H-33
excluded the possibility of the trans-fused rings, 13c and 13d, while NOE
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Scheme 2 A possible biogenetic pathway of zamamidine D (10) from 3,4-dihydromanzamine A
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correlations from H-28 to H-14 and H-20 indicated that structure 13a is more
favorable than 13b. In the proposed formation of 13, the carbons at C-34 and C-31
of manzamine A (1) may be oxidized, followed by conversion to an iminium cation.
Then, keto�enol tautomerization would generate a new link between C-30 and C-34
to afford 13 (Scheme 3) [14].

Acanthomanzamines D (14) and E (15) were the first examples of manzamines
with oxazolidine and 2-methyloxazolidine rings, respectively, fused to manzamine
skeleton. Ma’eganedin A, which was isolated from an Amphimedon sponge by
Kobayashi’s group, was the first example with a methylene group between N-2
and N-27 in manzamine B (4) [37]. In the cases of 14 and 15, methylene and
ethylidene groups, respectively, were inserted between N-27 and the oxygen at
C-12. The relative configuration of the secondary methyl group at C-37 of 15 was
determined to be β-oriented based on a H-24/H-37 NOE correlation.

The sponges containing manzamine alkaloids typically afforded high yields of
manzamine A (1), but this sponge afforded 11 as a main metabolite (40 mg) along
with 12–15 (2.0, 1.8, 2.9, and 3.7 mg, respectively) and 1 (3.5 mg). This is a rare case
of 1 afforded as a minor compound.

Compounds 11 and 12 may be formed by a similar biosynthetic pathway to 1,
with dopamine instead of tryptamine at the step of a Pictet�Spengler reaction
(Scheme 1).
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Compounds 11 and 12 showed cytotoxic activities against HeLa cells with IC50

values of 4.2 and 5.7 μM, respectively, whereas 14 and 1 were less cytotoxic (IC50

15 and 13 μM, respectively), and the value of 15 was more than 20 μM (Table 1).
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Scheme 3 A possible biogenetic pathway from manzamine A (1) to acanthomanzamine C (13)

Table 1 Inhibition of the proteasome and cytotoxicitya

Compounds

Inhibition of the proteasomeb Cytotoxicityc

IC50 (μM) IC50 (μM)

Manzamine A (1) 2.0 13

Acanthomanzamine A (11) 4.1 4.2

Acanthomanzamine B (12) 7.8 5.7

Acanthomanzamine D (14) 0.63 15

Acanthomanzamine E (15) 1.5 >20

Acantholactam (18) 33 >50

Pre-neo-kauluamine (19) 0.34 16

neo-Kauluamine (20) 0.13 5.4
aAcanthomanzamine C (13) has not been subjected to biological tests due to the limited amount
available
bTested against the chymotrypsin-like activity of the proteasome
cTested against HeLa cells
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These results clearly indicated that the presence of the 1,2,3,4-
tetrahydroisoquinoline-6,7-diol moiety accelerated cytotoxicity. In addition, we
found that acanthomanzamines inhibited the activity of the proteasome and the
accumulation of the cholesterol ester (CE) in the macrophages. The detailed results
are described in Sect. 3 of this chapter.

2.3 Kepulauamine A

In 2017, Shin’s group isolated kepulauamine A (16) from a marine sponge of the
genus Acanthostrongylophora (12KL-15) collected in Kepulauan Seribu Marine
National Park, north of Jakarta, Indonesia (Fig. 4) [38]. Compound 16 was another
example of a manzamine alkaloid whose eight-membered ring is converted to two
fused five-membered rings. Unlike acanthomanzamine C (13), the two rings of 16
are fused at N-27–C-31. Compound 16 was cytotoxic toward human lung cancer
(A594) and human leukemia (K562) cells with IC50 values of 4.6 and 7.6 μM,
respectively. Compound 16 inhibited the growth of Staphylococcus aureus, Bacillus
subtilis, Kocuria rhizophila, Salmonella enterica, Proteus hauseri, and Escherichia
coli, with MIC values of 8, 32, 16, 16, 8, and 64 ng/mL, respectively [38].

2.4 Acantholactone and Acantholactam

In 2012, Hamann’s group reported the isolation of acantholactone (17), having
unprecedented δ-lactone and ε-lactam rings, from a marine sponge of the genus
Acanthostrongylophora collected in Indonesia (Fig. 5) [39]. Subsequently, in 2014,
our group isolated acantholactam (18) from the sponge Acanthostrongylophora
ingens (RMNH POR 8527) collected at Ti Toi, North Sulawesi, Indonesia (Fig. 5)
[13]. Compound 18 was the first manzamine alkaloid containing a γ-lactam ring,
whose nitrogen atom was substituted by a (Z )-2-hexenoic acid moiety.
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Cl
31

27

Fig. 4 Structure of
kepulauamine A (16)
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Biogenetically, acantholactam (18) would be derived from manzamine A (1) by
oxidative cleavage of the C-33–C-34 bond of the eight-membered ring (Scheme 4).
From the structural point of view, 17 could be biosynthesized from 18, although
these two alkaloids have not been isolated from the same sponge. Hydrolysis of the
amide linkage of the γ-lactam ring in 18 may generate a carboxy group (C-34),
which would form an ester linkage with 12-OH to yield a δ-lactone ring. Alterna-
tively, amidation between N-27 and the C-33 carboxy group would afford an N-
substituted ε-lactam ring to yield 17.

2.5 Pre-neo-kauluamine

In 2014, our group isolated pre-neo-kauluamine (19) from the marine sponge
Acanthostrongylophora ingens collected at Bajotalawaan (RMNH POR 3991),
North Sulawesi, Indonesia (Fig. 6) [13]. Based on the 13C chemical shifts, three
carbons at C-30, C-31, and C-34 in the eight-membered ring were oxygenated, and
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the HMBC correlation between H-30 and C-34 showed the presence of the ether
linkage C-30�O�C-34.

Incidentally, after storage at �20�C for 2 months, pre-neo-kauluamine (19) was
converted to the dimer neo-kauluamine (20) [23], which was isolated together with
the monomer (19) from the same sponge. During storage, nucleophilic attacks
occurred in two molecules of 19 that were equilibrated into a ring-opened diol
form with a strained iminium carbon, to afford 20 (Scheme 5). Although the relative
configurations of C-300, C-310, and C-340 of 20 have yet to be determined by
Hamann’s group, our result that 19 dimerized to produce 20 clearly indicated the
relative configuration of 20. Moreover, the absolute configuration of 19 was
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indicated to be the same as that of manzamine A (1) on the basis of their ECD
spectra, and therefore, the absolute configuration of 20 was also revealed to be the
same.

3 Recently Reported Biological Activities

In previous reports, manzamine alkaloids have mainly been evaluated for biological
activities related to cancer and infectious diseases including malaria, tuberculosis,
and AIDS, with highly promising results [25, 30–33, 40]. During our search for
pharmaceutical candidates among the marine invertebrates, we found several exam-
ples of proteasome inhibitory and anti-atherosclerotic activities. Bioassay-guided
purification of sponges afforded new manzamine alkaloids, as described in Sects.
2.2, 2.4, and 2.5 of this chapter.

3.1 Inhibition of the Proteasome

The ubiquitin–proteasome system is an intracellular proteolytic mechanism respon-
sible for selective protein degradation, which has essential roles in cell signaling,
cell-cycle control, and transcription to development [41–45]. The proteasome is an
intracellular high-molecular-weight protease subunit complex consisting of two
subcomplexes, the 20S core particle (the 20S proteasome) and the 19S regulatory
particle. Ubiquitin, composed of 76 amino acids, attaches to a target protein prior to
degradation (Fig. 7). Ubiquitination requires the sequential actions of three enzymes:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin-protein ligase (E3), and results in the formation of the polyubiquitin
chain [42]. The formed polyubiquitin chain, attached to the target protein, is
recognized by the proteasome, and the protein portion is degraded. Prior to the
degradation, deubiquitinating enzymes (DUB) cleave the isopeptide bond at the
C-terminus of ubiquitin and deconjugate the ubiquitin chain in target proteins [46–
48]. Proteins enter the cavity of the barrel-shaped 20S proteasome to be degraded by

Fig. 7 The ubiquitin–proteasome system
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the proteolytic active sites aligned in the cavity [49]. The 20S proteasome is
classified as a threonine protease containing two pairs of three different sites that
catalyze chymotrypsin-like (CT-L), trypsin-like (T-L), and caspase-like (C-L) activ-
ities. Since the level of the proteasome is increased in tumor cells, specific com-
pounds inhibiting the proteasome-mediated proteolytic activity are suitable for use in
cancer treatment.

In 2003, the proteasome inhibitor, Velcade® (bortezomib) [50], was approved as
a powerful agent for the treatment of multiple myeloma by the FDA. Velcade shows
antitumor activity against various tumor cells that are resistant to conventional
chemotherapeutic agents [51]. After the approval of Velcade, Kyprolis®

(carfilzomib) [52] and Ninlaro® (ixazomib) [53], which overcome the defects of
Velcade, were approved in 2012 and 2015, respectively, and components of the
ubiquitin–proteasome system also became attractive targets for cancer therapy [54–
56].

In our experiments, the extracts of three sponge specimens of
Acanthostrongylophora ingens collected in North Sulawesi, Indonesia, inhibited
the proteasome. Bioassay-guided isolation afforded new manzamine derivatives,
acanthomanzamines A�E (11–15), acantholactam (18), and pre-neo-kauluamine
(19), together with known compounds, manzamine A (1) and neo-kauluamine
(20). Among these, 19 and 20 significantly inhibited the proteasome with IC50

values of 0.13 and 0.34 μM, respectively (see Table 1 in Sect. 2.2) [13], while
1 was less active (IC50 2.0 μM), and 18 was very weak (IC50 33 μM). These data
clearly indicated that the presence of the ether linkages in 19 and 20 intensely
enhanced the activity (Fig. 8). Because 18, the ring-opening metabolite, lacks

Fig. 8 Structures and proteasome inhibitory activities (IC50) of manzamine derivatives. More
potent and less potent compounds compared to 1 were shown in red and blue, respectively
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proteasome inhibitory activity and cytotoxicity, the presence of the eight-membered
ring in the manzamines is essential for the biological activities. Compounds 11, 12,
14, and 15 inhibited the proteasome with IC50 values of 4.1, 7.8, 0.63, and 1.5 μM,
respectively [14], indicating that the compounds containing β-carboline have more
potent proteasome inhibitory activity than those containing 1,2,3,4-
tetrahydroisoquinoline-6,7-diol moieties.

3.2 Anti-atherosclerotic Activity

The formation of foam cells in macrophages is an essential event in the progression
of early phase atherosclerosis, and therefore its prevention is an effective interven-
tion for atherosclerosis treatment. The accumulation of foam cells derived from
macrophages in the subendothelial spaces is linked with early atherosclerotic lesions
[57]. Foam cells produce various endogenous signaling molecules, such as cyto-
kines, growth factors, and proteases, which play important roles in the progression of
atherosclerotic lesions [57]. Chemically modified low-density lipoproteins (LDL),
including oxidized LDL, acetylated LDL (Ac-LDL), and glycated LDL, are incor-
porated into macrophages through scavenger receptors (Fig. 9) [58]. In macro-
phages, the modified LDL releases cholesterol in a free form, and free cholesterol
is toxic to cells. Cholesterol is then esterified to cholesterol esters (CE) by acyl-
coenzyme A:cholesterol acyl-transferase (ACAT), located in the rough endoplasmic
reticulum, and results in the formation of foam cells from macrophages [59].

In the screening, human monocyte-derived macrophages (HMDMs) were incu-
bated with Ac-LDL in the presence of sample and BSA-conjugated [3H]oleic acid at
37�C for 24 h (Fig. 10). Cellular lipids were extracted and the radioactivity of
cholesteryl-[3H]oleate was measured.

Fig. 9 Formation of foam cell from human monocyte-derived macrophage (HMDM)
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The extract of the sponge Acanthostrongylophora ingens (RMNH POR 3992)
collected in Bajotalawaan, North Sulawesi, Indonesia, inhibited the accumulation of
CE in macrophages. Bioassay-guided isolation afforded five known compounds:
manzamine A (1), 6-hydroxymanzamine A (21), 8-hydroxymanzamine A (22),
12,34-oxamanzamine E (23), and manzamine M (24) (Fig. 11) [12]. Among these,
1 showed the most potent inhibition of CE accumulation in HMDMs induced by
Ac-LDL by 80% inhibition at 20 μM (Table 2), and its IC50 value was 4.1 μM.
Among the other manzamines, 21 (38%) and 22 (35%) were more effective than 23

Fig. 10 Measurement of cholesterol ester (CE) formation
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(4%) and 24 (12%). These data indicated that any structural modification of 1 would
reduce the inhibitory activity (Fig. 12) and that modification at the pentacyclic
portion would deteriorate the activity. Compound 1 is composed of β-carboline
(25) and ircinal A (2); these compounds showed reduced inhibition, but addition
of both compounds at a ratio of 1:1 did not recover the activity, clearly suggesting
that the gross structure of 1 is necessary for the inhibitory effect on CE accumulation.

Manzamine A (1) showed the most significant inhibition of CE accumulation and
was isolated in large amounts [323 mg from 300 g (wet weight) of sponge]. Detailed
investigations were therefore carried out with 1. The mechanism of action was found
to be through the inhibition of ACAT activity, rather than any effect on the
expression of the scavenger receptors or ACAT proteins [12]. Moreover, oral

Table 2 Inhibition of accumulation of the cholesterol estera,b

Compounds Inhibition (%) Compounds Inhibition (%)

Manzamine A (1) 80 Acanthomanzamine A (11) 48

6-Hydroxymanzamine A (21) 38 Acanthomanzamine B (12) 73

8-Hydroxymanzamine A (22) 35 Acanthomanzamine D (14) 73

12,34-Oxamanzamine E (23) 4 Acanthomanzamine E (15) 61

Manzamine M (24) 12 Acantholactam (18) 0

Ircinal A (2) 16 Pre-neo-kauluamine (19) 91

β-Carboline (25) 24 neo-Kauluamine (20) 92
aAcanthomanzamine C (13) has not been subjected to biological testing due to the limited amount
available
bTested at a concentration of 20 μM

Fig. 12 Structures and inhibitory activities of the cholesterol ester accumulation of manzamine
derivatives and 25 (20 μM). Much less potent compounds compared to 1 were shown
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administration of 1 at a dose of 30 mg/kg/day in apoE-deficient mice, which are
known to spontaneously undergo atherogenesis, significantly decreased total cho-
lesterol, free cholesterol, LDL cholesterol, and triglycerides in plasma by approxi-
mately 40, 20, 40, and 50%, respectively. Meanwhile, 1 reduced the size of
atherosclerotic lesions in apoE-knockout mice by 45%, whereas cross sections of
the aortic sinus in the negative control mice exhibited a marked thickening of the
intima filled with foam cells [12]. These results showed that 1 exhibited in vivo anti-
atherosclerotic activity.

The extracts of other sponge specimens of A. ingens (RMNH POR 3991 and
RMNH POR 8527) also inhibited accumulation of the cholesterol ester (CE) in
macrophages. Pre-neo-kauluamine (19), neo-kauluamine (20), and
acanthomanzamines A (11), B (12), D (14), and E (15), isolated from these sponges,
exhibited similar inhibition levels to manzamine A (1) (Table 2). In contrast,
acantholactam (18) markedly reduced the activity (Fig. 12). As described in
Sect. 3.1, 18 showed neither proteasome inhibitory activity nor cytotoxicity.
Taken together, these findings suggest that the intact eight-membered ring in the
manzamines plays a critical role in their various biological activities.

4 Conclusions

The manzamines are a unique group of marine sponge alkaloids that possess unusual
polycyclic skeletons. Their biological activities make them promising drug leads for
cancer and infectious diseases. Therefore, the manzamines have been of interest to
researchers in the fields of natural product chemistry, synthetic chemistry, chemical
biology, medicinal chemistry, drug development, and biosynthesis.

Marine invertebrates afford the structurally and biologically interesting metabo-
lites, but in many cases their real producers are presumed to be symbiotic or
coexistent microorganisms. Accordingly, there is a serious supply problem of
metabolites for the drug development. The recent discovery [29] of a sponge-
associated bacterium that produces manzamine A (1) should lead to a sustainable
supply and a new era in manzamine alkaloid research and exploitation.
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Abstract Manzamine alkaloids are a diverse and highly complex family of marine
natural products. The unique macrocyclic structural features of these alkaloids
inspired the development of many fascinating synthetic routes. However, the
existing strategies typically target only individual alkaloids. Herein we present a
detailed insight into a unified approach for the total synthesis of four complex
manzamine alkaloids – namely nakadomarin A, manzamine A, ircinal A, and ircinol
A – and towards keramaphidin B. The successful synthetic campaign over the past
decade is based on stereoselective Michael nitro olefin addition, nitro-Mannich/
lactamization cascade, iminium ion/cyclization, stereoselective ring-closing
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metathesis, and cross-coupling reactions. The development of new catalytic systems
for the Michael addition and ring-closing metathesis and unique, powerful route-
shortening methodologies has been fundamental for the efficiency of the completed
total syntheses.

Graphical Abstract

Keywords BIMP · Cascade · Iminium ion · Manzamine alkaloid · Metathesis ·
Michael addition · Nakadomarin A · Nitro-Mannich reaction · Organocatalysis ·
Stereoselective synthesis · Total synthesis

Abbreviations

AIBN Azobisisobutyronitrile
BIMP Bifunctional iminophosphorane
CSA Camphorsulfonic acid
DABCO 1,4-Diazabicyclo[2.2.2]octane

24 D. J. Dixon and P. Jakubec



DIBAL Diisobutylaluminum hydride
DMAP Dimethylaminopyridine
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
Dr Diastereomeric ratio
Er Enantiomeric ratio
HWE Horner-Wadsworth-Emmons
IBX 2-Iodoxybenzoic acid
KHMDS Potassium bis(trimethylsilyl)amide
LHMDS Lithium bis(trimethylsilyl)amide
MS Mass spectrometry
pTSA p-Toluenesulfonic acid
RCM Ring-closing metathesis
THF Tetrahydrofuran
TLC Thin-layer chromatography

1 Introduction

Manzamine alkaloids are a class of marine alkaloids characterized by the presence of
a macrocyclic ring, one or two nitrogen atoms, and for some members, by the
presence of β-carboline moiety [1]. Manzamines may biogenically derive from
ammonia, a C-10 unit (a symmetrical dialdehyde), tryptophan, and a C-3 unit
(an acrolein equivalent), as it was proposed by Baldwin and Whitehead [2]. The
novel family of marine alkaloids has been rapidly growing, already in 2008, Haman
reported the existence of more than 80 manzamine alkaloids isolated from 16 differ-
ent marine sponge species with genus Amphimedon, Acanthostrongylophora,
Haliclona, Xestospongia, and Ircinia being the major source [3]. The family is
characterized by a wide structural diversity, ranging from simple members such as
keramaphidin C (9) [4] and manzamine C (8) [5, 6] to extremely complex alkaloids
represented by dimeric neokauluamine (6) [7]. From a structural point of view, a
typical manzamine alkaloid contains a complex array of rings of varying sizes,
multiple stereogenic centers, and unusual structural motifs. Such characteristic
features can be seen, for example, in madangamine D (7) [8], manzamine A (1)
[9], nakadomarin A (2) [10], ircinal A (3) [11], ircinol A (4) [12], and keramaphidin
B (5) [13]. Alongside their unique structural variety and complexity, manzamines
have been fascinating the scientific community with their biological properties. The
bioactivities include cytotoxicity, antimicrobial, pesticidal, and anti-inflammatory
properties, and, perhaps most importantly, anti-malarial activities.

This review relays our journey on the development of a unified synthetic route to
five members of the family – manzamine A (1), nakadomarin A (2), ircinal A (3),
ircinol A (4), and keramaphidin B (5). Arguably, these molecules may be called –

due to their breathtaking structural beauty, important biological properties, and the
intense interest of the synthetic community – the most prominent manzamine
alkaloids (Fig. 1).
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1.1 Isolation and Biological Properties of the Most Prominent
Manzamine Alkaloids

Manzamine A (1), the prototype of the manzamine family, was first isolated by Higa
in 1986 from a sponge in the Okinawa Sea [9]. Dissimilar to many other related
alkaloids, a significant amount of manzamine A (1) was isolated from the natural
source. From 735 g of a wet sponge, Higa separated 100 mg of the natural product as
its hydrochloride salt. Moreover, in 2008 Hamann reported the development of “a
method for kilogram-scale preparation of manzamines” yielding manzamine A (1)
and other three members of the family [3]. The purification methods involved a
large-scale extraction, chromatography, and crystallization. Manzamine A (1) has a
pentacyclic (ABCDE) core comprising 6-, 6-, 5-, 13-, and 8-membered rings, two Z-
configured double bonds, two tertiary amines, and five stereogenic centers. It
displays a variety of important biological properties, including insecticidal, anti-
bacterial, anti-inflammatory, and anti-cancer activities [9]. But perhaps the most
noteworthy are its anti-malarial activities [9]. Manzamine A (1) remains a very
promising lead for the treatment of malaria as it shows an improved activity over
the clinically used drugs chloroquine and artemisinin both in vitro and in vivo
[3, 14]. Its high importance as a potential lead for the development of novel drugs
remains very clear due to regular discoveries of new promising biological properties
[15–17].

Fig. 1 Selected manzamine alkaloids
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Nakadomarin A (2), unlike manzamine A (1), was isolated from a natural source
only in a tiny amount. From 1 kg of a wet sponge, only 6 mg of the natural product
was isolated by a combination of extraction and chromatographical methods
[10]. Even the minute isolated quantity allowed the determination of its beautiful
polycyclic structure comprising of an 8/5/5/5/15/6 ring system and four stereogenic
centers, including one quaternary. Nakadomarin A (2) shows cytotoxicity against
murine lymphoma L1210 cells, inhibitory activity against cyclin-dependent kinase
4, antimicrobial activity against a fungus Trichophyton mentagrophytes, and a
Gram-positive bacterium Corynebacterium xerosis [10].

Both ircinal A (3) and ircinol A (4) were isolated for the first time by Kobayashi
from marine sponges. Ircinal A (3) was isolated in 1992 from Okinawan marine
sponge lrcinia sp. [11] followed by the isolation of ircinol A (4) in 1994 from the
Okinawan marine sponge Amphimedon sp. [12] Interestingly, Kobayashi originally
assigned the absolute configuration of ircinol A (4) to be opposite to ircinal A (3) and
manzamine A (1) [12]. Only a personal communication with Winkler together with
Winkler’s independent total synthesis allowed determination of the absolute stereo-
chemical configuration [18]. Ircinal A (3) is cytotoxic against L1210 murine leuke-
mia cells and KB human epidermoid carcinoma cells in vitro [11]. Similar
bioactivities were identified for ircinol A (4), it is cytotoxic against L1210 cells
and KB cells and shows inhibitory activity against endothelin converting
enzyme [12].
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Kobayashi’s fruitful isolation of novel natural products from marine sponges
reached another landmark in 1994 when he isolated a complex, new alkaloid from
the sponge Amphimedon sp. collected off the Kerama Islands, Okinawa. According
to the origin of the alkaloid, it was named keramaphidin B (5) [13] and was found to
show cytotoxicity against P388 murine leukemia and KB human epidermoid carci-
noma cells [13].

2 Synthetic Approaches to Manzamine Alkaloids

Although manzamine alkaloids are a relatively young family of natural products,
they are already well known for their intriguing biological properties, wide molec-
ular diversity, and a unique structural complexity containing unusual motifs. These
key factors significantly contributed to the enormous interest of the scientific com-
munity, particularly of organic chemists and biochemists. As a result, since the
discovery of manzamine A (1) in 1986, a surge of inventions resulted in many
core syntheses. Multiple reports were dedicated to various approaches to manzamine
A (1), nakadomarin A (2) ircinal A (3), ircinal A (4), and keramaphidin B (5) (Fig. 2)
[110, 111, 113].

Eventually, all the most prominent manzamine alkaloids succumbed to total
synthesis by various research groups. Accompanied by several groundbreaking
discoveries in organic synthesis, manzamine A (1) was prepared synthetically for
the first time by Winkler in 1998 [18]. Possessing the same pentacyclic core as
manzamine A, (1) ircinal A (3) and ircinol A (4) were completed by Winkler at the
same time [18]. In the following years, Martin accomplished a total synthesis of
manzamine A (1), ircinal A (3), and ircinol A (4) [70, 71] and Fukuyama finished the
preparation of unnatural enantiomer of manzamine A (1) [72]. In 2016 Nishida
synthesized both ircinal A (3) and ircinol (4) and formally prepared manzamine A
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(1) [69]. Synthetic and theoretical studies on keramaphidin B (5) ultimately culmi-
nated in its biomimetic total synthesis achieved by Baldwin in 1998
[108, 109]. Although nakadomarin A (2) is one of the youngest family members,
it became one of the most popular synthetic targets. To date it has already been
successfully synthesized eight times, namely by Nishida in 2003 (unnatural enan-
tiomer) [89] and 2004 (natural enantiomer) [90], Kerr in 2007 [92], Funk in 2010

Alkaloid Isolation and propertiesa Synthesisb

• Higa 1986
Haliclona sp.

• Insecticidal
• Anti‐bacterial
• Anti‐inflammatory
• Anti‐cancer activities[9]

Core: • Pandit [19–24] • Hart[25–28] • Nakagawa, Hino 1990[29–31]

• Nakagawa [32, 33] • Simpkins[34] • Martin[35, 36] • Winkler [37–38]

• Winkler, Houk[39] • Winkler, Hamann[40] • Overman[41]

• Leonard[42] • Yamamura [43‐47] • Langlois [48–50] • Brands[51]

• Coldham[52–55] • Clark [56, 57] • McIntosh[58] • Marazano[59, 60]

• Magnus [61] • Markó [62] • Nishida [63–65] • Fukuyama[66]

• Chau, Liu[67] • Dixon[68]

Formal: • Nishida[69]

Total: • Winkler[18] • Martin[70] • Martin[71] • Fukuyama[72] • Dixon[73]

• Kobayashi 1997
Amphimedon sp

• Cytotoxicity
• Inhibitory activity
against cyclin‐dependent
kinase 4
• Antimicrobial [10]

Core: • Fürstner [74, 75] • Nishida, Nakagawa[76, 77] • Magnus[61] • Tius [78]

• Nishida[79] • Williams[80] • Kerr[81] • Zhai [82, 83] • Winkler [84]

• Porter [85] • Takemoto [86]

Formal: • Mukai [87] Stockman, Magnus[88]

Total: • Nishida [89–91] • Kerr[92] • Dixon[93] • Funk[94] • Zhai[95]

• Dixon[96, 97] • Dixon, Schrock, Hoveyda [98, 99] • Evans[100]

• Boeckman[101] • Clark[102]

• Kobayashi 1992
lrcinia sp

• Cytotoxic[11]

Total: • Winkler [18] • Martin[70] • Dixon[73] • Nishida[69]

• Kobayashi 1994
Amphimedon sp

• Cytotoxic
• Inhibitory activity,
endothelin converting
enzyme[12]

Total: • Winkler[18] • Martin[70] • Dixon[73] • Nishida [69]

• Kobayashi 1994
Amphimedon sp

• Cytotoxic [13]

Core: • Baldwin[103, 104] • Marazano, Das 1995[105] • Dixon[106] • Nakada[107]

Total: • Baldwin[108, 109]

a Only the first reported isolation and selected properties referenced, synthesis of analogues excluded. For more details, see reviews by
Tsukamoto, Hamann and Kubota[3, 110‐112] 

b  Only the most relevant syntheses describing cores of a certain complexity are referenced

Fig. 2 Isolation, biological properties, and synthesis of the most prominent manzamine alkaloids
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[94], Zhai in 2011 [95], Evans in 2013 [100], and most recently in 2016 by
Boeckman [101] and Clark [102]. In 2010 two formal syntheses were reported by
Mukai [87] and Stockman and Magnus [88]. Despite their elegance and very high
efficiency all reported syntheses were designed to target individual alkaloids. Only
Winkler’s and Martin’s approaches allowed the synthesis of manzamine A (1),
ircinal A (3), and ircinol A (4) from the same intermediate. Interestingly, despite
the structural similarities and the same biological origin, no general synthetic
strategy for accessing all the most prominent manzamine alkaloids, e.g., manzamine
A (1), nakadomarin A (2), ircinal A (3), ircinal A (4) and keramaphidin B (5) has
been designed so far. This fact prompted us to analyze the structures further and
identify key similarities from a synthetic point of view and possibly retrosynthetic
disconnections (Fig. 3). The analysis revealed that three common key elements are
present in all alkaloids – Z-configured double bond containing 10-carbon chain
attached to a nitrogen atom (green fragment), mono- or bicyclic macrocyclic ring
containing Z-configured double bond and a nitrogen atom (blue fragment), and a
short carbon chain attached to a heteroatom (oxygen or nitrogen, red fragment).

Fig. 3 Key structural units of the most prominent manzamine alkaloids and their corresponding
building blocks
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Additionally, manzamine A (1), ircinal A (3), and ircinol A (4) contain an appendix
of variable complexity attached to the pentacyclic core (black fragment). The
structural resemblance between the alkaloids inspired a daring idea to construct all
five complex alkaloids by the same synthetic strategy. Based on this idea and with
suitable retrosynthetic analysis, we identified five essential chemical transformations
that would assist with the stereoselective assembly of the alkaloids from 5 key
fragments (Fig. 3). Thus, the general strategy applicable to the synthesis of the
most prominent manzamine alkaloids would include stereoselective Michael addi-
tion, nitro-Mannich/lactamization cascade, iminium formation/cyclization, ring-
closing metathesis, and a cross-coupling. Each of the essential transformations was
selected to fulfill a very specific task. During the stereoselective Michael addition
between a suitable 1,3-dicarbonyl nucleophile (fragment 2) and electrophilic nitro
olefin (fragment 1) two consecutive stereogenic centers would be formed in a
stereoselective manner. A nitro-Mannich/lactamization cascade was designed to
form the piperidine ring present in all alkaloids. An iminium ion intermediate,
formed from a corresponding amide, would allow a formation of the polycyclic
structures via an individually designed cyclization. Ring-closing metathesis was
selected to form the macrocyclic ring containing the Z-configured double bond.
Importantly, the fruitful research on the field of metathesis offers a flexibility to
construct the macrocyclic ring via either alkene or alkyne metathesis. Finally, a
suitable cross-coupling reaction employing fragment 5 should enable a late-stage
attachment of the “northern” appendix.

3 Nakadomarin A

3.1 Total Synthesis of Nakadomarin A: First-Generation,
Alkyne Metathesis [96]

With the ambitious unified approach to manzamine alkaloids in mind, we began
testing the hypothesis on nakadomarin A (2). In line with the general idea, we
identified three key building blocks to assemble the polycyclic natural product –
5,5-bicycle 12 as a pro-nucleophile for the Michael addition, nitro olefin bearing
tethered alkyne 11 as an electrophile, and amine 10 as the key component of the
nitro-Mannich/lactamization (Fig. 4). Both the nitro olefin and the amine contained
tethered alkynes, which would later form the macrocyclic ring via an alkyne ring-
closing metathesis. The overall efficiency heavily relied on easy access to all
building blocks via the short reaction sequences described in Schemes 1 and 2.

Amine 10 bearing the tethered internal alkyne was prepared from commercial
chloride 13 in just four synthetic operations (Scheme 1). Firstly, the terminal alkyne
was deprotonated with butyllithium and then methylated with methyl iodide yielding
chloride 14. Subsequently, the chloride underwent nucleophilic substitution with
sodium azide in dimethyl sulfoxide, and the intermediate azide 15 was reduced to
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Fig. 4 Identification of the key structural units for the synthesis of nakadomarin A (2)

Scheme 1 Rapid synthesis of fragments 2 and 3 and model nitro olefin 20

Scheme 2 Synthesis of fragment 1 – electrophilic nitroolefin 11 bearing tethered alkyne moiety
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amine 10 using the mild Staudinger protocol. Even shorter was the synthesis of the
bicyclic pro-nucleophile 12 (fragment 2), which consists of the protection of
enantiomerically pure pyroglutamol (16) with 2,2-dimethoxypropane and the con-
comitant alkoxycarbonylation of lactam 17 with dimethyl carbonate (Scheme 1).

The remaining fragment 1, furanyl nitro olefin 11, was constructed in four steps
from commercially available ketophosphonate 21 (Scheme 2). A one-pot protocol
initiated by double deprotonation of 21 followed by propargylation with bromide 23
and HWE reaction using diacetyl dihydroxyacetone (25) afforded enone 26. Acid
hydrolysis at elevated temperature then afforded alcohol 27, which was subjected to
Swern oxidation and 2-step Henry condensation to give the desired nitro olefin 11.
The whole sequence was performed multiple times on a multigram scale, and the
biggest batch yielded almost 7 g of the valuable intermediate 11.

Crucial to the success of our synthesis was the stereoselective Michael addition of
chiral bicycle 12 and easily accessible nitro olefin 11. Initially, we tested various
conditions for the stereoselective construction of the C–C bond linking the quater-
nary stereocenter to the tertiary stereocenter on a model substrate 20 (Fig. 5).
Preliminary results on model Michael acceptor 20, prepared from furan
carbaldehyde 18, showed good levels of diastereocontrol when using bicyclic
pro-nucleophile 12.

The exploitation of achiral base DABCO (30) in toluene led to the formation of
two of the possible four diastereoisomers 29 in 4.3:1 dr. Both diastereomers were
separated and analyzed by single-crystal X-ray analysis. The analysis confirmed that
the diastereomers were epimeric at the newly formed tertiary stereocenter and
allowed us to draw important conclusions about the achieved stereocontrol. The
stereoselectivity was controlled by the exclusive addition to the convex face of the
enolized bicyclic pro-nucleophile. However, the facial selectivity of the addition to
the nitro olefin was poor. To improve the poor diastereoselection, a range of chiral
enantiomerically pure organocatalysts was tested. Pleasingly using a catalytic
amount of cinchonine-derived urea 31a, the reaction diastereoselectivity was signif-
icantly improved to 15:1:0:0 dr. The purity of nitro ester 29a was further enhanced
after column chromatography, and after crystallization 29awas isolated in 80% yield
as a single diastereomer. A reasonable reaction rate was achieved – the complete
conversion was observed by TLC analysis already after 48 h. As expected, the use of
the pseudoenantiomeric catalyst 32 derived from cinchonidine resulted in a poor and
reversed diastereoselectivity (29a: 29b: 29c: 29d ¼ 4:12:1:1 dr) as well as reduced
reaction rate (5 days). The model substrate study might have been a very short detour
from the total synthesis but undoubtedly worthy of the efforts. The study provided
essential information about the stability of both substrates, their inherent reactivity,
catalytic activities of various catalytic systems, and shone light on the substrate and
catalyst stereocontrol. We applied all the findings in the succeeding reaction of
5,5-bicyclic pro-nucleophile 12 with nitro olefin bearing the tethered alkyne 11
(Scheme 3).

Pleasingly, at slightly elevated temperature, the reaction was completed in 52 h
producing nitro ester 33 in 81% yield as a single diastereomer (Scheme 3). In terms
of our unified strategy, the importance of the successful, high yielding, and
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Fig. 5 Michael addition of pro-nucleophile 12 and nitro olefin 20 – stereoselectivity model study

Scheme 3 Stereoselective Michael addition of fragment 1 and 2
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stereoselective Michael reaction was immense. It allowed not only the immediate
successful continuation of the nakadomarin A (2) first-generation synthesis but also
became the cornerstone for the stereoselective assembly of all manzamine alkaloids.
All our following total syntheses benefited, especially from the high stereoselectivity
achieved by the combination of the catalyst and substrate control. With
enantiomerically pure nitro ester 33 in hand, the piperidine containing ring A was
the next challenge in our synthetic endeavors. We proposed to form the A ring in a
three-component nitro-Mannich reaction between nitro ester 33, amine 10 (fragment
3), and formaldehyde (34) followed by an intramolecular lactamization (Scheme 4).

In 1975 and 1976, Mühlstädt [114] and Jain [115], respectively, and indepen-
dently reported a multicomponent synthesis of racemic nitro piperidinones 40 from
ammonium acetate (38), simple nitro esters such as ethyl 4-nitrobutanoate (39) and
carbonyl compounds (Scheme 5). Their seminal work, without a doubt, represented
a breakthrough in the multicomponent construction of racemic nitro piperidinones
and provided an attractive inspiration for our total synthesis. Surprisingly, despite its
obvious huge synthetic potential, after the discovery, the method was rarely used and
only then for specific syntheses [116].

Due to the higher complexity and high enantiomeric purity of nitro ester 33, we
decided to verify the seminal work and investigate the scope. To our delight, the
Mühlstädt-Jain reaction proved to be far more general as it was demonstrated in a
string of reports by us and others (Scheme 6, selected representative examples)
[116–119]. The methodology applies to a broad range of heavily functionalized
substrates 41 forming products 42 with different carbonyl moieties at C-3 and
aromatic and heteroaromatic substituents at C-4 (42a-c). A variety of carbonyl
components, including formaldehyde, glyoxylic acid, acetaldehyde, and
anisaldehyde, successfully underwent the transformation yielding nitro piperidinone
42d-h with the corresponding substituents at C-6. Further variability at position

Scheme 4 Proposed multicomponent reaction for the formation of ring A of nakadomarin A (2)

Scheme 5 Preliminary studies on the nitro-Mannich/lactamization cascade by Mühlstädt and Jain
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1 was secured by employing different amines such as allylamine, butylamine,
benzylamine, or even moderately functionalized amines providing easy access to
N-substituted lactams. Moreover, pre-formed cyclic imines were tolerated in the
cascade reaction opening rapid access to diastereomerically pure polycyclic scaf-
folds such as 42 k-r. Even stereoselective synthesis of substituted pyrrolidin-2-ones
was achieved with functionalized 3-nitropropanoates as the starting materials (not
shown) [119]. Overall, the original Mühlstädt-Jain reaction was significantly
expanded in terms of its scope and transformed to a highly reliable tool for the
formation of heavily substituted nitro piperidinones. Importantly, the high enantio-
meric purity of nitro ester 41a was not compromised during the reaction with

Scheme 6 The expanded scope of nitro-Mannich/lactamization cascade

Scheme 7 One-pot Michael addition-nitro-Mannich/lactamization sequence
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formaldehyde and allylamine (Scheme 7). The conservation of the stereochemical
integrity (92% ee) during the one-pot procedure confirmed the suitability of the
method for further elaboration of nakadomarin A (2).

Having optimized the nitro-Mannich/lactamization cascade, we confidently
returned to the synthesis of ring A of nakadomarin A (2). Enantiomerically and
diastereomerically pure nitro ester 33 was mixed with amine 10 and aqueous
formaldehyde (34) and boiled in methanol for 8 h (Scheme 8). As a result of the
cascade taking place, nitro piperidinone 36 was formed and isolated in acceptable
yield as a single diastereomer. With the nitro group fulfilling its purpose in both the
Michael addition and the nitro-Mannich reaction, it was removed with tributyltin
hydride under standard radical conditions described by Ono [120]. To close ring B
and construct the tetracyclic core 49 via an N-acyliminium ion cyclization, synthesis
of suitable precursor 47 was required (Scheme 8).

This was achieved via a protecting group manipulation in 45 and its transforma-
tion to bis-Boc protected derivative 47, which was perfectly poised for a selective
hydride delivery achieved with Superhydride at low temperature. Next, intermediate
48 was subjected to neat formic acid for 15 h, followed by an alkaline hydrolytic
workup affording the tetracyclic core of nakadomarin A 49. The 11-step route to
tetracyclic core 49 offered numerous possible endgame routes to complete the total
synthesis. In fact our successful strategy involved a sequential building of macro-
cyclic rings E and F via alkene and alkyne metathesis, respectively. Suitable
precursor for the metathesis endgame 52 was prepared from the tetracyclic core 49
in just three simple steps – hexenoylation, oxidation, and the Wittig reaction
(Scheme 9). Alkyne RCM of 52 catalyzed by Schrock’s catalyst was compatible

Scheme 8 Synthesis of the advanced tetracyclic core of nakadomarin A 49
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with the present alkene functionality and yielded internal alkyne 53, which was
readily reduced to macrocyclic Z-alkene 54. After the amide to amine reduction in
54, the remaining 8-membered ring D was closed by an alkene RCM enabled by
Grubbs 1st generation catalyst. The structure of nakadomarin A (2) was confirmed
by comparison of the collected analytical data with those of the literature. In
summary, a 19-step route (longest linear sequence) to nakadomarin A (2) pivoting
on the stereoselective construction of two consecutive stereocenters in a nitro olefin
Michael addition has been developed. Several remarkable transformations were
employed, including a highly diastereoselective furan/N-acyliminium cyclization
and sequential alkyne and alkene ring-closing metathesis. Moreover, the proposed
unified approach to manzamine alkaloids was successfully demonstrated for the first
time. However, we believed the length of the first-generation synthesis of
nakadomarin A (2) could be significantly shortened by employing a more conver-
gent approach. Therefore, a second-generation route was sought.

3.2 Total Synthesis of Nakadomarin A: Second Generation,
Alkyne Metathesis [97]

We scrutinized the first-generation route and identified the late-stage assembly of the
8-membered ring as significantly contributing to the high step count of the synthesis.
Consequently, the 5,5 bicyclic pro-nucleophile 12 was replaced by 8,5 bicyclic
pro-nucleophile 55 to slash the step count. While using the same key transforma-
tions, the utilization of the 8,5 bicyclic nucleophile instead of the 5,5 bicycle offered
a much more convergent approach over the first-generation route (Fig. 6).
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Additionally, the use of 8,5 pro-nucleophile 55 would remove several protective
group manipulation steps and improve the overall atom economy of the process.
Like the first-generation route, the synthesis again relied upon a rapid convergent
assembly of 3 building blocks – the same nitro olefin 11 and amine 10 and modified
fragment 2, 8,5-bicyclic pro-nucleophile 55 (Fig. 6). The most complex fragment
2 was prepared in six linear steps from the commercially available tosylate ester of
pyroglutamol (56) (Scheme 10). In situ generated sodium thiolate 57 reacted with
tosylate 56 and afforded sulfide 58. N-Alkylation with bromide 59 followed by
sulfide-sulfone oxidation and acetal deprotection generated aldehyde 62, the precur-
sor to the intramolecular Julia-Kocienski olefination. At moderate dilution on a
multigram scale, this was efficiently carried out without racemization using cesium
carbonate as the base in a THF-DMF-water mixture.

Fig. 6 Key structural units for the second-generation synthesis of nakadomarin A (2)

Scheme 10 Stereoselective synthesis of fragment 2, 8,5 bicyclic pro-nucleophile 55

Total Synthesis of Manzamine Alkaloids 39



The addition of water was crucial for the high yield, diastereoselectivity, repro-
ducibility, and even the enantiomeric purity of the 8,5-bicyclic product 63. To the
best of our knowledge, this is the first example of a highly diastereoselective
formation of a Z-alkene in an eight-membered ring via an intramolecular Julia-
Kocienski reaction and the first example of such a process in complex natural
product synthesis. C-Alkoxycarbonylation with dimethyl carbonate (64) completed
this practical multigram synthesis of pro-nucleophile 55. The largest produced batch
of key fragment 2 contained almost 10 g of the pro-nucleophile. Due to the apparent
shortness and robustness of the building blocks synthesis, we rapidly proceeded to
their stereoselective union via a conjugate addition and nitro-Mannich lactamization.
Although several catalytic systems and stoichiometric reagents were tested, the
bifunctional catalyst 31a again turned out to be the champion for the
diastereoselective Michael addition. Pleasingly, the use of bifunctional cinchona
catalyst 31a facilitated the reaction and formation of two consecutive stereogenic
centers in the nitro ester 65. The desired diastereomer was isolated after a 9-day long
reaction in good yield as a 90:10 mixture of diastereomers (Scheme 11).

With the suitably functionalized nitro ester 65 in hand, the synthesis of the A ring
of nakadomarin A (2) was probed via the nitro-Mannich/lactamization cascade
(Scheme 12). Even when such a highly complex substrate as 65 was subjected to
the established reaction conditions, the multicomponent nitro-Mannich
lactamization cascade yielded the desired product 66 proving its high robustness
and reliability. Spirocyclic nitro piperidinone 66 was formed after nitro ester 65 was
briefly refluxed with formaldehyde (34) and amine 10 in methanol. Ono’s reductive
removal of the nitro group on 66 occurred smoothly using tributyltin hydride and
AIBN as a radical initiator. To our delight, the denitrated piperidinone 67 was
isolated as a single diastereomer. Further elaboration of 67 into the pentacyclic
core of nakadomarin A 71 required a successful complete reduction of the
δ-lactam to piperidine 68 and a partial reduction of the γ-lactam to hemiaminal 69.
Anticipating a similar low reactivity of both lactams and low stability of hemiaminal
69, differentiation between both lactams represented one of the major synthetic
challenges of the total synthesis. Fortunately, a significant reactivity difference
between the lactams was observed. Remarkably, δ-lactam in 67 was fully reduced
when exposed to lithium aluminum hydride followed by a formic acid treatment.
The next treatment of the intact γ-lactam in 68 with DIBAL in toluene at �20�C
afforded metallated hemiaminal 69, which upon treatment with dilute aqueous

Scheme 11 Key stereoselective Michael addition
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hydrochloric acid provided MS-detectable iminium ion 70 – the perfect substrate for
an intramolecular furan-iminium cyclization. As a result of the anticipated, but
unprecedented 5-exo-trig furan-iminium cyclization, the key pentacycle 71 was
formed in a moderate yield. With the total synthesis almost completed, several
commercially available alkyne ring-closing metathesis catalysts were screened on
the pentacyclic compound with possessing alkynes. In particular, Mortreux’s bench
stable catalytic system [121] improved by Grela [122], Furstner’s [123], and
Schrock’s catalyst [124] was amongst the compounds we tested. Disappointingly,
none of the used catalysts yielded desired hexacyclic target product 72, and only
unreacted starting material 71 was recovered in most cases.

In-situ protection of both basic tertiary amines with camphor sulfonic acid (CSA)
failed to provide the crucial reactivity of the catalysts, and no reaction was observed
again. We speculated that the presence of the tertiary amines and the anticipated
strain originating from the internal tripe bond in 72 significantly contributed to the
lack of reactivity in the alkyne ring-closing metathesis. After reaching the synthetic
“dead-end,” we decided to redesign the original second-generation route and reshuf-
fle the key steps. Such modification of the order of the steps would allow performing
the alkyne metathesis on a different substrate possessing lactams rather than amines.
Masking the basic amines seemed like a rather simple solution and a quick way out
from the “dead-end” scenario of our second-generation synthesis of nakadomarin A
(2). Subsequently, lactam 67 was selected as the most suitable substrate to perform
the alkyne ring-closing metathesis. Indeed, the new reaction sequence turned out to
be very fruitful (Scheme 13). Performed at high dilution (0.26 mM concentration),

Scheme 12 Failed total synthesis of nakadomarin A including alkyne RCM – “dead-end” scenario
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the alkyne RCM catalyzed by Grela’s system yielded pentacyclic intermediate 73,
with the macrocyclic ring in place, in modest chemical yield (Scheme 13). A semi-
hydrogenation of the triple bond followed using the Lindlar catalyst to establish the
correct Z-configuration of the double bond in macrocycle 74. Two additional steps
were required to complete the second-generation total synthesis. Firstly, even with
the macrocyclic ring in place influencing the reactivity, the remarkable
chemoselectivity enabled preferential reduction of the δ-lactam over the γ-lactam
yielding spirocycle 75. Activation of the remaining γ-lactam with triflic anhydride
and 2,6-di-tert-butylpyridine triggered a cascade of reactions producing
MS-detectable iminium species 76, which upon stereoselective reduction with
NaBH4 provided nakadomarin A (2).

Despite the moderate chemical yield, the one-pot route-shortening transformation
of lactam 75 to nakadomarin A (2) became one of the critical steps and highlights of
the second-generation synthesis. Overall, the synthesis was completed in just 13 lin-
ear steps and significantly reduced the number of steps of the first-generation
synthesis.

3.3 Total Synthesis of Nakadomarin A, Third Generation,
Alkene Ring-Closing Metathesis [93]

Although both alkyne metathesis routes enabled an efficient synthesis of
nakadomarin A (2), the necessary stereoselective reduction of the triple bond
inherently prolonged the sequence. Therefore, as a part of our attempt to further
improve the synthesis, a third-generation route employing an alkene metathesis was
pursued [93]. The third-generation route to nakadomarin A (2) was built on the
success of our previous first- and second-generation routes but addressed the major
limitation of the second-generation route – 2-step construction of the macrocyclic
ring. Straightforward stereoselective alkene RCM was proposed to solve this

Scheme 13 Total synthesis of nakadomarin A (2) including alkyne RCM
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significant limitation. Compared to the second-generation route, the overall synthetic
strategy, concept, and key building blocks remained much unchanged except the
side-chain terminal functional groups in fragments 1 and 3 (Fig. 7). Both fragments
1 and 3 contained tethered terminal alkenes instead of the internal alkyne. Their
preparation required only a simple modification of starting materials because the
reaction conditions were developed in our previous synthesis.

Nitro olefin 78 was constructed again in four steps from the same commercially
available keto phosphonate 21 (Scheme 14). A one-pot, sequential allylation
followed by HWE reaction using dihydroxyacetone diacetate (25) produced enone
81 (Scheme 14).

Acid hydrolysis at elevated temperature then afforded alcohol 82, which was
subjected to Swern oxidation and 2-step Henry condensation to give the desired nitro

Fig. 7 Key fragments for the synthesis of nakadomarin A (2) employing stereoselective
alkene RCM

Scheme 14 Short preparation of fragment 1 for the third-generation synthesis of nakadomarin A
(2)
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olefin 78. The whole sequence was performed on a multigram scale, and the biggest
batch yielded more than 8 g of the stable intermediate suitable for the following
diastereoselective Michael addition. In anticipation of similar results to those
obtained in the second-generation route, the Michael addition of pro-nucleophile
55 and electrophile 78 was executed under identical conditions using a catalytic
amount of organocatalyst 31a (Scheme 15). Consistent with the previous results, the
desired nitro ester 84 was isolated in good yield and respectable stereoselectivity.
However, the prolonged reaction time again somehow diminished the overall effi-
ciency of the key reaction. Consequently, the sluggish reaction inspired the devel-
opment of a new class of powerful bifunctional organocatalysts. A problem observed
during some organocatalyzed conjugate addition reactions is a low reaction rate
leading to rather extended reaction times measured in days, rather than hours. This
major problem is often attributed to the relatively low Brønsted basicity of common
organocatalysts. This issue was addressed in a new class of potent bifunctional
iminophosphorane BIMP organocatalysts containing a strongly basic moiety
[125, 126]. The Michael addition of 55 and 78 was selected as a suitable showcase
to demonstrate the power of BIMPs. A remarkable increase in the reaction rate was
observed when BIMP organocatalyst 85 was employed, complete conversion and
comparable diastereoselectivity were achieved already within 1 h (Scheme 15)
[127]. Relying on the previously developed steps the following nitro-Mannich/
lactamization (transformation 84! 86), protodenitration (86! 87), chemoselective
δ-lactam reduction (87 ! 88), and furan-iminium cyclisation (88 ! 89) occurred
without incident giving rapid access to the tetracyclic core 89 (Scheme 16).

Our third-generation synthesis of nakadomarin A (2) was completed by a
stereoselective alkene ring-closing metathesis. Initially, the macrocyclization pro-
moted by Grubbs first-generation catalyst (90) in the absence of any additives
showed a bias towards the E-isomer (Z:E 40:60). This poor and undesired
stereoselectivity prompted us to investigate the effect of additives and different

Scheme 15 Stereoselective Michael addition using bifunctional urea and iminophosphorane
catalysts
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catalytic systems. We found out that protonation of the tertiary amines with Brønsted
acid ((+)-CSA) reversed the diastereoselectivity resulting in the formation of 63:37
Z:Emixture of isomers. The observed reversal of diastereoselectivity in alkene RCM
caused by the amine protonation, allowed the separation of nakadomarin A (2) by
chromatography and completion of the total synthesis. Nevertheless, the formation
of a significant amount of E-isomer in the last step reduced the efficiency of the
synthesis. The low stereoselectivity of the process was further studied and solved
following the development of a series of new catalysts for Z-stereoselective
RCM, by Schrock and Hoveyda [98, 99]. The same alkene ring-closing metathesis
catalyzed by tungsten complex 91 provided remarkable results, nakadomarin A (2)
was isolated in 63% yield and 94:6 Z:E ratio. In summary, the third-generation
total synthesis of nakadomarin A (2) became the shortest and the most efficient
amongst the developed routes. It features the facile stereoselective Michael addition
catalyzed by the BIMP organocatalyst and the highly Z-stereoselective catalyst-
controlled late-stage alkene RCM.

4 Manzamine A [73]

Manzamine A (1), arguably the most important member of the manzamine alkaloids,
provides almost endless inspiration for drug development, the discovery of new
methodologies, and advances in novel synthetic tactics.

Scheme 16 Third-generation total synthesis of nakadomarin A (2) – endgame
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Its fascinating polycyclic core comprises 6-, 6-, 5-, 13-, and 8-membered rings,
two Z-olefins, two tertiary amines, and five stereocenters, including four contiguous
and two quaternary centers. Due to its breathtaking molecular beauty and the unique
biological profile, manzamine A (1) became an irresistible target for our unified
synthetic strategy. All key steps of our general strategy towards manzamine alka-
loids were thoroughly tested in the nakadomarin A (2) syntheses. The successful
completion of all of them boosted our confidence in the general strategy and fueled
its further application in the total synthesis of manzamine A (1). However, due to the
overwhelming complexity of manzamine A (1) and the presence of unusual syn-
thetic motifs, we expected that the general strategy would require a fine-tuning and
still be put to the test. Especially challenging appeared to be the connection of the
pentacyclic core with the β-carboline moiety. After considering multiple synthetic
strategies and various disconnections, we proposed five key building blocks to take
part in the stereoselective synthesis of manzamine A (1) (Fig. 8). Four of these
building blocks, namely 8,5 bicyclic pro-nucleophile 55, nitro olefin 93, amine 77,
and bromide 94 containing tethered alkenes, would serve for the construction of the
polycyclic core of manzamine A (1) and fit well into the proposed modular strategy.
The fifth fragment, β-carboline derivative 92, would serve for a late-stage attachment
of the carboline moiety. The proposed synthesis was again reliant on a high
convergency and easy access to the building blocks. Most of the necessary fragments
were already available. 8,5 bicycle 55 was prepared as in the nakadomarin A (2)
synthesis, and fragments 3, 4, and 5 were identified as commercially available. The

N

O
MeOOC

cross-coupling partner
O2N

OO

N N
H

Br

N

N

H
N N

H

OH
NH2 Br

N

N

H
N N

H

OH

Manzamine A

5 Attachment via a cross coupling

3 Iminium formation/cyclisation

4Ring-closing metathesis

1 Stereoselective Michael addition
2Nitro-Mannich/lactamisation

nucleophile for Michael addition

electrophile for Michael addition

nitro-Mannich lactamisation
construction of piperidine ring
part of macrocyclic ring

part of macrocyclic ring

A B

C

D

E

92

93

94

55

77Fragment 3

Fragment 5

Fragment 2

Fragment 4

Fragment 1

Fig. 8 Key fragments for the stereoselective synthesis of manzamine A (1)

46 D. J. Dixon and P. Jakubec



actual preparation of building blocks was narrowed down to only nitro olefin 93. The
presence of the cyclic acetal in nitro olefin 93 predestined alcohol 97 as the key
intermediate for its straightforward synthesis (Scheme 17). Despite the apparent
challenges associated with the neopentylic structure, we believed that the alcohol
could be accessed from readily available bromide 95 [128]. After significant opti-
mization, Aliquat 336 was identified as a suitable reaction medium for the challeng-
ing nucleophilic substitution performed under very harsh reaction conditions.
Potassium acetate was found as the most suitable nucleophile for the bromide
replacement. Apart from the desired acetate 96, unreacted bromide 95 was recovered
from the crude reaction mixture as well. The bromide for acetate substitution was
followed by a mild acetate deprotection mediated by potassium carbonate in meth-
anol to produce neopentylic alcohol 97. Alcohol 97 was oxidized to aldehyde 98
using the standard and reliable Swern protocol.

The aldehyde, which was used without any purification, was converted to the
desired nitro olefin via a two-step Henry condensation. Excellent chemical yield for
the last step and the robustness of the invented sequence allowed the preparation of
fragment 1 on a multigram scale. The amount of material isolated from the biggest
batch exceeded 10 g. After the rapid assembly of all essential building blocks, the
Michael addition of pro-nucleophile 55 to nitro olefin 93 was tested under various
conditions. Although the organocatalyzed approach had limited success, the
KHMDS-promoted reaction proceeded rapidly with acceptable diastereoselectivity
even at a very low temperature (Scheme 18). Pro-nucleophile 55 was deprotonated
with KHMDS at �78�C, and the naked nucleophile 100 formed in the presence of
18-crown-6 reacted with electrophilic nitro olefin at�94�C to furnish nitro ester 101
in 86% yield as a 3:1 mixture of epimers at the tertiary stereogenic center. After the
separation of these diastereomers by column chromatography, the major isomer was
analyzed by X-ray diffraction. In an excellent agreement with the previous studies,
the crucial analysis confirmed the desired configuration of both tertiary and quater-
nary stereogenic centers.

Aiming for the synthesis of ring A of manzamine A (1), the nitro ester 101 was
further reacted with formaldehyde and amine 77 in refluxing methanol under
previously established conditions (Scheme 19). The highly reliable nitro-Mannich/
lactamization cascade proceeded without incident and afforded nitro piperidinone

Scheme 17 Preparation of fragment 1 for the stereoselective synthesis of manzamine A (1)
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102 in an excellent 88% yield as a single diastereomer. With suitably functionalized
spirocycle 102 in hand synthesis of ring B via an intramolecular cyclization to the
γ-lactam was considered. Such an approach required denitration of the nitro
piperidinone 102, followed by chemoselective functionalization of the double
bond attached to the cyclic acetal. Ono’s radical protodenitration of 102 proved to
be highly reliable once again, yielding piperidinone 103. Next, the chemo- and
regioselective addition of hydrogen iodide was achieved applying the conditions
developed by Feringa [129]. Noteworthy are not just the remarkable selectivities of
the addition but also the high chemical yield for such an unusual transformation. The
reactive iodide 104 then underwent nucleophilic substitution with silver nitrite
performed with the exclusion of light. The resulting nitro lactam 105 possessed all
key structural features for the intended cyclization – tethered nitro alkane as a
pro-nucleophile and γ-lactam as a pro-electrophilic site of the molecule. Before

Scheme 18 Stereoselective Michael addition of pro-nucleophile 55 and nitro olefin 93

Scheme 19 Elaboration of the tetracyclic core of manzamine A 108
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any attempt to test the actual cyclization piperidinone 105 was reduced to piperidine
106 with DIBAL in toluene at �20�C. Substantial effort was then invested into the
investigation of the partial reduction of lactam 106 with the concomitant intramo-
lecular nitro-Mannich reaction. As a result, access to 107 proved to be straightfor-
ward using a mixture of diphenylsilane and titanium isopropoxide in hexane,
introduced by Buchwald for reduction of amides to aldehydes [130]. Suitable
functionalized tetracyclic core of manzamine A 107 was isolated in respectable
81% yield as a mixture of epimers in ratio 83:17. A broader synthetic potential of
this single iminium/intramolecular nitro-Mannich annulation was recognized and
further harvested in the development of a novel methodology [131]. Being epimeric
at the stereogenic center bearing the nitro group, the intermediate 107 was perfectly
poised for the next two transformations – the Nef reaction followed by the intro-
duction of the last non-aromatic carbon chain. Although the Nef reaction is one of
the best-developed transformations of the nitro group [132], the presence of a variety
of sensitive functional groups significantly restricted the arsenal of available
reagents.

A plethora of reagents is available for oxidative variants of the Nef reaction and
modifications performed in highly acidic or basic media. These options were quickly
ruled out from our screening due to the presence of tertiary amines, acid-labile acetal,
and the epimerization prone product containing an α-amino ketone. On the other
hand, McMurry’s reductive variant of the Nef reaction [133] tolerated all functional
groups present in the molecule and allowed the smooth transformation of the nitro
alkane into a carbonyl compound. A mixture was ketone 108, and oxime 109 was
produced when nitro compound 107 was treated with titanium trichloride in tetra-
hydrofuran. Both products were separated by column chromatography, and oxime
109 was further analyzed by single-crystal X-ray analysis. The favorable outcome of
the X-ray analysis (not shown) proved the desired configuration at all stereogenic
centers of the tetracyclic core of manzamine A. Having executed the “umpolung”
transformation of the nitroalkane to the ketone the stage was set for the introduction
of the last non-aromatic carbon chain. The natural electrophilic character of the
ketone 108 and its steric predispositions determined the choice of reagents for the
envisioned stereoselective reaction. Initially, Grignard and organolithium organo-
metallics were tested with very limited success. A thorough analysis of the crude
reaction mixtures indicated base-induced elimination processes were occurring.
Such an outcome leads to the moderation of the strongly basic nature of the
nucleophiles achieved by transmetalation with anhydrous cerium chloride. The
addition of organocerium derivative to ketone 108 proceeded smoothly with excel-
lent stereoselectivity (Scheme 20). Moreover, the following acid-catalyzed acetal
hydrolysis of the intermediate 110 performed in the same pot allowed the prepara-
tion of keto alcohol 111 in an overall excellent (92%) chemical yield.

The subsequent TMS-protection of the tertiary alcohol 111 and enol triflate
formation proceeded according to plan and yielded diene 113, which underwent
an alkene RCM. Despite the presence of various functional groups, the
macrocyclization catalyzed by first-generation Grubbs catalyst proceeded well and
produced a mixture of the Z- and E-isomers, which were readily separated by
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standard column chromatography. The desired Z-isomer 114 was isolated from the
mixture already without the TMS protecting group. Therefore, it represented a
highly valuable, direct precursor to manzamine A (1) and related natural products.
Aligned with our strategy, the last step of the total synthesis required a cross-
coupling of triflate 114 with a suitably functionalized β-carboline derivative. We
considered organotin derivatives as suitable cross-coupling partners due to their
higher stability towards the protodemetalation compared to their organoboron coun-
terparts. Pleasingly, the synthesis of tributylstannylated β-carboline 117 was possi-
ble from commercially available bromide 115 via a one-pot protocol. Firstly, dianion
116 was formed by deprotonation of carboline 115 with potassium hydride followed
by a lithium-halogen exchange mediated by tert-butyllithium. The highly reactive
intermediate 116 was treated with tributyltin chloride and the reaction mixture
subsequently filtered through a pad of basic alumina, which yielded the desired
β-carboline 117. Both rapid access to 117 and its excellent stability during storage at
lower temperature enabled us to proceed to the endgame of manzamine A (1). The
total synthesis of manzamine A (1) was completed by a Stille cross-coupling
between triflate 114 and carboline derivative 117. Considering the complexity of
both coupling partners, the palladium-mediated reaction yielded the natural product

Scheme 20 Completion of the stereoselective total synthesis of manzamine A (1)
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in a respectable chemical yield. Pleasingly, all analytical data, including specific
rotation, were in excellent agreement with reported data. Overall, we developed an
18-step long, stereoselective route to complex marine natural product manzamine A
(1) featuring the stereoselective Michael addition and the two route-shortening nitro-
Mannich reactions – the nitro-Mannich/lactamization cascade and the iminium/
nitro-Mannich cyclization.

5 Ircinal A and Ircinol A

The development of the late-stage cross-coupling between triflate 114 and
β-carboline derivative 117 allowed the formation of the last C–C bond in the
manzamine A (1) total synthesis. Simultaneously, the Stille cross-coupling also
inspired analogous syntheses of two other members of manzamine alkaloid family –
ircinal A (3) and ircinol A (4).

In the last decades, various modifications of direct palladium-catalyzed carbon-
ylation have been developed, allowing the straightforward transformation of an enol
triflate to a conjugated aldehyde, ester, or amide. Employing Stille’s original proto-
col [134] for reductive carbonylation, triflate 114 was directly turned into ircinal A
(3) in a one-pot procedure (Scheme 21). The unreacted triflate 114 accompanying
ircinal A (3) was recovered as well. Inspired by a protocol developed by Ortart [135],
triflate 114 was exposed to carbon monoxide (115) and methanol under palladium
catalysis. To our delight, a smooth alkoxycarbonylation took place, resulting in the
formation of methyl ircinate 116. The conjugate ester was readily reduced with
DIBAL in toluene at low temperature, providing ircinol A (4), the fourth prepared
member of the manzamine family accessed by our route [73]. The late-stage
divergency enabled not only the synthesis of three natural products but also holds
promise for future analogue production.

Scheme 21 Endgame of total synthesis of ircinal A (3) and ircinol A (4)
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6 Keramaphidin B [106]

Keramaphidin B (5) belongs to a group of relatively younger and synthetically less
explored members of the manzamine family. However, its discovery, synthesis, and
biological origin remain one of the fascinating stories seen amongst the family
members. At the time when manzamine A (1) was already well-known for its
interesting biological properties and became a popular synthetic target,
keramaphidin B (5) remained an unknown entity. At the same time, in the absence
of any acceptable theory of the biological origin of manzamine alkaloids, intense
theoretical studies were ongoing. Eventually, in 1992 Baldwin proposed that the
manzamine family could derive from four building blocks: ammonia, a C-10 unit
(a symmetrical dialdehyde), tryptophan, and a C-3 unit (an acrolein equivalent)
[2]. Remarkably, the biogenetic route proposed by Baldwin included a structure
closely related to keramaphidin B (5), which was discovered only 2 years later in
1994. Subsequently, in a series of papers, Baldwin experimentally validated his
biomimetic synthesis of keramaphidin B (5) [108, 109].

Surprisingly, apart from the bio-inspired total synthesis by Baldwin, no other
synthesis exists to date. We viewed this apparent lack of synthetic activities on the
complex alkaloid as another opportunity to test our unified strategy. The close
structural resemblance of keramaphidin B (5) with the other most prominent
manzamine alkaloids and the completion of the previous syntheses amplified our
interest. Accordingly, we further analyzed the structure of keramaphidin B (5) and
identified four key building blocks for its potential synthesis (Fig. 9). Three frag-
ments, namely, nitro olefin 11 and amines 10 and 77, were already available.
Dissimilar to our shortest syntheses of nakadomarin A (2) and manzamine A (1),
we proposed that a nucleophile for the Michael addition would not contain the whole
of the macrocyclic azocene ring (ring C, blue fragment). Instead, our proposal
employed ester 117 as the pro-nucleophile and relied on a late-stage construction
of the C-ring using amine 77. Such strategic decision limited certain risks associated
with the key stereoselective Michael addition as β-keto esters are excellent substrates
in the stereoselective Michael addition with nitro styrenes. Initially, we engaged in a
straightforward preparation of pro-nucleophile ester 117 (Scheme 22). This was
achieved by an operationally simple protocol from valerolactone (118) and dimethyl
carbonate. Firstly, δ-valerolactone (118) was deprotonated with LHMDS, and the
resulting anion smoothly reacted with dimethyl carbonate yielding, upon acidic
workup, ester 117 in excellent yield. With all key fragments readily available, we
rapidly approached the first decision point of keramaphidin B (5) synthesis – the
stereoselective Michael addition.

In conjunction with the nitro-Mannich/lactamization cascade, the
diastereoselective nitro olefin Michael grew into the most significant transformation
in our synthetic efforts. We hypothesized that the Michael addition between
pro-nucleophile 117 and nitro olefin 11 could again secure stereoselective construc-
tion of the consecutive tertiary and quaternary stereocenters. In our previous syn-
theses of nakadomarin A (2), the diastereoselectivity of the reaction was controlled
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by a chiral, single enantiomer, cyclic β-amido ester 55, and the bifunctional
organocatalyst 31 (see Scheme 11). On the other hand, the envisaged synthesis of
keramaphidin B (5) would use prochiral pro-nucleophile 117 and prochiral electro-
phile 11. Both the tertiary and the quaternary stereocenters would be installed
through an enantio- and diastereoselective organocatalyst-controlled Michael addi-
tion. Therefore, considering the different nature of the pro-nucleophiles, we decided
to investigate the Michael addition on a model nitro olefin first. Simple nitro olefin
20 devoid of the tethered alkyne and organocatalyst 31b was selected for these
preliminary studies. Apart from the success of a cinchonine-derived catalyst 31a in
the nakadomarin A (2) syntheses, the selection of organocatalyst 31b was heavily
influenced by our preliminary studies on the enantioselective Michael addition to
nitro olefins [136, 137].

In this study, a family of readily available organocatalysts possessing a range of
hydrogen bond donor groups was evaluated for asymmetric organocatalytic activity
in the dimethyl malonate Michael addition to β-nitrostyrene. Organocatalyst 31b
was identified to be the superior bifunctional catalyst to induce the excellent
enantioselectivity in the Michael addition of dimethyl malonate (121) to nitro olefin
120 (Scheme 23). To our delight, utilization of the carefully selected cinchonine-
derived bifunctional organocatalyst 31b facilitated the Michael addition of ester 117

Fig. 9 Key building blocks for the proposed synthesis of keramaphidin B (5)

Scheme 22 Preparation of pro-nucleophile 117, fragment 2
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to nitro olefin 20. It led to the isolation of nitro ester 123 in an excellent
diastereoselectivity 95:5 (Scheme 24). Determination of the enantiomeric excess
of the major diastereomer 123a also revealed a similar level of the enantiocontrol
(er 90:10). The observed outcome was in a good agreement with the previous total
syntheses of nakadomarin A (2) and with the levels of enantiocontrol observed in the
addition of dimethyl malonate to nitro olefin. Although the minor diastereomer 123b
formed during the addition possessing an undesired stereochemical configuration
remained a side product, it played a crucial role in the progress of our synthesis
efforts towards keramaphidin B (5). From its single-crystal X-ray analysis, we
deduced the favorable configuration of the major diastereomer. Our deduction
assumed a higher reactivity of the δ-lactone carbonyl in the presence of the methyl
ester in the following lactamization. Indeed, the expected chemoselectivity was
observed when nitro ester 123a was treated with formaldehyde and butylamine
under standard nitro-Mannich/lactamization conditions (MeOH, reflux, Scheme
24). The one-pot protocol yielded nitro piperidinone 124 possessing
3-hydroxypropyl chain and methoxycarbonyl functionality attached to the quater-
nary stereocenter – such an outcome results from an intramolecular attack of the
amine to the lactone rather than the ester.

The model Michael addition and nitro-Mannich lactamization studies provided a
highly valuable insight into both key reactions of the planned keramaphidin B (5)
total synthesis. With the acquired knowledge about the stereochemical control and

Scheme 23 Enantioselective Michael addition of dimethyl malonate controlled by organocatalyst
31b
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Scheme 24 Proof of principle studies on the Michael addition and nitro-Mannich/lactamization
cascade
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the chemoselectivity of the aminolysis, we confidently moved on and replaced the
model nitro olefin for its functionalized analogue 11. As expected, the Michael
addition of 117 and nitroolefin 11 under the control of bifunctional organocatalyst
31b proceeded smoothly. Compared to the model studies, a slightly extended
reaction time (36 h) was necessary to achieve complete conversion. Nevertheless,
the diastereo- and enantiocontrol and chemical yield remained satisfactory, nitro
ester 125 was isolated in 92% yield and 95:5 dr. The exposure of nitro ester 125 to
formaldehyde and amine 10 in boiling methanol for 1 h enabled the formation of
nitro piperidinone 126 (Scheme 25). Our studies on model substrate 124 and the
pioneering work from 2008 (Scheme 7) indicated excellent conservation of the
enantiomeric purity during the nitro-Mannich lactamization cascade. We were
delighted when such an anticipated outcome was confirmed again after 91:9 enan-
tiomeric ratio had been determined in nitro piperidinone 126. With the key highly
enantiomerically enriched intermediate 126 in hand, our further activities were
devoted to the elaboration of rings A and C of keramaphidin B (5). Firstly, the
nitro group was removed after it had fulfilled its purpose in the Michael addition and
the nitro-Mannich reaction yielding piperidinone 127. After several unsuccessful
direct attempts to transform ester 127 to amide 129, a 2-step sequence was pursued.
Titanium tetraisopropoxide-promoted lactonization of hydroxy ester followed by
neat aminolysis of lactone 128 quickly reestablished the successful course of the
synthesis. The Swern oxidation of alcohol 129 proceeded smoothly and provided

Scheme 25 Elaboration of the spirocyclic core of keramaphidin B 131.
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aldehyde 130 in an 88% yield. Seemingly straightforward olefination of aldehyde
130 required optimization and was achieved by utilization of the Petasis reagent
yielding diene 131. Diene 131 represents the most advanced intermediate in our
synthetic efforts towards keramaphidin B (5) to date. The intermediate containing
the tethered alkenes and internal alkynes is poised for orthogonal alkene and alkyne
ring-closing metatheses and construction of both macrocyclic rings with Z-config-
ured double bonds.

7 Conclusion

We have developed a unified strategy for the short and stereoselective total synthesis
of four complex manzamine alkaloids – namely nakadomarin A, manzamine A,
ircinal A, and ircinol A – and towards keramaphidin B. The strategy is distinguished
from other approaches by its general character as it employs the same key trans-
formations for targeting all five alkaloids. The routes pivoted on the highly conver-
gent union of five fragments through a stereoselective Michael addition, a three-
component nitro-Mannich lactamization cascade, an iminium formation/cyclization,
a ring-closing metathesis, and a cross-coupling.
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Abstract The dictyodendrins, which were isolated from the Japanese marine
sponge Dictyodendrilla verongiformis and the southern Australian marine sponge
Ianthella, possess the unique 3,6-dihydropyrrolo[2,3-c]carbazole structure. They
exhibit several biological activities such as telomerase inhibitory activity and
β-secretase inhibitory activity. This review focuses on the methods to construct the
characteristic pyrrolocarbazole skeleton of the dictyodendrins.
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Abbreviations

Ac Acetyl
Ad Adamantyl
BACE β-site amyloid precursor protein cleaving enzyme (β-secretase)
Bn Benzyl
Boc tert-butoxycarbonyl
BrettPhos 2-(Dicyclohexylphosphino)-3,6-dimethoxy-20,40,60-triisopropyl-

1,10-biphenyl
Bs Benzenesulfonyl
Bu Butyl
COD 1,5-Cyclooctadiene
CSA Camphorsulfonic acid
DABCO 1,4-diazabicyclo[2.2.2]octane
DCB Dichlorobenzene
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DMAP 4-(Dimethylamino)pyridine
DME 1,2-Dimethoxyethane
DMF N,N-dimethylformamide
DMP Dess–Martin periodinane
DMSO Dimethyl sulfoxide
DMTMM 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium

chloride
DNA Deoxyribonucleic acid
DPPF 1,10-Ferrocenediyl-bis(diphenylphosphine)
Et Ethyl
HPLC High performance liquid chromatography
IC50 Half maximal inhibitory concentration
LDA Lithium diisopropylamide
LiHMDS Lithium hexamethyldisilazide
Me Methyl
MS Molecular sieves
NBS N-bromosuccinimide
NMO N-methylmorpholine N-oxide
Ph Phenyl
PIFA Phenyliodine (III) bis(trifluoroacetate)
pin Pinacol
Pr Propyl
SEM 2-(Trimethylsilyl)ethoxymethyl
SPhos 2-(Dicyclohexylphosphino)-20,60-dimethoxybiphenyl
S-TCPTAD N-tetrachlorophthaloyl-(S)-tert-leucinato
TBAF Tetrabutylammonium fluoride
TBAI Tetrabutylammonium iodide
TBS tert-butyldimethylsilyl
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TES Triethylsilyl
Tf Trifluoromethanesulfonyl
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TMEDA N,N,N0,N0-tetramethylethylenediamine
TMP 2,2,6,6-Tetramethylpiperidide
TMS Trimethylsilyl
TosMIC p-toluenesulfonylmethyl isocyanide
TPAP Tetrapropylammonium perruthenate

1 Introduction

A number of marine natural products have been isolated and used for pharmaceutical
purposes. Among them, several natural products consist of characteristic molecular
structures, which have driven the synthetic chemists into a race for total synthesis.
The dictyodendrins involve a 3,6-dihydropyrrolo[2,3-c]carbazole skeleton (Fig. 1).
In 1993 Sato and co-workers reported isolation and structural elucidation of the
related compounds 1a, 1b, and 2a from the Japanese marine sponge Dictyodendrilla

Fig. 1 Structures of the dictyodendrins and their congeners
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verongiformis [1]. Ten years later, Fusetani and Matsunaga isolated five new
compounds named as dictyodendrins A–E (3–7) and revealed that dictyodendrin A
(3) exists as a mixture of racemates by separating each racemate using chiral HPLC
[2]. Capon and co-workers isolated dictyodendrins F–J (8–12) from the southern
Australian marine sponge Ianthella [3]. Syntheses of the dictyodendrins have been
reported by Fürstner [4–6], Ishibashi [7], Tokuyama [8, 9], Jia [10, 11], Yamaguchi/
Itami/Davies [12], Gaunt [13], Ready [14], Ohno [15, 16], and Guo/He [17]. Three
reviews have been published on the total syntheses of the dictyodendrins [18–20].

2 Biological Activity

In 1993 Sato and co-workers reported the inhibitory activity of compounds 1a, 1b,
and 2a against bovine lens aldose reductase at IC50 values of 49 nM, 125 nM, and
112 nM, respectively [1]. They described that the sulfate group in compounds 1a and
1b was not necessary for the activity (1c: IC50 ¼ 102 nM) and that the activity
decreased (2b: IC50 ¼ 567 nM) in the absence of the sulfate group. In 2003 Fusetani
and Matsunaga reported 1a, 2a, and dictyodendrins A–E (3–7) showed 100%
inhibition of telomerase activity at a concentration of 50 μg/L [2]. Based on the
results of dictyodendrin F (8) showing no inhibition, the sulfate group was found to
be necessary for the activity. In 2012, Capon and co-workers isolated dictyodendrins
F–J (8–12) [3]. They investigated several biological activities of these compounds.
Dictyodendrins F (8) and H–J (10–12) inhibited the protease β-secretase (BACE) at
IC50 values of 1–2 μM. Dictyodendrin G (9) bearing a methoxy group at the
7 position of the indole was inactive, which indicates the importance of this phenolic
hydroxy group. Among dictyodendrins F–J (8–12), dictyodendrins F (8), H (10), and
I (11) possessed inhibitory activity for growth of the Gram positive bacteria Bacillus
subtilis (ATCC6051 and ATCC6633) at IC50 ¼ 1–3 μM levels. In addition,
dictyodendrins F–I (8–11) showed cytotoxicity against the human colon cancer
cell line SW620 at IC50 ¼ 2–16 μM levels, indicating the importance of the
tetracyclic oxidized pyrrolocarbazole skeleton. In contrast to the BACE activity,
dictyodendrin G (9) was most potent toward the cancer cell line (IC50 ¼ 2 μM).

In 2009 Fürstner reported a full account of syntheses and biological activities of
the dictyodendrins and their congeners. They found that several synthetic congeners
possessed low toxicity against HeLa and HepG2 cancer cells, which was appropriate
for monitoring of inhibition of cancer growth by downregulation of the telomerase
activity [6]. They investigated the DNA cleavage ability of the related compounds
and found that the DNA cleavage could be prohibited by alkylation of the phenolic
hydroxy groups. In 2016 Ready and co-workers reported cytotoxicity of
dictyodendrins F (8), H (10), and I (11) against human colon cancer cell line
(HCT116), and three non-small cell lung cancer cell lines (H157, H2073, and
H2122) [14]. They observed that dictyodendrin I (11) was most potent toward the
four cancer cell lines. In the case of human colon cancer cell line (HCT116), the IC50

values were 27 μM (dictyodendrin F), 13 μM (dictyodendrin H), and 8.8 μM
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(dictyodendrin I). In 2020 Ohno and co-workers reported cytotoxicity of
dictyodendrin F (8) and its analogs against HCT116 using the colorimetric MTS
assay and found that a pyrrolo[3,2-c]carbazole was more potent than pyrrolo[2,3-c]
carbazole involved in the natural dictyodendrins [16]. In addition, the pyrrolo[3,2-c]
carbazole also shows higher inhibitory activity against CDK2/CycA2 and GSK3β at
IC50 ¼ 1–3 μM levels, which indicates the potential of these pyrrole-fused carba-
zoles in the area of medicinal chemistry.

3 Syntheses of the Dictyodendrins

Synthetic approaches toward the tetracyclic pyrrolo[2,3-c]carbazole are categorized
in Fig. 2. The structural formulae are the substrates and the reagents for constructing
the pyrrolocarbazole. This review focuses on the detail of the syntheses as well as
how this characteristic skeleton was formed.

Fig. 2 Synthetic approaches toward construction of pyrrolo[2,3-c]carbazole
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3.1 Fürstner’s Total Syntheses of Dictyodendrins B, C, and E

The synthesis of dictyodendrin B (4) commenced with the preparation of the
substituted pyrrole 13 through the reaction of TosMIC and chalcone 14, which
was synthesized from phenol 15 in two steps (Scheme 1). Reduction of the nitro
group followed by acylation of the resultant amino group provided amide 16. The
ketoamide was then subjected to the titanium–graphite to provide the corresponding
indole 17 in high yield. Subsequent 6π-electrocyclization led to the formation of the
tetracyclic pyrrolo[2,3-c]carbazole 18. This unique skeleton was found to undergo a
Lewis acid-promoted skeletal rearrangement in Scheme 2, which forced to perform
the stepwise introduction of the 4-methoxybenzoyl group. The isopropyl group was
removed by BCl3, and the resulting phenol 19 was converted to the mixed sulfate.
Finally, the five methyl ethers were cleaved by BCl3 with the aid of
tetrabutylammonium iodide (TBAI) [21]. Removal of the trichloroethyl group led
to the first total synthesis of dictyodendrin B (4).

The authors reported that the attempted Friedel–Crafts acylation of
pyrrolocarbazole 20 resulted in migration of the aryl group (Scheme 2). The starting
pyrrolocarbazole 20 was consumed by a combination of the benzoyl chloride and
SnCl4; however, none of the desired acylated compound 21 was observed. Instead,
the undesired product 22 was isolated in 64% yield. Other Lewis acids such as TiCl4
and BF3�OEt2 provided the same compound in comparable yields. These results
indicate that SnCl4 reacts with pyrrolocarbazole 20 to form complex 23 and that the
1,2-migration occurs to give compound 22 via the bridging Wheland complex. The
exceptionally high reactivity of the pyrrolocarbazole skeleton forced the authors to
carry out the stepwise acylation, namely, bromination, halogen–lithium exchange,
electrophilic trap with p-anisaldehyde, and Ley–Griffith oxidation [22].

Fürstner and co-authors achieved the total syntheses of dictyodendrins C (5) and
E (7) (Scheme 3). According to the established synthetic route of dictyodendrin B
(4), isopropyl ether 18 was transformed to the mixed sulfate 24. Demethylation
followed by oxidation gave 25 as the protected form of dictyodendrin C (5).
Reductive removal of the trichloroethyl group was performed with the combination
of activated zinc and ammonium formate to provide a mixture of dictyodendrin C (5)
and its reduced form 26. Treatment of this mixture with oxygen in methanol led to
the formation of dictyodendrin C (5) in 76% combined yield. Dictyodendrin E (7)
was synthesized through Suzuki–Miyaura coupling with boronate 27.

3.2 Ishibashi’s Formal Synthesis of Dictyodendrin B

In 2009 Ishibashi and co-workers reported a formal synthesis of dictyodendrin B (4)
(Scheme 4). They employed a symmetrical pyrrole diester 28 as a starting material,
which was also used in their syntheses of other pyrrole alkaloids [23]. Stepwise
introduction of the two different aryl groups proceeded to provide the fully
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Scheme 1 Fürstner’s total synthesis of dictyodendrin B
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substituted pyrrole 29. Hydrolysis of the methyl esters and subsequent activation of
the resulting carboxylic acid moiety with DMTMM [24] led to the formation of the
activated ester 30 bearing the seven-membered lactone. Treatment with the aryl
Grignard reagent gave compound 31. The primary alcohol was oxidized with DMP,
and the resulting ketoaldehyde 32 was subjected to the pinacol coupling conditions
using SmI2. Dehydration of the resulting diol 33 with acetic anhydride in pyridine
took place smoothly to construct the tetracyclic pyrrolocarbazole skeleton, and the
resulting aryl acetate 34 was converted to methyl ether 35 in 91% yield over two
steps. Acidic removal of the SEM group and hydrogenolysis of the benzyl ether
provided the Fürstner’s intermediate 19.

The authors attempted dehydration of diol 33 under the acidic conditions, which
led to migration of the aromatic group to provide 36 via intermediate 37 (Scheme 5).
They gave a comment that this migration was promoted by the steric repulsion of the
aryl group and the phenylethyl substituent. This undesired aryl migration was
suppressed by employing the basic conditions.

3.3 Tokuyama’s Total Syntheses of Dictyodendrins A–E

Tokuyama and co-workers achieved the total synthesis of dictyodendrin B (4) by
developing a benzyne-mediated one-pot indoline formation/cross coupling (Scheme
6). The synthesis started with an iodine-selective halogen–lithium exchange of

Scheme 2 Attempted Friedel–Crafts acylation of a pyrrolocarbazole
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trihalobenzene 38 [25] followed by 1,4-addition to nitrostyrene 39 to provide
nitroalkane 40 in 90% yield. The chemoselective reduction of the nitro group was
performed using Fe/FeCl2 in refluxing EtOH, and the resulting primary amine was
protected as its Boc carbamate 41. The compound was subjected to deprotonation
conditions using Mg(TMP)2�2LiBr [26] to generate benzyne 42 with the tethered
nucleophilic nitrogen, which cyclized to construct the indoline skeleton. Subsequent
transmetalation to copper followed by the palladium-catalyzed cross coupling pro-
vided multiply substituted indoline 43 in excellent yield, which was transformed to
indole 44 by removal of the Boc group and DDQ oxidation. The phenylethyl moiety
was introduced to the indole nitrogen to provide compound 45, which underwent
Friedel–Crafts acylation exclusively at the indole 2 position. The azidophenyl group
was incorporated for the construction of the tetracyclic pyrrolocarbazole skeleton by

Scheme 3 Fürstner’s total syntheses of dictyodendrins C and E
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the palladium-catalyzed borylation and Suzuki–Miyaura coupling with azidophenyl
iodide 46. The tetracyclic framework was constructed by thermolysis of azide 47 by
heating the reaction mixture at 180�C and subsequent insertion of the resulting
nitrene into the proximal C–H bond. The total synthesis of dictyodendrin B (4)

Scheme 4 Ishibashi’s formal synthesis of dictyodendrin B
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was achieved by modifying the method by Fürstner [4, 5]. Deprotection of the tert-
butyl ether 48 was carried out by BCl3 in the presence of pentamethylbenzene as a
non-Lewis basic cation scavenger to prevent the undesired Friedel–Crafts alkylation
[27]. Formation of the mixed sulfate and removal of the protecting groups led to the
total synthesis of dictyodendrin B (4).

Dictyodendrins A (3) and C–E (5–7) were synthesized from indole 44 as the key
synthetic intermediate (Scheme 7). The thermolytic construction of pyrrolocarbazole
was also effective for the 2-unsubstituted indoles, and dictyodendrins C (5) and D (6)
were successfully synthetized from the corresponding indoles 45 and 49, respec-
tively. Friedel–Crafts alkylation of indole 45 required further optimization of Lewis
acids for the syntheses of dictyodendrins A (3) and E (7). Finally, the presented
reaction conditions allowed to functionalize the 2-position of the indole to give the
corresponding indoles 50 and 51, which were converted into dictyodendrins A (3)
and E (7).

3.4 Jia’s Total Syntheses of Dictyodendrins B and E
and Formal Synthesis of Dictyodendrin C

In 2013 Jia and co-workers reported the total syntheses of dictyodendrins B (4) and E
(7) utilizing one-pot Buchwald–Hartwig amination/intramolecular C–H arylation
(Scheme 8). The synthesis commenced with iodination of aminobiphenyl 52, and
the resulting 2-iodoaniline 53 was subjected to Larock indole synthesis [28] to give
multiply functionalized indole 54 in 95% yield. N-Alkylation and regioselective
bromination provided hexa-substituted indole 55, which was transformed to
pyrrolocarbazole 56 in 71% yield using stoichiometric amount of Pd(OAc)2.
Hydrogenolysis of the benzyl ether afforded the Fürstner’s intermediate 19. Reduc-
tion of the carbonyl group by a combination of AlCl3/LiAlH4 (1:2) [29] provided 57
for the synthesis of dictyodendrin E (7). The established reaction is a powerful

Scheme 5 Undesired acid-promoted migration of the aryl group
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Scheme 6 Tokuyama’s total synthesis of dictyodendrin B
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method for the construction of pyrrolocarbazole; however, the conditions were not
applied to the synthesis of dictyodendrin A (3) bearing the ester moiety.

In 2014 Jia and co-workers achieved the formal synthesis of dictyodendrin C (5)
(Scheme 9). Apart from their syntheses of dictyodendrins B and E, introduction of
the bromo group at the later stage was difficult because more reactive indole
2 position was not substituted. Thus, they introduced the requisite bromo group
onto the 2-iodoaniline 53; however, subsequent Larock indole synthesis provided
the desired indole 58 in low yield. Removal of the TES group and N-alkylation
provided 5-bromoindole 59, which smoothly underwent the key pyrrolocarbazole
formation to give compound 60 for the synthesis of dictyodendrin C (5).

Scheme 7 Tokuyama’s total syntheses of dictyodendrins A, C, D, and E
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3.5 Yamaguchi/Itami/Davies’ Total Syntheses
of Dictyodendrins A and F

In 2015 Yamaguchi/Itami/Davies reported the total syntheses of dictyodendrins A
and F using C–H functionalization (Scheme 10). The starting N-alkylated pyrrole 61
was subjected to the rhodium-catalyzed β-selective arylation [30]. The resulting
arylated pyrrole 62 was converted to the fully substituted bromopyrrole 63 through
the rhodium-catalyzed dialkylation with the diazoester. The bromo group was then
transformed to the indole moiety, and the product was treated with LDA to provide
pyrrolocarbazole 64 in 47% yield, through the 6π-electrocyclic reaction at the indole
moiety. Further transformation led to the total synthesis of dictyodendrin A (3). The
pyrrolocarbazole was oxidized to compound 65, which was treated with 4 M HCl to

Scheme 8 Jia’s total syntheses of dictyodendrins B and E
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furnish compound 66. Global deprotection of 66 provided dictyodendrin F (8). This
synthetic route was corresponding to the results, which were reported by Fusetani’s
isolation paper [2].

3.6 Gaunt’s Total Synthesis of Dictyodendrin B

In 2015 Gaunt and co-workers reported total synthesis of dictyodendrin B (4) by
utilizing C–H functionalization of 4-bromoindole (67) (Scheme 11). Arylation at
position 3 and subsequent benzoylation at position 2 proceeded to provide
2,3-disubstituted indole 68. Iridium-catalyzed C–H borylation at position 7 followed
by Suzuki–Miyaura coupling with p-iodoanisole provided indole 69 with the bromo
group at position 4 intact. N-alkylation and subsequent Suzuki–Miyaura coupling
with arylboronic acid pinacol ester 70 provided compound 71. They installed the
requisite methoxy group in a two-step sequence, namely, regioselective
monobromination and copper-catalyzed etheration to provide 72. The
regioselectivity was controlled by choosing the nitro group to deactivate the aro-
matic ring, which required to convert the nitro group to the azide 47 for constructing
the pyrrolocarbazole. Further transformation led to the synthesis of dictyodendrin B
(4). This synthetic route describes the synthetic potential of the C–H

Scheme 9 Jia’s formal synthesis of dictyodendrin C
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functionalization strategy by installing the bromo group to control the
regioselectivity and utilize the bromo group itself for further transformation.

3.7 Ready’s Total Syntheses of Dictyodendrins F, H, and I

In 2016 Ready and co-workers achieved concise total syntheses of dictyodendrins F
(8), H (10), and I (11) by a unique approach (Scheme 12). The synthesis started with

Scheme 10 Yamaguchi/Itami/Davies’ total syntheses of dictyodendrins A and F
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the [2 + 2] cycloaddition of adamantyl ynol ether 73 and ketene 74, which was
generated by heating tert-butyl ynol ether 75 to provide the four-membered
vinylogous ester 76 in 56% yield. The use of adamantyl ynol ether 73 was crucial
for the selective [2 + 2] cycloaddition. After introducing the amino functionality,
compound 77 was heated at 80�C to promote retro [2 + 2] cycloaddition, which led
to the formation of ketene 78. Intramolecular cyclization provided aminocarbazole
79. This aniline moiety was further acylated by ketene 80 derived from 81 whose
rate of generation was controlled by using 3-pentyl substituent. The oxidized
pyrrolocarbazole was constructed with LiHMDS followed by PhI(OAc)2. Cleavage
of benzyl ether 66 was carried out with BBr3 to furnish dictyodendrin F (8). This
strategy could be applied to the syntheses of dictyodendrins H (10) and I (11).

Scheme 11 Gaunt’s total synthesis of dictyodendrin B
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3.8 Ohno’s Total Syntheses of Dictyodendrins B, C, and F
and Formal Syntheses of Dictyodendrins A and D

Ohno and co-workers reported total syntheses of dictyodendrins B (4), C (5), and F
(8) by developing the gold-catalyzed formation of pyrrolocarbazole from a diyne
bearing the different aryl groups at the terminal positions (Scheme 13). Previously
they achieved a variety of gold-catalyzed annulation reactions to form the
π-extended fused cyclic systems [31]. Apart from other total syntheses of the
dictyodendrins, this method allowed one-pot construction of the pyrrolocarbazole

Scheme 12 Ready’s total syntheses of dictyodendrins F, H, and I
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Scheme 13 Ohno’s total syntheses of dictyodendrins B, C, and F
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skeleton, although the preparation of azidephenylated diyne 82 required multiple
reaction steps. The synthesis commenced with Sonogashira coupling of
2-iodoaniline derivative 83, which is the synthetic intermediate of Tokuyama’s
total synthesis. After removal of the TMS group, anisylethynyl bromide 84 was
incorporated to acetylene 85 by a combination of CuCl and n-BuNH2 to give diyne
86 in 91% yield. The Boc carbamate 86 was converted to azide 82 in two steps.
Construction of the pyrrolocarbazole was performed with N-Boc-pyrrole (87) in the
presence of 10 mol% BrettPhosAu(MeCN)SbF6 to provide the desired
pyrrolocarbazole 88 in 79% yield. The high yielding process was secured by using
the Boc group as the substituent. Other functional groups such as the tosyl group led
to reduction of the yield and selectivity of the product. The Boc group was removed
under the basic conditions, and treatment with NBS resulted in the regioselective
bromination at position 3 of the indole skeleton. Introduction of the phenylethyl
group and Suzuki–Miyaura cross coupling provided pyrrolocarbazole 89. The
remaining task is to install the methoxy group and the carbon functionality. Two
equivalents of NBS provided dibromide 90. Reductive removal of the bromo group
was performed in the presence of substoichiometric palladium catalyst. The
remaining bromo group was converted into the methoxy group using copper cata-
lyst, according to the method by Gaunt. The resulting compound 91 is the Fürstner’s
synthetic intermediate of dictyodendrin C (5) and F (8). The use of equimolar
amount of NBS resulted in the exclusive formation of the mono-brominated
pyrrolocarbazole 92, which was then subjected to the Fürstner’s synthetic route to
incorporate the benzoyl moiety for the synthesis of dictyodendrin B (4). The
introduction of the requisite methoxy group proceeded smoothly in this case. The
established synthetic route allowed construction of the unnatural pyrrolo[3,2-c]
carbazole, which showed stronger biological activities than pyrrolo[2,3-c]carbazole
that is involved in the natural dictyodendrins. This selectivity was controlled by the
gold catalyst and the protecting group of the pyrrole nitrogen, and further exploration
of such promising compounds is anticipated.

Ohno and co-workers achieved the formal synthesis of dictyodendrin A (3)
(Scheme 14). They introduced the ester side chain in a multi-step sequence.
Pyrrolocarbazole 89 reacted with oxalyl chloride followed by methanol provided
ketoester 93 in 87% yield. Selective addition of Grignard reagent to the ketone
carbonyl group was performed after hydrolysis of the methyl ester. Thus, ketoacid
94 was treated with the Grignard reagent led to the formation of compound 95,
which was subjected to the methyl ester formation followed by reduction of the
alcohol to provide compound 96.
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3.9 Guo/He’s Total Syntheses of Dictyodendrins F, G, H,
and I

Guo/He and co-workers reported total syntheses of dictyodendrins F (8), G (9), H
(10), and I (11) from aminoquinone 97 (Scheme 15). The synthesis commenced with
Suzuki–Miyaura cross coupling to provide arylated quinone 98 in 78% yield.
Subsequent introduction of the tyramine moiety gave diaminoquinone 99 in 94%
yield. Reduction/oxidation steps were necessary for introducing the acyl moiety; the
amino functionality of 99 was not reactive toward acyl chloride 100 due to its
electron deficiency. The resultant amino group attached to the dihydroquinone 101
underwent the smooth acylation, and PIFA oxidation [32] led to the formation of
quinone 102. Aldol condensation and removal of the Boc group provided compound
103, which was converted to the oxidized pyrrolocarbazole 104 through the reaction
with the benzyne derivative. Palladium-catalyzed hydrogenolysis of the benzyl
ethers led to the first total synthesis of dictyodendrin G (9). This synthetic route
was effective for the congeners, dictyodendrins F (8), H (10), and I (11).

Scheme 14 Ohno’s formal synthesis of dictyodendrin A
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4 Conclusion

This review has outlined an overview of isolation, biological activities, and chemical
syntheses of the dictyodendrins. In addition to the wide range of the biological
activities, the characteristic pyrrolocarbazole skeleton has attracted the synthetic
chemists, which led to the discovery of the new synthetic methods. The development
will become effective synthetic methods not only for the dictyodendrins and their
congeners, but also for the structurally related pyrrole-containing natural products.

Scheme 15 Guo and He’s total syntheses of dictyodendrins F, G, H, and I
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Abstract Heterocycles play important roles in bioluminescence. Among them, the
imidazopyrazinone compounds are utilized for light emission in some marine
bioluminescent systems. Coelenterazine (CL) is the organic substance of aequorin,
a photoprotein obtained from jellyfish, that possesses green fluorescent proteins
(GFP). The dehydrogenative oxidation of CL affords dehydrocoelenterazine
(DCL), which is also an organic substance for marine bioluminescence. DCL cannot
react directly with oxygen. Therefore, it is converted to the chromophore, which is
required for light emission in a photoprotein. The chromophore directly reacts with
oxygen in the presence of reactive oxygen species (ROS) to emit visible light.
Symplectin, a photoprotein derived from squids, and Pholasin, a photoprotein of
mollusks, utilize the DCL-derived chromophore. Pholasin, a registered trademark of
Knight Scientific Ltd., is widely utilized as a highly sensitive indicator of ROS, i.e.,
the detection of ROS that are produced from activated neutrophils by Pholasin is the
biomarker for oxidative stresses. Since there are many excellent reviews regarding
CL-dependent bioluminescence, this review focuses on the bioluminescent systems,
which employ DCL as an organic substance, by describing the history of the research

M. Kuse (*)
Graduate School of Agricultural Science, Kobe University, Kobe, Japan
e-mail: kuse@eagle.kobe-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/7081_2020_41&domain=pdf
https://doi.org/10.1007/7081_2020_41#DOI
mailto:kuse@eagle.kobe-u.ac.jp


on these systems and the bioluminescent mechanism that is related to the
DCL-derived chromophores.

Keywords Bioluminescence · Chromophore · Dehydrocoelenterazine · Luciferase ·
Luciferin · Pholasin · Photoprotein · Symplectin

Abbreviations

CL Coelenterazine
DCL Dehydrocoelenterazine
DTT Dithiothreitol
GFP Green fluorescent protein
GSH Glutathione
GST Glutathione S-transferase
HRP Horseradish peroxidase
LC–MS Liquid chromatography–mass spectrometry
MPO Myeloperoxidase
NMR Nuclear magnetic resonance
PBS Phosphate-buffered saline
ROS Reactive oxygen species
Tris Tris(hydroxymethyl)aminomethane

1 Introduction

Beautiful bioluminescence, i.e., light emission from living organisms, has attracted
attention since ancient times. Hence, many scientists have attempted to demystify
bioluminescent systems to understand how luminous organisms emitted light. Many
bioluminescent organisms are found in the ocean, and 90% of deep-sea organisms
are suspected to be luminous [1, 2]. Light emission is essentially facilitated by the
enzymatic/nonenzymatic oxidation of organic substances. The “burning” of organic
molecules with oxygen to produce light emission in luminous organisms could be
figuratively likened to the burning of a candle with fire. Although this metaphor is
not scientifically correct, it would afford us an easy insight into what biolumines-
cence is. Heterocyclic compounds are utilized as organic substances in biolumines-
cence (Fig. 1) [3]. “Luciferin” means the substance of luciferase (a bioluminescent
enzyme).

A glowing jellyfish, Aequorea aequorea, is one of the famous bioluminescent
organisms in the ocean especially because it produces a green fluorescent protein
(GFP) [4, 5]. GFP is widely utilized as an imaging material in biological compo-
nents, in vivo and in vitro [6–8]. The energy required for GFP to emit light is
supplied by aequorin, a photoprotein, which emits blue light [9]. After both proteins
were discovered by Shimomura and Johnson in 1962 [10, 11], it was further reported
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in 1975 that coelenterazine (CL) was the organic substance of aequorin [12]. CL was
confirmed to exist as peroxide in the active site that is stabilized by hydrogen, which
is bonded to Tyr184 [13]. Luminescence was initiated by binding calcium ions to
aequorin to induce its conformational changes and cause the decomposition of the
unstable peroxide. This decomposition affords an excited state of the oxidized
compound (coelenteramide) of CL with the simultaneous production of CO2.
Light emission is obtained from the relaxation of the excited state to a ground
state (Fig. 1).

Imidazopyrazinone is the core structure of CL, and its formal nomenclature is
imidazo[1,2-a]pyrazin-3(7H )-one. CLs are found in many luminescent/
nonluminescent marine organisms [14–17]; thus, they are expected to accumulate
in the organisms because of the food chain processes [18]. Though the origin of
biosynthesized CL is still unknown, Oba et al. demonstrated the biosynthesis of CL
from a deep-sea copepod, Metridia pacifica, after feeding it with tyrosine and
phenylalanine [19]. The amino acids were condensed to obtain
CL. Dehydrocoelenterazine (DCL) is an oxidized compound of CL, which is also
found in luminous organisms. CL and DCL are red–ox related; thus, the method of
utilizing both compounds is different in the bioluminescent mechanism (Fig. 1).

Fig. 1 Structures of heterocyclic organic substances utilized in bioluminescence
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In this review, the bioluminescence of marine organisms with imidazopyrazinone
compounds is described. Since other reviews excellently covered the CL-dependent
luciferase [20–22], this review is focused on the bioluminescent system, utilizing
DCL as the organic substance [23].

2 Watasenia scintillans

DCL is the dehydrogenated compound of CL, which was identified from Watasenia
scintillans (Japanese name is Hotaru-ika) by Inoue, Goto, and their colleagues in
1977 [24]. The synthetic route for CL and DCL was established as shown in Scheme
1 [25, 26]. 4-Methoxyacetophenone (1) was converted to aldoxime (2), and
phenylacetaldehyde (3) was changed to aminonitrile (4). Condensation of 2 and
4 afforded N-oxide (5), which was then reduced and demethylated to give
coelenteramine (6). Compound 6 is also natural product isolated from biolumines-
cent system. Another component (11) was synthesized from phenylacetic acid (7),
which was converted to diazoketone (8). After 8 was converted to bromoketone (9),
nitrone (10) was obtained from 9. Hydrolysis of 10 yielded ketoaldehyde (11).
Condensation of 6 and 11 afforded CL, which was oxidized to DCL with MnO2.
A literature summarizes the recent progress of the synthesis of CL analogs [27]. DCL
itself is not involved in the bioluminescence of Watasenia. The disulfate of CL
(Fig. 2) was reported as a luciferin (organic substrate for enzymatic reaction), and
luciferase (an enzyme that catalyzes the oxidation of luciferin) requires ATP and
magnesium ion as cofactors [28, 29]. Although a plausible mechanism for the

Scheme 1 Synthetic route for CL and DCL

88 M. Kuse



luciferin–luciferase (L–L) reaction was proposed to describe the involvement of
adenylated CL disulfate [30], supportive data were not available to prove the
involvement of adenylated CL disulfate [31], i.e., the detailed bioluminescent
mechanism was unclear. In 2016, Sharpe’s group reported the mass spectrometry
(MS) analysis and transcriptome sequencing of a luminous organ [32]. They
revealed that glowing squid crystal proteins are in the same superfamily as firefly
luciferase, andWatasenia luciferase exhibited 19–20% sequence identity with firefly
luciferase. The activity of the luciferase was not reported, hence the challenge in
understanding the isolation of pure luciferase from Watasenia [33].

3 Symplectoteuthis (Sthenoteuthis) oualaniensis

The purple-back flying squid (Symplectoteuthis/Sthenoteuthis oualaniensis), Tobi-
ika in Japanese, is distributed in the Pacific and Indian oceans [34]. There is an oval
light organ on the surface of its mantle that emits blue light. The ink of the squid is
utilized in luxury foods in Japan. Research on its bioluminescence was first reported
by Tsuji and Leisman in 1981 [35]. A membrane-bound protein was found to be the
origin of its light emission when it was stimulated by Na+/K+, at an optimum pH of
7.8. The organic substance for the bioluminescence was unknown until 1993 when
Isobe’s group discovered that DCL was the organic substance responsible for the
bioluminescence [36]. An acetone adduct of DCL was isolated from the acetone
powder of the light organs. The adduct was proven to be an artifact during the
preparation of acetone powder from the light organs. DCL, existing in the light
organ, was converted to the adduct by the conjugate addition of an enamine, derived
from an amino group of protein and acetone, while the acetone powder was prepared
(Fig. 3). After extensive efforts had been invested by the same group, the sulfhydryl
group was confirmed to be the most active nucleophile toward DCL. Dithiothreitol
(DTT) and glutathione (GSH) interacted with DCL to produce DCL–DTT and
DCL–GSH, respectively (Fig. 4) [37].

Simultaneously, a photoprotein, later called “symplectin,” was extracted in a
1.0 M KCl buffer. Both DCL–DTT and DCL–GSH, along with DCL, were also
active substances in the luminescence of symplectin. There was equilibrium between
DCL and these thiol adducts; thus, the liberated DCL was expected to be involved in
the active site of symplectin to form a chromophore that was responsible for the light
emission. From these results, a luminescent mechanism was proposed for

Fig. 2 Structure of CL
disulfate
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symplectin. A sulfhydryl group of the active site, cysteine, was connected to DCL by
conjugate addition to form the chromophore of symplectin. The oxidation of the
chromophore would result in the emission of light to afford an oxychromophore
(Fig. 5).

The luminescent mechanism was demonstrated utilizing DTT (as an
apo-symplectin model) and 13C-labeled DCL. The structures of the model chromo-
phore and oxychromophore were confirmed by nuclear magnetic resonance (NMR)
[38, 39]. In 2002, an amino acid sequence of symplectin was reported. Symplectin is

Fig. 3 Schematic representation of the production of the acetone adduct from DCL

Fig. 4 Structures of the thiol adducts of DCL
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Fig. 5 Schematic representation of a plausible luminescent mechanism of symplectin
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a 60 kDa protein, which exhibits a fluorescent character due to the chromophore
[40]. The partial digestion of symplectin with trypsin afforded a fluorescent 40 kDa
fragment that also exhibited luminescent activity with DCL. The remaining N-
terminal (20 kDa) of symplectin demonstrated some similarities with the mammalian
carbon–nitrogen hydrolase domain (biotinidase/pantetheinase).

In 2008, the active site of symplectin was deduced to be Cys390, employing
fluorinated DCL (F-DCL) as an organic substance [41, 42]. F-DCL afforded a stable
chromophore probably because of the inductive effect of the fluorine atom (Fig. 6).
Further, the inductive effect halted the equilibrium between the adduct and DCL.
The reconstituted symplectin with F-DCL was digested with trypsin, after which the
resulting peptides were analyzed by liquid chromatography–MS (LC–MS). A
chromophore-containing peptide (Cys390–Lys393) plus F-DCL was observed,
before and after the luminescence. From these results, Cys390 was expected to be
the active site that formed the chromophore of symplectin (Fig. 7). Difluorinated
DCL was later confirmed to be the most active non-natural substance of symplectin
(Fig. 6) [43]. However, the detailed luminescent mechanism of symplectin is still
unknown [44]. In 2017, Haddock’s group reported their research on the occurrence
and evolution of symplectin [45].
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Fig. 6 Chemical structures of the fluorinated DCL analogs

Fig. 7 Amino acid sequence of symplectin. The 40 kDa domain is highlighted with a box. The
chromophore was expected to form at Cys390
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They performed the transcriptome analysis to obtain five homologs of
symplectin. Since the crystal structure of vanin-1 (pantetheinase) was reported in
2014 [46] and its sequence exhibited similarities with symplectin (30% identity), a
modeling study was conducted to investigate the active site (cysteine) residue
(Fig. 8). Vanin-1 consists of nitrilase and base domains, and Cys211 is located in
the active site that is responsible for the hydrolysis of the carbon–nitrogen bond.
Cys411 formed a disulfide bond with Cys403. In the modeled symplectin, Cys196
existed in the active site, which was like Cys211 (vanin-1), and Cys390 formed a
disulfide bond with Cys385. From this modeling, a possible alternative in which
Cys196 was the active site for bioluminescence was proposed.

4 Eucleoteuthis luminosa

A brief study on the bioluminescence of Eucleoteuthis luminosa (Suji-ika in Japa-
nese) was reported by Shimomura [47]. The glowing squid belongs to the same
genus as Sthenoteuthis oualaniensis. The photoprotein was partially extracted from
the light organ, following the same method for symplectin. The light emission of the
photoprotein (50 kDa) was increased by the pretreatment of DCL, and the
photoprotein could be like or the same with symplectin. A large amount of DCL
(600 μg) was also found in the liver (10 g). The most important finding was that the

Fig. 8 (a) Crystal structure of vanin-1 (PDB:4CYF) and (b) modeled structure of symplectin,
rebuilt from the reported data (https://bitbucket.org/wrf/squid-transcriptomes) [45]

92 M. Kuse

https://bitbucket.org/wrf/squid-transcriptomes


mixture of catalase and hydrogen peroxide (H2O2) strongly induced the light
emission of the photoprotein. This phenomenon was also observed in the light
emission of symplectin (Fig. 9). Some intermediates/compounds, derived from
catalase–H2O2, could cause the induction of intense light emission, although the
detailed mechanism is still unknown.

5 Dosidicus gigas (The Largest Luminescent Animal
in the World)

In 2019, Oliveira’s group reported the characterization of the bioluminescence of a
Humboldt squid (Dosidicus gigas), which is one of the largest luminescent animals
in the world [48]. They identified DCL in the luminous organ and succeeded in the
purification and isolation of the photoprotein. The photoprotein was 60 kDa, as in
symplectin. The isolated protein was analyzed by LC–MS and the transcriptome
analyses to afford two gene products, which displayed high coverage (>80%) with
symplectin and vanin-2. The photoprotein emitted blue light (470 nm) in the
presence of DCL.

Fig. 9 Time course of luminescence of symplectin stimulated with a mixture of catalase–H2O2. At
a time (5 s), symplectin (20 μL in 0.6 M KCl–PBS) was mixed with (■) catalase (20 μL, 1 mg/mL)
and 3% H2O2 (200 μL) in 50 mM Tris with pH 8.3, (●) catalase (20 μL, 1 mg/mL) and 1% H2O2

(200 μL) in 50 mM Tris (pH 8.3), (♦) catalase (20 μL, 1 mg/mL) in 50 mM Tris, pH 8.3 (200 μL)
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6 Pholas dactylus

The common glowing piddock, Pholas dactylus [49, 50], is a clam-like species of
marine mollusks. From ancient times, its bioluminescence had been noticed at night.
Further, chewing Pholas made people’s mouth glow [51]. In 1887, the luciferin–
luciferase reaction was discovered by Dubois in Pholas bioluminescence [52]. The
research restarted in 1970 by Henry’s and Michelson’s group. Pholas luciferin (later
named as Pholasin, a registered trademark of Knight Scientific Ltd. [53]) and
luciferase were extracted from the acetone powder of the luminous organs of Pholas,
and it was reported that the luminescence was significantly stimulated by Fe2+

[54]. Pholasin was confirmed to be a heat-stable protein (Mw. 46 kDa) after it was
heated for 3 min at 60 �C. The luminescent reaction required molecular oxygen, and
the light intensity was proportional to the concentration of Pholasin. Light emission
of Pholasin was thereafter found to be activated by Fe2+ and H2O2 [55]. In the report,
it was found that luciferase could be replaced with a mixture of Fe2+–H2O2. In 1973,
Pholasin was confirmed to be the photoprotein that was like aequorin. Subsequently,
the involvement of a superoxide anion radical (O2

•–) in the light emission of Pholasin
was demonstrated [56]. The xanthine–xanthine oxidase system could also induce the
luminescence of Pholasin in the presence of oxygen. The sensitivity of Pholasin
toward O2

•– was superior to that of luminol. Thus, the report implied the important
utility of Pholasin, as a sensor for reactive oxygen species (ROS). It was also
reported that Pholasin did not recover after the luminescence, implying that an
irreversible reaction occurred during the luminescence. They also tested the electro-
chemical oxidation of Pholasin and observed that oxidation only occurred at the
anode, not at the cathode. The obtained experimental voltage for the oxidation was
23 kcal/mol, which was evidently much lesser than the corresponding voltage for
light emission, at 495 nm (λmax of the emission spectrum of Pholasin), which
required >58 kcal/mol of energy. It further implied that there was a withdrawal of
three electrons, the rate-limiting step, and that the following irreversible second step
followed the luminescent reaction of Pholasin, i.e., it involved the interaction of
molecular oxygen with a radical of luciferin. This reaction could be represented by
Eq. (1):

pholasinþ O2
•� ! pholasin� OOH ! oxypholasinþ Light ð1Þ

The luminescence of Pholasin was also induced by the addition of horseradish
peroxidase (HRP) [57]. In the system employing HRP, H2O2 was not essential for
the luminescence. They noticed the presence of a prosthetic group (chromophore) of
Pholasin that was responsible for light emission. It was proposed that the oxidation
of the chromophore with O2

•– afforded H2O2, as an intermediate, after which the
decomposition of the intermediate afforded the light emission. However, they could
not isolate the chromophore from Pholasin.

Further, the same group also studied Pholas luciferase extensively [58, 59]. The
luciferase, composed of two molecules of a subunit (Mw. 150 kDa) and possessing
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one copper atom per molecule, formed a 1:1 complex with one Pholasin molecule.
The composition of the amino acids of the luciferase confirmed that 23% of it were
aspartic and glutamic acids. These amino acids rendered the luciferase acidic
(PI < 3.5). The luciferase was a glycoprotein that was composed of glucosamine,
fucose, mannose, and galactose residues. The luciferase was a peroxidase, which
catalyzes the oxidation of ascorbic acid in the presence of H2O2, and exhibited
similar behavior as HRP. Subsequently, Henry et al. improved the method of
isolating Pholasin and luciferase [60]. Pholasin was confirmed to be a glycoprotein,
which possesses similar sugar chains as luciferase, and its revised Mw. was 34 kDa.
Like luciferase, Pholasin was also an acidic protein, and the deduced quantum yield
of Pholasin was 0.09 (based on the calibration with luminol [61]). They analyzed the
protein–protein interactions between the luciferase and Pholasin to obtain the fol-
lowing parameters: the dissociation equilibrium constant (Kds) for Pholasin–lucifer-
ase and oxypholasin–luciferase was 1.2 � 10�11 and 1.7 � 10�8, respectively.
Unfortunately, these important and extensive research in France halted abruptly in
1978 because of the extinction of Pholas. As mentioned by Michelson, this extinc-
tion might be caused by gastronomic delicacy; their utilization, as luminescent baits,
by fishermen; and, perhaps, pollution by oil tankers. Michelson made a collective
research review on Pholas bioluminescence, conducted by their research group
[62]. The report revealed the importance of the surrounding environmental organ-
isms, which was of interest to natural products chemists.

In 1987, Knight, Campbell, and Roberts continued the research in England. They
reported the utilization of Pholasin in the detection of the activation of single
neutrophils [53]. After they confirmed that the luminescence of Pholasin was
induced by HRP and a neutrophil peroxidase (myeloperoxidase (MPO)) [63],
Pholasin was confirmed to be a highly sensitive indicator of reactive oxygen
metabolites, produced by the neutrophil. The sensitivity of Pholasin was 50- to
100-fold greater than that of luminol. From these results, it could be seen that
Pholasin was successfully employed as the indicator of ROS [64, 65]. At that
time, the exact chemical structure of Pholasin was unknown. Furthermore, Müller
and Campbell investigated the chromophore of Pholasin [66]. CL and Cypridina
(Vargula) luciferin [67, 68] did not activate the luminescence of Pholasin. From the
fluorescent spectra, they proposed that a flavin compound could have been involved
in the luminescence. In 2000, Campbell’s group successfully cloned and expressed
apopholasin (an apoprotein of Pholasin) [69]. Apopholasin contained 225 amino
acids with a signal peptide of 20 amino acids, 3 predicted N-linked glycosylation
sites, 1 O-linked site, 0 histidine, and 7 cysteines (Fig. 10). The recombinant
apopholasin was expressed in insect cells to afford the fully processed glycosylated
apopholasin (34 kDa) and the unprocessed apopholasin (26 kDa). After the
apopholasin was mixed with acid methanol extracts of Pholas, the resulting
apopholasin exhibited luminescence that was stimulated by sodium hypochlorite.
The kinetics of the reactivated apopholasin was very different from that of the native
Pholasin, thus the conclusion that native Pholasin could not be obtained from the
recombinant apopholasin, employing the acid methanol extract, since the substance
that constituted the chromophore of Pholasin was still unknown.
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The luminescent character of Pholasin triggered by ROS resulted in the estab-
lishment of Knight Scientific Limited by Jan Knight and Robert Knight, in 1990
[70]. They succeeded in cultivating Pholas dactylus through their 11-year research
efforts, and the company started supplying the extracted and purified Pholasin from
the cultivated Pholas as Pholasin and ABEL (Analysis By Emitted Light, a regis-
tered trademark of Knight Scientific Ltd.) antioxidant test kits for the detection of
free radicals and oxidants with high sensitivity [71]. Pholasin is also widely utilized
for the detection of free radicals and oxidants, such as ROS, chloramines, and
bromamines [72–78].

In 2008, Kuse et al. observed that DCL could increase the light emission of
Pholasin [79]. Pretreated Pholasin with DCL afforded threefold light intensity and
fourfold total light yield for 5 min, and DCL was confirmed as an organic substance
of Pholasin (Fig. 11). Although there was no proof that DCL was the true substance
of the native Pholasin, this finding proposed that Pholasin afforded a similar
chromophore as did symplectin.

Later, the same group reported the extraction and identification of the DCL–DTT
adduct from Pholasin by a DTT treatment [80]. Since DCL was expected to form a
stable chromophore with Pholasin, there could be an equilibrium between DCL and
the chromophore (Fig. 12). Thus, an excess amount of DTT would convert chro-
mophore into DCL–DTT. This hypothesis actually worked.

Fig. 10 Amino acid sequence of Pholasin with a signal peptide (Met1–Gly20)

1.2E+05
8.0E+06

6.0E+06

4.0E+06

2.0E+06

0.0E+00

8.0E+04

4.0E+04

0.0E+00
0 BG P+DCL150 300

Time (sec)

Li
gh

t i
nt

en
si

ty
 (

cp
s)

To
ta

l l
ig

ht
yi

el
d 

(c
ou

nt
s 

fo
r 

5 
m

in
)

pholasin
Pholasin + DCL

3 times increased
4 times increased

Fig. 11 Time course of luminescence and total light yield of Pholasin with/without DCL

96 M. Kuse



The DCL–DTT adduct was prepared by treating Pholasin with DTT in methanol.
The resulting solution was thereafter centrifugated to afford a fluorescent solution.
The extract was analyzed by LC–MS by comparing it to the synthetic DCL–DTT.
DCL–DTT was observed in the extract, and its MS spectra were identical to those of
the authentic sample. As a supportive data, coelenteramine was also detected in the
methanolic extract of Pholasin. Coelenteramine was expected to be produced by air
oxidation during the storage of Pholasin (Fig. 13). Thus, DCL was confirmed to exist
in Pholasin.

In 2020, Moriguchi et al. succeeded in cloning and expressing recombinant
apopholasin (an apoprotein of Pholasin), utilizing a baculovirus–silkworm
multigene expression system and DCL for the activation [81]. The recombinant
apopholasin possessed C-terminal tags (histidine and FLAG® (DYKDDDDK) tags)
with a cleavage site via the HRV 3C protease (Fig. 14).

Two recombinant apopholasins were expressed in the baculovirus–silkworm
multigene expression system: apopholasinF contained a signal peptide at the
N-terminal, and apopholasinM corresponded to the mature Pholasin beginning
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Fig. 12 Schematic representation of the conversion of the chromophore of Pholasin into a DCL–
DTT adduct

Fig. 13 Schematic representation of a plausible mechanism of the air oxidation of Pholasin to
afford coelenteramine. During the storage of Pholasin, the prosthetic group of Pholasin could be
oxidized to produce oxypholasin. Thereafter, the oxypholasin would be hydrolyzed to afford
coelenteramine
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from Glu21. The recombinant apopholasins were extracted from the pupae of a
silkworm and purified in a FLAG-affinity column. The obtained apopholasinF and
apopholasinM (100 μL, 0.1 mg/mL) were incubated with DCL (2 μL, 2 mM in
DMSO) to obtain apopholasin–DCLs (hereafter referred to as apopholasin–DCLs to
distinguish them from Pholas-derived Pholasin). First, a mixture of solutions A and
B from a Pholasin-based ABEL antioxidant test kit was added to the respective
apopholasin–DCL complexes since the luminescence of Pholasin is generally initi-
ated by the addition of this A and B mixtures from the ABEL kit. However, light
emission was not observed at all. In attempting to obtain active apopholasin–DCLs,
it was discovered that the addition of an HRP–H2O2 mixture would result in the
activation of the apopholasin–DCL complexes (Fig. 15).

Both the DCL-incubated apopholasinF and apopholasinM emitted intense light
when the peroxidase–H2O2 mixture was added, and the resulting luminescence was
observed for 10 min before it gradually decreased. From these results, it was
revealed that the luminescence depended on the presence of the apopholasins
because DCL alone could not afford any light emission when the peroxidase–
H2O2 mixture was added. This trend was also observed during the activation of
Pholasin. From these results, it has been revealed that luminescence in Pholasin
would be produced if similar activators were utilized, i.e., incubation with DCL and
activation via an enzyme–peroxide mixture. Moreover, the catalase–H2O2 mixture is
known to cause luminescence in symplectin [47]. However, this mixture failed to
trigger luminescence strongly in the apopholasin–DCL complex. Another peroxide,
tert-butyl hydroperoxide (TBHP), was also tested, but its light emission was poor,
even in the presence of peroxidase or catalase activators (Fig. 16). From these
results, it was clear that a peroxidase–hydrogen peroxide mixture specifically initi-
ated the luminescent character of apopholasin–DCLs.

The luciferin–luciferase reaction in Pholas dactylus is known to be responsible
for the light emission characteristics of mollusks since Pholasin is a type of luciferin
and luciferase is a copper-containing peroxidase [62]. Reichl et al. reported that the

Fig. 14 Amino acid sequence of apopholasin with a cleavage site at HRV 3C protease, a histidine
tag, and a Flag® tag at the C-terminal. Apopholasin possesses a signal peptide (Met1–Gly20), and
mature apopholasin is called Glu21–Trp205. Seven cysteines in mature apopholasin were
highlighted as bold
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oxidation of Pholasin was caused by Compound I or II, which was obtained from
MPO and HRP in the presence of H2O2 to afford an intense light emission
[73]. Compounds I and II are ferryl (iron-containing heme) intermediates, which
were derived from the activation of oxygen in heme enzymes (a copper-containing
metal center also afforded similar intermediates as Pholas luciferase) [82, 83]. Native
ferric HRP is converted into Compound I when it is activated with H2O2. It is a green

Fig. 15 (a) Total light yields and (b) time course of luminescence of apopholasin–DCLs for
10 min. (a): (1) apopholasinF–DCL + peroxidase and H2O2. (2) apopholasinM–DCL + peroxidase
and H2O2. (3) GSH–DCL + peroxidase and H2O2. (b): time course of the light emission of
apopholasinF–DCL (–●–), apopholasinM–DCL (–◊–), and GSH–DCL (–x–). Each sample was
placed in a luminometer to quantify the amount of light emitted from the sample. After 5 s, a
peroxidase–H2O2 mixture was quickly injected, and the resulting light emission was monitored for
10 min. Reprinted fromMoriguchi et al. (2020) Bioorg Med Chem Lett 30:127177, with permission
from Elsevier

Fig. 16 Total light yields of apopholasinM–DCL for 5 min: (1) apopholasinM–DCL + peroxidase
and H2O2, (2) apopholasinM–DCL + catalase (5 mg/mL in PBS buffer, pH 8.5) and H2O2,
(3) apopholasinM–DCL + peroxidase and TBHP (5%), and (4) apopholasinM–DCL + catalase
(5 mg/mL in PBS buffer, pH 8.5) and TBHP (5%). Reprinted from Moriguchi et al. (2020) Bioorg
Med Chem Lett 30:127177, with permission from Elsevier
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two-equivalent oxidized intermediate. Compound II is formed by a one-electron
reduction of Compound I. It is a brown intermediate (Fig. 17). Both compounds
could withdraw one proton and electron, and Reichl et al. proposed a luminescent
mechanism (Fig. 18), resultantly. Compound I oxidizes Pholasin into oxypholasin in
the presence of oxygen to afford Compound II. The obtained Compound II also
oxidizes Pholasin into oxypholasin while emitting intense light to afford the native
HRP. This phenomenon is consistent with the mechanism proposed by Michelson
[62]. Thus, the utilization of recombinant apopholasin and DCL was simply a
reproduction of this biological system that initiated light emission via the HRP–
H2O2 mixture. However, a complete luminescent profile for the apopholasin–DCL
complexes is yet to be determined.

Fig. 17 Production of Compounds I and II from ferric HRP. The active sites of each structure are
shown with a heme moiety. Ferric enzyme (PDB 1H5A), Compound I (PDB 1HCH), and Com-
pound II (PDB 1H55) are shown from the X-ray data [82]. The radical cation is located in the heme
moiety of Compound I

Fig. 18 Proposed luminescent mechanism of Pholasin, based on Compounds I and II
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Inoue et al. reported that a fusion protein consisting of glutathione S-transferase
(GST) and apopholasin (GST–apopholasin) demonstrated luciferase-like activity for
the oxidation of CL into coelenteramine while emitting blue light [84]. In their
system, DCL did not afford any light emission. Afterward, they reported GST–
apopholasin with DCL could afford light via the addition of catalase–H2O2 [85].

7 Conclusion

From the discovery of the luciferin–luciferase reaction in Pholas dactylus in 1887,
extensive research on bioluminescence have been conducted ever since (Table 1). In
this review, the detailed research results regarding the bioluminescence of Pholas
dactylus and Symplectoteuthis/Sthenoteuthis oualaniensis are summarized. Two
photoproteins, Pholasin and symplectin, were DCL-related bioluminescent, i.e.,
their chromophores were composed of DCL for light emission. Catalase–H2O2

and peroxidase–H2O2 induced the respective luminescence of symplectin and
Pholasin. The exact and detailed chemical structures of the chromophores of
Pholasin and symplectin are yet unknown. Although the precise luminescence
mechanism of these DCL-dependent photoproteins is unknown, Pholasin is widely
employed as detector of ROS derived from the cells. The detection has been applied
to extracellular systems, although recent progress would apply these photoproteins
as intracellular detectors of ROS.

Table 1 Important progresses related to DCL-dependent bioluminescence

Year Description

1887 Discovery of luciferin–luciferase reaction in Pholas dactylus

1970 Isolation of Pholas luciferin and Pholas luciferase

1973 Fe2+–H2O2 induced light emission of Pholas luciferin

1977 Discovery of DCL from Watasenia scintillans

1985 Symplectoteuthis photoprotein is stimulated by Na+/K+ ions

1987 Pholas luciferin was renamed as Pholasin

1990 Knight Scientific Ltd. was established and released Pholasin and ABEL test kits

1993 DCL is a substance of Symplectoteuthis photoprotein (symplectin)

1996 Research on the chromophore of Pholasin

2000 Cloning and expression of apopholasin

2000 Compounds I and II induced light emission in Pholasin

2008 Active site analysis of symplectin

2008 DCL worked as a substance of Pholasin

2009 DCL–DTT was isolated from Pholasin

2019 Dosidicus photoprotein emitted light in the presence of DCL

2020 Activation of the expressed recombinant apopholasin with DCL
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Abstract Water-soluble marine natural products are interesting as they generally do
not penetrate into the cells but exhibit biological activities through cell surface
receptors, ion channels, and glycans. Some molecules, however, interact with cell
membrane and disrupt it. In this review, discovery, structures, and biological
activities of water-soluble marine natural heterocyclic molecules are summarized
with special emphasis on their biological activity and functions.
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1 Introduction

According to marine natural products (MNP) database MarineLit, more than 35,000
compounds are known from the sea to date. Most reported marine-derived com-
pounds, especially bioactive compounds are extracted by organic solvents. The
reason for this is that organic soluble compounds often exert potent biological
activity including cytotoxicity and antimicrobial activity by interacting with intra-
cellular targets upon crossing lipid bilayer membrane. Contrary, hydrophilic or ionic
compounds such as sugars and amino acids cannot cross the cell membrane thus
require specific transporters to enter the cell. Thus, natural products with such
physico-chemical properties likely fail to show “bioactivity” in cell-based screening
assays such as cytotoxicity and antimicrobial assays. Moreover, most of the con-
ventional separation techniques such as silica gel chromatography or solvent parti-
tion used to separate organic molecule may not be applicable for highly polar or
ionic molecules [1]. For these reasons, water-soluble compounds are left relatively
untapped. However, they are potentially interesting source for new biologically
active molecules, because they can interact with cellular targets on the cell surface,
including ion channels, receptors, glycans, and membrane itself. Many interesting
examples such as tetrodotoxin/saxitoxins that target voltage gated sodium channel;
kainic acid/domoic acid that target ion channel glutamate receptors (iGluR); the
Conus peptide toxins such as ω-conotoxin MVIII that target various neuronal ion
channels and receptors including voltage gated calcium channel; lectins that target
sugar chains, and polyalkylpyridiniums/saponins that target lipid bilayer [2]. The
existence of these classical examples suggested that water-soluble marine metabo-
lites are interesting source to explore molecules that potentially target cell surface
machineries that often govern intercellular communications and tissue integration in
multi-cellular animals and plants. Moreover, biosynthesis and origin of water-
soluble molecules are often quite interesting but elusive. Because most biosynthet-
ically well-known class of molecules such as polyketides, lipids, steroids, terpenes,
non-ribosomal peptides are organic soluble in general but those of some water-
soluble small molecules such as tetrodotoxin are puzzling. This suggests to us that
water-soluble molecules are intriguing source to explore newer chemical space and
biological activities in the science of marine natural products. In this review, I
summarize works regarding water-soluble MNPs mainly conducted in my laboratory
with special emphasis on discovery, structure, and biological functions of heterocy-
clic molecules.

2 Discovery of Water-Soluble Marine Heterocycles

To screen bioactive water-soluble MNP, we first employed in vivo assay in mice.
Because central nervous system is a showcase of receptors and ion channels
expressed in cell surface. An intracerebroventricular (i.c.v.) injection of water-
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soluble compounds in mice can deliver them directly to synaptic machineries. In the
early stage in conotoxin research, mouse behavioral assay was used to discover
potentially interesting molecule and it turn out to discover many important classes of
Conus peptides [3]. Inspired by this finding, the in vivo-based behavioral assay was
extended to aqueous extracts of various marine organisms. We screened more than
1,000 marine aqueous extracts to date and found various small to middle secondary
metabolites as well as bioactive proteins.

3 Excitatory Amino Acids

3.1 Kainic Acid

Excitatory amino acid (EAA) is an acidic amino acid that triggers excitatory
neuronal transmission by binding with ionotropic glutamate receptors (iGluRs).
iGluRs are categorized structurally and functionally into NMDA (N-methyl-D-
aspartate) and non-NMDA types, and later are further divided into kainite and
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole-propionate)-type iGluRs. As the
names suggest, the classification was based on the specific ligands that activate each
subtype. Kainic acid (kainite), a classical marine heterocyclic compound, has played
a key role in earlier studies of iGluR research and became a standard tool to
investigate kainite-type iGluRs. Kainic acid (1) is a product of red algae Digenea
simplex that occurs in temperate to subtropical shallow water of Indo-Pacific and
Atlantic seas. The alga has been traditionally used as anthelmintic medicine in
human, and kainic acid was isolated as an active principal. Later, domoic acid (2),
a higher congener of kainic acid was found from another red algae Chondria armata
which has also been used as anthelmintic medicine in Japan. Domoic acid is
produced not only by the red algae, but also by diatoms [4]. Thereby bloom of
domoic acid-producing diatoms, a genus of Pseudo-nitzschia species, causes dam-
age in health of marine animals as shellfish or fishes may accumulate domoic acid
through food web [4]. Ingestions of contaminated foods by marine animals as well as
human result in abnormal behaviors and death in the worst cases. Both 1 and 2, and
in addition mushroom toxin acromelic acids share the substructure of kainic acid and
thus they are collectively called kainoids. Kainoids generally possess agonist activity
for iGluR selective for KA/AMPA types. Because 1 is indispensable tool in neuro-
physiological researches, and has attractive structural feature, more than
40 stereoselective syntheses of this molecule have been reported [5, 6].

We are interested in this molecule as to biological aspect in the producing algae
D. simplex because no direct relevance between the known physiological action of
kainite and algal physiology seemingly exist. However, the fact that some glutamate
related signaling are identified in plants may suggest some importance of kainic acid
in the producing algae [7]. Towards further understanding of this aspect we choose
to determine cellular localization of kainic acid using immunohistochemical (IHC)
techniques [8]. A polyclonal antibody that specifically recognizes kainic acid was
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successfully raised in rabbit. The immuno-staining of the section of algae clearly
showed that kainic acid is localized most densely in the outer epithelial layer of fine
cylindrical thallus. The cortical cells, but not the inner layers of the main axis, and
cells of the rhizoid were also stained with this antibody. These observations
suggested some defensive roles of kainic acid in the algae. Interestingly subcellular
localization revealed by transparent electron microscopy (TEM) suggested that
kainic acid is localized in nucleus, granule body (unannotated electron-dense com-
partment), and pit plug (red algae specific cell connection), however, no immuno-
reactivity was observed in the chloroplasts (Fig. 1).

Recently, biosynthetic pathway of kainic acid [9] was uncovered along with that
of domoic acid [10] by genomic approaches. As proposed earlier, condensation of
geranyl diphosphate and L-glutamic acid is a key step in domoic acid biosynthesis in
Pseudo-nitzschia, followed by oxidation to form carboxylic acid and then oxidative
cyclization to construct the pyrrolidine ring. In C. armata, isolation of putative
biosynthetic intermediates allowed to propose DA biosynthesis in the red alga
where N-geranylated β-hydroxy glutamate was found as key intermediate for
pyrrolidine ring formation [11]. This general enzymatic conversion was conserved
both in the diatom and in D. simplex [9] (Scheme 1). Because plant terpene synthesis
generally takes place in the chloroplast through MEP pathway [12], our finding that
chloroplast in D. simplex was devoid of kainic acid immunoreactivity suggests that
biosynthesis of kainite takes place in cytosol rather than chloroplast using
chloroplast-derived precursor.

Fig. 1 Cellular and subcellular localization of 1 revealed by IHC experiments. (a) Digenea
simplex. A hair-like thallus was cut and subjected to immuno-staining by anti-kainate antisera.
(b) Light micrograph of kainic acid immunoreactivity in a transverse section of thallus labeled by
gold nano particle. Dark parts are kainic acid immunoreactivity. (c) TEM of non-labeled D. simplex
cell showing nucleus, N, and pit plugs, pp. TEM of (c) chloroplast, (d) nucleus, (e) granule body, (f)
pit plug. Kainic acid immunoreactivity was labeled as black dots

110 R. Sakai



3.2 Dysiherbaines and Related Compounds

We found a Micronesian sponge initially identified as Dysidea herbacea [13] but
revised later as Lendenfeldia chondrodes, exhibited potent pro-convulsant in mice in
our in vivo screening. We isolated dysiherbaine (3) and neodysiherbaine-A (4) as the
responsible compounds for excitatory activity in the extract. We also found several
other compounds without neuronal activity in the same sponge. These compounds
include dysibetaine (5), dysibetaine CPa (6) and CPb (7), PP (8) [14], and
deoxynojirimycin-6-phosphate (9a) and its N-methyl derivative (9b) [15]
(Scheme 2). Absolute stereochemistry for 6 and 8 were later confirmed by total
syntheses [16, 17], and that for 7 was supported by synthesis of desmethyl analogue
[18]. The structural diversity of small heterocyclic compounds found in the sponge
demonstrated its rich biosynthetic capability. Interestingly, sponges collected only in
Yap state Micronesia contained dysiherbaines, but not in other areas in central
Pacific including Guam and Palau, thereby production of dysiherbaines not by
sponge itself, but associated microorganisms are suspected. It has long been
known that certain species of Pacific Dictyoceratid sponges, including D. herbacea
(Lammelodysidea herbacea) and L. chondrodes heavily harbor symbiotic
cyanobacteria Oscillatoria spongeliae up to 30–50% of sponge volume. Interest-
ingly, however, L. chondrodes not only harbors O. spongeliae but also contains
another cyanobacterial symbiont Synechocystis sp. [19].

We observed that both of these symbiotic cyanobacteria in mesohyl of the
sponge. An immunohistochemical study combined with microscopic observations
using dysiherbaine-specific antibody raised in rabbit revealed that immunoreactivity
of dysiherbaine was localized specifically in the cells of Synechocystis sp., but not in
O. spongeliae, eubacteria or sponge cells (Fig. 2). This result suggested that
Synechocystis sp. plays important roles in production or storage of dysiherbaine
[20]. Synechocystis sp. identified in the sponge is closely related to obligate symbi-
onts Prochloron didemni and S. trididemni of tunicates. Prochloron is known to

Scheme 1 Biosynthetic pathway of domoic acid and kainic acid
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produce secondary metabolites represented by patellamides in the tunicate
Lissoclinum patella [21], however, metabolic potential of symbiotic Synechocystis
is left to be investigated.

Dysiherbaine (3) exhibited very potent excitotoxicity in mice, inducing long
lasting convulsion with IC50 value of 6 pM/mouse, six times as potent as that of
domoic acid, thus regarded as the most potent naturally occurring excitatory amino

Scheme 2 Dysiherbaines and other water-soluble metabolites form Lendenfeldia chondrodes

Fig. 2 Cellular and subcellular localization of dysiherbaine (3). (a) Underwater photography of
L. chondrodes. (b) A Light micrograph of toluidine blue-stained section. (c) A section stained by
anti-dysiherbaine antisera. TEM for (d) Oscillatoria spongeliae and (e) Synechocystis sp.
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acid known to date [22]. Dysiherbaine (3) bind to GluK1 and GluK2 subtypes of
kainite receptors very potently at Ki values of 0.74 and 1.2 nM, respectively.
Because of this potency, 3 selectively activates GluK1 site in the hetero tetrameric
complex of GluK1/K4 receptor, showing new insight into behavior of heteromeric
GluRs [23]. To gain structural insight into the potency and subtype selectivity, we
performed structure-activity relationship study of dysiherbaines by synthesizing
11 analogues. We found that, besides importance of glutamate substructure of 3,
substituent of the perhydrofuro-pyrane ring plays significant roles in the activity.
Further, crystal structures of ligand binding domain (LBD) of GulRs complexed
with 3 indicated that binding of the ligand lead to conformational change in the
receptor stabilizing “closed” conformation, typical of those observed in glutamate
and other agonists. Interestingly, a truncated analogue, MSVIII-19 (10), synthesized
by Sasaki’s group that exhibited in vivo a transient coma-like sleep also bound to the
LBD in the same fashion as 3, however, it stabilized desensitized state of the receptor
and inactivate it by functioning as antagonist [24]. This is an unexpected outcome
because in AMPA receptors, closure of the LBD lobe has been thought to correlate
to its channel opening [25, 26]. Thus the structure and functional observations with
dysiherbaine and congeners posed complexity in GluR biophysics [27]. Because 10
was shown to be a functional antagonist for GluK1 and this receptor has been
thought to be involved in pain transmission, it antinociceptive activities were tested
in rat pain models revealed that it selectively reduced pain-related behaviors in
neuropathic pain model while no effect was seen in the peripheral model
[28]. This result showed potential of selective GluR1 antagonists as analgesic
drugs (Scheme 3).

Inspired by the structure and activity of naturally occurring EAAs including
kainic acid and dysiherbaine, Ikoma and Oikawa designed and synthesized a new
molecule IKM-159 as racemic mixture (rac-11) using three component Ugi reaction
coupled with olefin metathesis to construct tri hetero cyclic amino acids [29]. These
compounds especially rac-11 induced behavioral changes in mice in that the mice
became totally flaccid after intracerebroventricular injection [30, 31]. Electrophysio-
logical characterization indicated that these compounds attenuate excitatory neuro-
transmission through AMPA-type glutamate receptors [32]. Crystal structure of
LBD of AMPA receptor complexed with IKM-159 indicated that the 2R congener
from rac-11 binds to the ligand binding cavity and change the conformation to “open
state” which is typical of the conformation bound to GluR antagonist. These
observations suggested that (2R)-IKM159 functions as antagonist for GluRA2

Scheme 3 Synthetic antagonists
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receptor. Stereospecific synthesis of both (2R)- and (2S)-IKM159 followed by
in vivo bioassay in mice showing the activity in only 2R isomer 11, confirmed the
above observation [33].

3.3 Sponge-Derived 4-Sulfooxypiperidine-2-Carboxylic Acids

During further investigation for neuroactive compounds we found that the aqueous
sponge extracts induced convulsant behaviors characterized by violent but transient
running and jumping behaviors. These behaviors are also observed after injection of
NMDA agonists in our previous study. From two distinct sponges, Stylotella
aurantium and Axinella carteri collected in Yap State, Micronesia, a known
(2S,4S)-4-sulfooxypiperidine-2-carboxylic acid (trans-HPIS, 13) was isolated as
an active principal (Scheme 4). On the other hand, separation of a Palauan sponge
Cribrochalina olemda afforded an isolation of cribronic acid [34], (2S,4R,5R)-5-
hydroxy-4-sulfooxypiperidine-2-carboxylic acid (12) (Scheme 4). They both bind to
NMDA site in the rat synaptic preparation at IC50 values of 214 and 83 nM, but not
to AMPA or KA sites. trans-HPIS (13) was previously reported from the seed of the
legume Peltophorum africanum and identified as an NMDA agonist [35, 36]. Of
note, synthetic cis-HPIS (14) [36] did not show any activity in mice. Several other
NMDA ligands are found from marine organisms and plants indicated that they are
potential source of novel NMDA receptor-targeting drugs [2].

4 Neuroactive Purine Derivatives from Marine Sponges

Purines are one of the most frequently encountered classes of molecules during the
separation of aqueous extracts. Plant methyl xanthines, such as caffeine (15) the-
ophylline (16), and theobromine (17) are the most important class of bioactive
purines. Needless to say, caffeine is widely used in recreational and medicinal
purposes, and theophylline is clinically used as antiasthma drug. Marine organisms
are rich source of bioactive purines exhibiting cytotoxicity, antimicrobial activity,
enzyme inhibition, antiangiogenic activity, and neuronal activity [37] (Scheme 5).

Scheme 4 NMDA agonists from sponges

114 R. Sakai



We found that aqueous extracts of Palauan Haplosclerida sponges, Cribrochalina
olemda, Haliclona sp., and Amphimedon sp. induce transient running-jumping
convulsion in mice via i.c.v. route. Bioactivity-guided separation of C. olemda
resulted in isolation of 1,9-dimethyl-8-oxoisoguanine (18) as active principal
[38]. Compound 18 and related purines 19–21 were also found in Haliclona
sp. and Amphimedon sp. collected in the same region. All these purines induced
convulsion in mice, and the behavioral phenotypes including transient running-
jumping convulsion resembled to that of NMDA agonists, however, 18 did not
interact directly with GluRs in the radioligand binding assay. Note that caffeine did
not induce such convulsant activity in the mouse assay. It was shown, however, that
18 clearly showed hyperexcitability in cultured rat hippocampal neuron in an
electrophysiological assay. Further physiological experiments indicated that 18
modify both inhibitory and excitatory neurotransmissions with higher impact on
the inhibitory one. In a target screening panel, provided by Psychoactive Drug
Screening Program (PDSP) showed moderate affinity for α-adrenoceptors (Ki values
of 885, 758, and 497 nM for each α1A, α1B, and α1D, respectively) and weak
affinity for the serotonin receptor 5-HT1E (2.9 μM), nicotinic receptor α3β2
(4.2 μM), and κ- and μ-opioid receptors (1.8 μM and 8.9 μM, respectively). The
action of 18, however, was not affected by inhibitors of α-adrenoceptors or GABAB

receptors which regulate inhibitory neurotransmission [38]. These results together
indicated that 18 modulates inhibitory neurotransmission to turn neuron into excit-
atory phase, however, actual molecular targets of the purine are remained to be
identified. This study illustrated interesting and complex nature of neuronal modi-
fication by purines. As represented by caffeine, the multiple actions of the drug may
be ascribed to its wide target selectivity [39]. Further investigation on this class of
neuroactive molecules would result in next generation of purine-based drug
discovery [37].

Scheme 5 Neuroactive purines
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5 Tunicate-Derived Heterocyclic Molecules

Tunicates are marine invertebrate belongs to the phylum Urochordata, close to
vertebrates. It is, however, known to contain variety of bioactive secondary mole-
cules including ecteinascidins [40] which has been developed as first marine-derived
anticancer drug. Because of this, tunicates have received intense attentions from
marine natural product community and a number of biologically interesting com-
pound are reported. Most of which, however, are lipophilic metabolites and
biosynthesized likely by symbiotic microorganisms [41]. Aqueous extracts of tuni-
cate are studied mainly in a context of physiological and ecological interests but are
relatively untapped [42]. Here, we show our recent work looking into aqueous
extract of tunicates using our assay systems.

5.1 Mellpaladines

A crude aqueous extract of Palauan Didemnidae tunicate suppressed motor activity
of mice. This activity suggested a presence of compounds that interact with neuronal
receptors. Separation of the extract guided by the mouse assay resulted in isolation of
mellpaladines A-C (22–24), dopargimine (25), as active principals, along with
known compounds guanidinobutyric acid (26), and dimeric polysulfur dopamines
lissoclibadins 11 (28) and 12 (29) [43]. Dopargimine and mellpaladine A-C induced
behavioral changes in mice. They induced tremor or convulsion at high dose
(<50 nmol/mouse), but at lower dose (14 nmol/mouse) the motor activity of mice
was largely suppressed by administration of these compounds. Compound 26
induced moderate behavioral change, but 28 and 29 did not show noticeable
behavioral changes at 50 μg/mouse. Note that 26 is known to be a physiological
substance in the brain and intracisternal injection of 26 in rabbit was convulsive at
5 mg/kg [44]. The molecular targets of the active compounds were screened in PDSP
using radio ligand binding assay showing that 25 displace radioligands for δ-opioid
receptor (DOR Ki ¼ 485 nM) and α2B adrenergic receptor (5.9 μM). Mellpaladines
A and B were also shown to bind to wide range of synaptic receptors including
serotonin, α-adrenergic, dopamine, histamine, opioid, and Sigma receptors, and
transporters such as dopamine and noradrenaline transporters. The structure of 25
is closely related to plant guanidine alkaloid dopargine (27) which is known as a key
ingredient of black cohosh, a herbal medicine used to treat menopausal
symptoms [45].

Other related guanidine alkaloids trypargine derivatives were found for various
organisms including tunicates [46], a sponge [47], a flog [48], and a spider [49]. All
these alkaloids are likely formed by Pictet–Spengler reaction between monoamines
and an aldehyde derived from arginine. Isolation of putative precursor, 26 from this
tunicate supported the above hypothesis. Mellpaladines are the first natural products
that possess 1,2-dithoketal structure, although examples of dithioacetal compounds
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were reported in tunicates. Isolation of polysulfur dopamines 28 and 29 suggested
that the tunicate is in a chemotype that produce polysulfur dopamines [50], thereby
mellpaladines are speculated to be biosynthesized by condensation of dithiol or
relevant derivatives of dopamine and dopargimine derivative. Biosynthesis espe-
cially origin of sulfur atoms in mellpaladines and polysulfur dopamines are of
particular interest in further investigations [51] (Scheme 6).

5.2 Aromatics from Cnemidocarpa irene

Aqueous extract of the solitary tunicate Cnemidocarpa irene collected in Kojima
inlet, off-Hakodate, Hokkaido was shown to be rich in small water-soluble aro-
matics. Because the extract inhibited acetylcholinesterase activity in vitro, further
separation was carried out.

As a result, new β-carboline derivatives irenecarboline A (30) and B (31) along
with N-methyl-β-carbolinium chloride (32) and 1,3,9-trimethyl-8-oxoisoguanine
(33) were isolated as active compounds [52]. N-Methyl-β-carbolinium-3-carboxyl-
ate (34) was also isolated but was devoid of the activity. Irenecarboline B (31)
showed the most potent inhibition with IC50 value of 0.47 μM which is comparable
to galantamine a clinically used acetylcholinesterase inhibitor for treatment of
Alzheimer’s disease. Compound 33 is the first example of purines that exhibited
this activity. Of note, 33 is closely related to a series of neuroactive purines isolated
from sponge (See Sect. 4).

Scheme 6 Mellpaladines and related compounds
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Further isolation work resulted in identification of fifteen more aromatics with
various structures [53]. These compounds can be categorized into tauroamides 35–
37, pterin derivatives 38–42, guanine derivative (43) and nucleoside (44), and
tyramines 45–48 (Scheme 7). These compounds failed to inhibit growth of tumor
cell line and to inhibit activity of acetylcholinesterase, however, biopterin disulfate
39 modulated behaviors of mice, in that, an i.c.v. injection resulted in flaccidness in
mice. At higher doses (5–25 nmol/mouse), mice became completely flaccid and died
6–40 min after the administration. A lower dose (2.5 nmol/mouse) induced the loss
of lighting reflex and ataxia motion. These behavioral profiles resembled to that
induced by AMPA-type glutamate receptor antagonists, including 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), GYKI52466, and IKM-159. Radioligand bind-
ing assay showed moderate affinity for NMDA, AMPA, and KA receptors at IC50

values of 1.9, 0.91, and 0.68 μM, respectively. All other pterin derivatives isolated
here did not show behavioral activity in mice. This is the first report that biopterin
derivative possessing neuronal activity. Tyramine sulfates 47 and 48 caused violent
convulsions upon i.c.v. administration, leading to death at the highest doses (17 and
92 nmol/mouse, respectively). At lower doses (3.4 and 23 nmol/mouse), 47 and 48
induced motor suppression. Target molecules of these compounds are not identified.
Halogenated tyramines 45 and 46 induced minor behavioral changes, including loss
of balance and frequent grooming, suggesting they modulate synaptic transmission.
Notably, 45 is known as a ligand for the dopamine D2 receptor [54]. Structural and
biological diversity of these aromatic metabolites suggested some relevance to the
ecology and physiology of the tunicate. Interestingly it was found that the blood of
the tunicate was fluorescent [52]. HPLC analysis showed that the β-carboliniums 30
and 32 were present in the blood serum while pterin 42 in the blood cells. LC-MS
analysis for the juvenile tunicates found near the adult animal, and larvae found in
aquarium-grown tunicate lacked these aromatic metabolites. These observations
suggested that the above aromatic secondary metabolites were accumulated with
growth after the metamorphosis of this animal.

In conclusion, water-soluble metabolites from tunicates provide us with insight
into very unusual metabolism of tunicates. The isolates we show here may largely be
of metabolites of tunicate rather than symbiotic bacterium, although origin of
polysulfur compounds is debatable. The water-soluble metabolites are structurally
close to primary metabolites, and some of them should even be categorized as
primary metabolites. For instance, biopterin disulfate 39 isolated as neuroactive
molecule here could exist in brain given that biopterin is known as a key cofactor
in monoamine synthesis [55]. Presence of many neuroactive molecules suggest some
physiological function of these compounds in tunicates.
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6 Marine Polycations

Marine sponges often contain polycationic molecules, presumably for defense
against predators or fouling organisms. The most prominent example is alkyl
pyridinium salts (APS) found in several different taxon of sponges on mainly in
the order Haplosclerida [56–58]. Common structural unit of APS is N-alkylated
pyridinium but the N-alkyl chain is interconnected to the 3-position of the other
pyridinium unit to form cyclic dimers, oligomers to polymers [57]. An example of
monomeric molecule and liner APS were recently reported [57, 59]. Length of the
alkyl chain varies and double bonds or methyl branches are located in the alkyl chain
in some APS [57]. Generally small APS are soluble in organic solvents, but poly-
mers are water soluble. The molecular size of poly-APS from Reniera sarai was
determined to be 5.5 and 19 kDa (corresponds to 26 and 100-mers, respectively)
based on MALDI-TOFMS data, however, behaviors in gel filtration and dynamic
light scattering experiment suggested that the molecule exist as aggregate with the
size of 3 � 106 Da [60]. The poly-APS displays discrete biological activities from
small APS as represented by potent hemolytic and acetylcholinesterase inhibition
activity [61–63]. The membrane interaction of PAP resulted in the unique property
to translocate certain molecules into the cells [63]. Poly-APS thus translocated
GFP-plasmid and the gene was successfully expressed [63]. We often observe in
the mouse assay, aqueous extract containing polymeric Poly-APS induces convul-
sion thus can be a nuisance constituent when one is seeking for novel neuroactive
compounds. However, unique membrane activity, enzyme inhibition and other
ecologically-related functions of poly-APS, as well as its distribution in the sponge
and biosynthetic relation to other marine polycations are interesting, and it is worthy
endeavor to explore more chemical and biological aspects in poly-APS [58].

We found another polycationic middle-sized molecule aculeines from the marine
sponge Axinyssa aculeata [64–66]. The aqueous extract of this sponge induced
convulsion in mice. Three aculeines (Acu) A-C were isolated, but further structure
determination was carried out only for Acu A and B because Acu C was obtained as
complex mixture of homologues [64]. Aculeins A (49) and B (50) were character-
ized as a peptide with 44-amino acid residues (AcuPep) modified by long chain
polyamine (LCPA) in combination of spectrometric, spectroscopic, and c-DNA
cloning [64]. The AcuPep is a ribosomal peptide, and the gene encodes the peptide
originally containing a codon for tryptophan at the N-terminal of the mature peptide,
however, in Edman degradation the first amino acid was undetected instead, the
sequencing started from aspartic acid, the second amino acid residue in the c-DNA
[64]. The structure of the N-terminal amino acid has long been elusive as no direct
spectral interpretation on NMR was realistic due to broad spectral data. Isolation of
free protoaculein B (pAcu-B, 51) from the same extract, however, overcame this
problem [65]. The spectral analysis of free pAcu-B leads to a proposal of N-terminal
residue of Acu-B. The structure of 51 proposed here is unique as LCPA was attached
to the unusual tricyclic tryptophan derivative. Detailed mass spectral analysis for
both 49 and 50 indicated that both of those molecules contain AcuPep as a common
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substructure but two LCPAs are attached to the N-terminal tryptophan-derived
amino acid in the case of 49 instead of one in 50, although detailed structure in the
LCPA moiety of 49 is still unknown [65].

This structural characteristic, LCPA-modified polypeptide, is unique as no other
examples besides diatom-derived silica mineralization protein silaffin [67], has been
found in nature. Moreover, six cysteine residues in AcuPep were shown to form
three disulfide bonds [65]. Although the pattern of disulfide bond formation is not
determined, the interval of the cystatin residues is in a typical pattern found in
cysteine knot peptide toxins including conotoxins [64]. Together the gross structures
of 49 and 50 were proposed as novel LCPA-modified peptide (Scheme 8). Recently
Oikawa’s group attempted to synthesize 51, they, however, encountered difficulty
due to poor solubility of nitrobenzenesulfonyl (Ns)-protected LCPA [68]. This
problem was overcome by using both t-butoxycarbonyl (Boc) and Ns as protecting
groups for secondary amine and photoremovable 1-(2-nitrophenyl)ethoxycarbonyl
(NPEC) group at the terminal primary amine. The fully protected pAcu-B was thus
synthesized [68]. The stepwise deprotection of the fully protected pAcu-B was
further elaborated and finally 51 with the proposed structure was synthesized
[69]. The NMR data for the synthetic and natural 51, however, were found to differ
significantly [69]. Therefore the chemical reactivity of them was compared. Natural
51 and a synthetic model compound was reported to undergo dehydrogenation/
aromatization upon acid treatment in 6 M aqHCl. This hallmark reactivity in the
natural product was not observed for the synthetic compound: namely, the same
treatment resulted in de-amination first and then aromatization. These observation
lead to the conclusion that the structure proposed for 51 was incorrect. The structural
revision of 51 in now in progress (Scheme 9).

Aculeines are discovered as “neuroactive” compound because it induced convul-
sion in mice after i.c.v. administration, but they also exhibited cytotoxicity and
hemolytic activity [64]. No antibacterial activity, however, was found. It was
proposed that all the above bioactivities of aculeines is due to their action to disrupt
cell membrane [64]. The deferential hemolytic activity of 49 was observed in the
erythrocyte of several different animal species [64]. This observation suggested that
the activity of 49 depends on phospholipid in the cell surface. Interestingly,

Scheme 8 Aromatic heterocycles From Axinissa aculeata
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however, 49 failed to disrupt artificial membrane in POPC liposome, suggesting that
49 targets other phospholipids or some other cell surface molecules [64].

In conclusion, middle-sized water-soluble marine polycations such as poly-APS
and aculeines both display interesting membrane activities. This action leads to wide
variety of biological activities that have been reported especially for poly-APS.
Membrane targeting is a common and widely used chemical defense strategy in
nature as represented by antimicrobial peptides (AMP) that present in wide variety of
organisms including mammals. Since chemical and biological research for AMPs
have led to development of unique cell penetrating peptides that can translocate
membrane-impermeable molecules into the cells. Thus, deeper insight into marine
water-soluble polycations may lead to development of some useful drug delivery
systems.

7 Polyguanidine Alkaloids from Zoantharians

Zoantharians, often referred to as zoanthids, belongs to hexacorallia, have been
recognized as rich sources of bioactive molecules [70]. The most prominent exam-
ple, palytoxins are complex polyols with potent toxicity in animals. In our screening
study, we found the aqueous extract of Epizoanthus illoricatus collected in Palau
induced convulsion in mice. Separation of the extract afforded a fraction that induce
the convulsant activity, and a fraction that shows cytotoxicity. Further separation of
the cytotoxic fraction resulted in isolation of a KB343 (52) [71]. The structure of 52,
determined by extensive analysis of NMR and mass spectral data to be a novel tris-
guanidine alkaloid where three guanidines are condensed in the southern hemisphere
of the molecule. Although several polyguanidine alkaloids, such as Palau’amine [72]

Scheme 9 Reactivity of proposed pAcu B
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are known in sponges, the compound that has three guanidino groups in one carbon
skeleton is not precedented (Scheme 10).

KB 343 was toxic to both mice and to cultured cells. An i.c.v. injection of 52 in
mice resulted in death without any noticeable neuronal symptoms with slow onset
(1 to few days). Cytotoxicities of 52 against murine leukemia L1210, human tumor
Hela and model neuronal cell SH-SY5Y were moderate with IC50 value of 1.96,
4.93, and 3.90 μM, respectively. Compound 52 also suppressed growth of baker’s
yeast. These observations collectively suggested that 52 permeate the cell membrane
slowly and interact to putative cellular target to evoke biological activity. Given that
the high-water solubility and CLogP value (�4.75), it is reasonable to assume that
the molecule cannot permeate cell membrane by simple diffusion. Interestingly,
however, guanidino group is known to play a key role in polar molecules that can
penetrate cell membrane [73]. For example, cell penetrating peptides (CPP) gener-
ally contain several arginine residues and the guanidino group interact negatively
charges species in the cell surface resulting in internalization through endocytosis or
other undefined mechanisms [73]. Thus, a unique structural feature, three guanidines
arranged in the bottom of the molecule, may play a key role in cell penetration of this
molecule.

Several structurally related guanidino derivatives are reported in Epizoanthus,
Parazoanthus, Terrazoanthus, and Palythoa [70]. These compounds commonly
contain 2-amino imidazole groups as found in KB343. Zoanthoxantin (53) and
pseudozoanthoxantin (54) form 14π aromatic system with liner and angular arrange-
ment of two aminoimidazole via 7-membred ring, respectively. Terrazoanthine (55)
also has two aminoimidazole units without fused aromatic system [74]. These
molecules are hypothesized to be composed of arginine derived C5N3 building
blocks. Cyclic addition of the building block lead to the formation of the above
compounds. KB343 (52) is also envisioned as the biosynthetic product of the C5N3

building block, as tandem Diels-Alder type cycloadditions between three building
blocks can formulate the skeletal structure of 52. Thus, zoanthalians have

Scheme 10 Guanidine alkaloids from zoanthalian
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biosynthetic machinery to convert arginine to the C5N3 compounds and assemble
them into structurally diverse polyguanidine alkaloids (Scheme 11).

8 Mycosporines

Mycosporines (MA) are water-soluble heterocyclic amino acid derivatives found
widely in aquatic organisms [75–77]. They commonly derived from 4-deoxygadusol
where one or two amino acid sidechains are incorporated by forming
aminocyclohexenone or aminocycloheximine ring, respectively. MAs absorb harm-
ful UV-A light very efficiently thus thought to play roles as natural sunscreen. Other
additional functions beneficial to aquatic organisms including regulation of osmotic
stress, heat or desiccating stress, antioxidation have also been found [77].

MAs are distributed widely in marine organisms, ranging from bacteria,
microalgae, dinoflagellates, to red algae. They are also found both in invertebrates
and vertebrates. This ubiquitous presence of MAs in aquatic organisms implicates its
importance in marine ecosystem. Because MAs are found often in invertebrate
species that associate symbiotic microorganisms, MA profiling, i.e. determining
the presence of MA may help us to gain insight into the symbiotic relationship
between the host animals and the symbionts.

This idea in mind, we isolated MAs in the aqueous extract of L. chondrodes, the
sponge that produces dysiherbaine [75]. The major MA in the extract absorbed λmax

Scheme 11 The C5N3 building blocks
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of 343 nm was named LC343 (59). We also isolated asterina 330 (58) and shinorine
(57) as known MA and mycosporine ethanolamine 56 as a new MA. The physical
properties of LC 343 were particularly interesting; first, it gave only broad NMR
signals in water at room temperature and were tend to be broadened even at higher
temperature while closely related 58 gave sharp NMR signal. Because the methyl
signal was particularly broadened suggesting that the methyl substituent at the imine
nitrogen drastically affected the dynamics of the molecule. Furthermore, introduc-
tion of the methyl group markedly shifted absorption maxima by 14 nm. Although
the mechanism of the bathochromic shift is yet to be investigated, it is interesting that
a small change in the sidechain structure of MAs can fine-tune the photochemical
property of the molecule. Because L. chondrodes inhabits over shallow tropical coral
reefs in Micronesia, it is constitutively exposed to strong sunlight. Therefore, the
presence of MAs is the key to their survival (Scheme 12).

Because in the depth where the sponge thrives (5–10 m), UV-A (315–400 nm)
light can penetrate sea water to reach to the benthic organisms, covering wavelength
with various MA is reasonable strategy to maximize the protection efficacy.

Tropical marine invertebrate largely relies their survival on symbiosis. The most
well-known example is symbiosis between coral and symbiotic symbiodiniacean
cells (dinoflagellate family Symbiodiniaceae). It has been generally accepted that
symbiodiniacean cells have ability to biosynthesize MA, and coral utilize these
metabolites for protection. Recently, however, gene set for MA biosynthesis present
in coral genome has suggested that coral itself can be a producer of MA [78]. These
recent observations illustrated complex nature of MA dynamics in coral reef sym-
biotic ecosystem. Besides corals, giant clams are representative benthic invertebrates
that harbor symbiodiniacean cells. We recently studied MA profiles in a species of
giant clam, Tridacna crocea (T. crocea), commonly referred to as “boring clam.”
The clam, inhabiting in shallow coral reef, harbors symbiodiniacean cells in its
mantel. The clam shell is open during the day and symbiodiniacean cells in the outer
mantel were exposed to strong sunlight (Fig. 3). This life style maximize production
of photosynthetic substance by symbiodiniacean cells while risk of UV exposure
needs to be managed. This problem is thought to be compromised by MAs, however,
exact mechanisms of protection were not known. We used metabolomics approach

Scheme 12 Mycosporines from L. chondrodes
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as well as mass and UV imaging analysis to visualize localization of MAs in the
mantel of the clam and identified eleven MAs with varying absorption properties
[77]. The imaging experiment indicated that the localization of MA was “selective”
as the outmost layer of the mantel had high density of processed MAs which absorbs
light with 330–360 nm, while the inner layer was rich in precursor MAs that can be
transformed to more complex derivatives. These finding suggested the “smart use”
of precious sun screen in the clam where costly but most effective derivatives are
transformed and accumulated at the site where the frontline defence from the UV
light required the most.

9 Conclusion

We have demonstrated that aqueous extracts of marine organisms are attractive
sources of biologically active and functional molecules with chemical space distin-
guishable from the lipophilic compounds. Most of the above compound possess
new-class chemical structure and biosynthesis. As represented by dysiherbaine,
molecule with unique structure lead to discovery of yet undescribed physiological
functions of living organisms and that may lead to drug discovery. Marine ecosys-
tem differs largely from that of terrestrial as it is in the water milieu. Water-soluble
molecule like mycosporines can be useful markers to truck complex food web and
symbiotic relationship of marine animals. Moreover, large production, either by
chemical or biological means, mycosporines are of great commercial value in the
area of skin care/cosmetic industries.
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Abstract Saxitoxin (STX), which is isolated as a paralytic shellfish toxin, is an
inhibitor of voltage-gated sodium channels (NaVCh) such as tetrodotoxin. STX has
two guanidine functional groups in its tricyclic core structure, and every carbon
except at C11 connects heteroatoms. So far, more than 50 analogs of STX have been
discovered from nature, and they have attracted considerable interest of synthetic
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chemists due to their complicated structure as well as their potential as drug lead.
This chapter provides an overview of reported syntheses of STX (1) and its natural
analogs. In these syntheses, construction of the characteristic tricyclic structure of
STX without loss of the protective groups on guanidine is crucial. The developed
methodologies have enabled the synthesis of various natural and artificial analogs of
STX with more complex structures.
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1 Introduction: Saxitoxin and Its Derivatives

The paralytic shellfish toxin saxitoxin (STX; 1, Fig. 1) is a guanidine alkaloid
biosynthesized by dinoflagellates, and it potently inhibits voltage-gated sodium
channels (NaVCh), thereby blocking the influx of sodium ions into cells [1–
3]. NaVChs are distributed extensively in nerves, skeletal muscle, cardiac muscle,
etc., and control neurotransmission through the generation and propagation of action
potentials. So far, ten subtypes of NaVCh, i.e., NaV1.1–1.9 and NaVX, have been
identified, and these are classified into two categories on the basis of their sensitivity
or resistance to tetrodotoxin (TTX), i.e. TTX-s (NaV1.1–1.4, 1.6, and 1.7) and TTX-r
(NaV1.5, 1.8, and 1.9), respectively [3].

Groups led by Schantz and Rapoport independently identified the structure of
STX (1) in 1975 by means of X-ray analysis. Schantz derivatized STX to the p-
bromobenzenesulfonate salt, while Rapoport generated the ethyl hemiacetal at C12
[4, 5]. So far, over 50 STX analogs have been found in nature [6], and these
commonly possess a tricyclic system with two cyclic guanidines, one five-membered
and the other six-membered. The five-membered guanidine ring and the side chain at
C6 take an anti-diaxial arrangement. Interestingly, the two cyclic guanidines show
different pKa values of 8.8 (five-membered guanidine) and 11.2 (six-membered
guanidine), and the difference is attributed to the non-planar structure of the five-
membered guanidine ring [7]. STX (1) is highly oxidized, and every carbon except at
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C11 is connected to heteroatoms. The ketone group at C12 is stabilized as a hydrate
form because of the neighboring effect of guanidine, which presumably lowers the
LUMO level of the ketone group at C12. Most of the analogs are functionalized
differently from STX (1) at C11, C13, and N5 (Fig. 2). Among them, zetekitoxin AB
(ZTX; 12) possesses an unusual macrocyclic structure, and shows extremely potent
NaVCh-inhibitory activity, with a picomolar IC50 value [8].

This chapter summarizes syntheses of STX (1) and its natural analogs that have
been reported to date. We will focus particularly on construction strategies for the
characteristic cyclic bis-guanidine structure, as well as the key N, N-aminal at C4 in
the two cyclic guanidines.

Fig. 1 Structure of saxitoxin (STX; 1)

Fig. 2 Structures of saxitoxin (STX; 1) and representative analogs
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2 Construction of Saxitoxin (STX) Core Structure via
Nucleophilic Addition of Guanidine to Iminium Cation
(First Generation Strategy), and Synthesis of STX and Its
Analogs

For the synthesis of the N, N-aminal structure of guanidine in STX (1), a promising
strategy is the nucleophilic addition of nitrogen in guanidine to the iminium cation.
Kishi and co-workers utilized this strategy in the first total synthesis of STX (1) and
dcSTX (3) (Scheme 1) [9, 10]. The groups led by Du Bois, Nishikawa, and
Nagasawa also independently utilized similar iminium cation intermediates for the
synthesis of STX (1) and its unnatural analog dc-α-STXol (10) [11–13].

2.1 Synthesis of STX (1) by the Kishi Group

The synthetic strategy for STX (1) adopted by Kishi’s group is depicted in Scheme 2
[9, 10]. They planned to construct the STX skeleton from the iminium cation 13 via
isomerization of the enamine 14 under acidic conditions. The generated cyclic thiourea
and urea were further converted into the required cyclic guanidines at a later stage.

The details of the synthesis of STX (1) and dcSTX (3) are shown in Scheme 3. At
the outset, three-component coupling reaction of enamine 16, aldehyde 17, and Si
(NCS)4 (18) was carried out to give six-membered cyclic thiourea 20 via interme-
diate 19, and the ester group in 20 was further converted to urea to give 21. Since the
ketal at C12 would be labile under the subsequent acidic conditions, it was switched

Scheme 1 Common strategy for the construction of the bis-cyclic guanidine structure in the STX
skeleton: cyclization of the iminium cation with guanidine or its synthetic equivalent

Scheme 2 Synthetic strategy adopted by Kishi to obtain the saxitoxin skeleton
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to dithioketal at this stage to provide 22 as a precursor for the cyclization reaction.
The key cyclization reaction was conducted in acetic acid-TFA (9:1) at 50�C. Under
these conditions, the intramolecular cyclization took place via iminium cation
intermediate 23 to afford bis-cyclic thiourea/urea 24 with an N,N-aminal moiety in
50% yield. In this cyclization reaction, the reaction rate was quite slow in acetic acid
alone, presumably due to the steric effect of the thioacetal at C12. On the other hand,
isomerization at C6 mainly proceeded in TFA alone to give 27. Next, the bis-cyclic
guanidine was generated by S- and O-alkylation of the cyclic thiourea and urea
groups with Meerwein’s reagent followed by reaction with ammonium propionate as
an ammonia source under melting conditions. (�)-Decarbamoylsaxitoxin (dcSTX;
3) was synthesized from 25 (Jacobi and co-workers have reported the synthesis of
25 via 1,3-dipolar cycloaddition strategy, see [14]) by deprotection of the
dithioacetal and benzyl groups. The total synthesis of (�)-STX (1) was achieved
by introducing a carbamoyl group at C13 with chlorosulfonyl isocyanate, followed
by solvolysis of the resulting sulfonamide with methanol. In 1992, Kishi and

Scheme 3 Total synthesis of (�)-decarbamoylsaxitoxin (dcSTX; 3) and (�)-saxitoxin (STX; 1) by
the Kishi group
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co-workers reported a total synthesis of unnatural (–)-dcSTX (ent-3) by using
optically active glyceraldehyde 28 instead of 17 [15].

2.2 Synthesis of STX by the Du Bois Group

In 2006, Du Bois reported the first total synthesis of (+)-STX (1) in optically active
form [11]. The key intermediate iminium cation 31 was efficiently generated from
the hemiaminal 30, which was synthesized by intramolecular transannular cycliza-
tion of nine-membered cyclic guanidine 29 (Scheme 4). This synthesis represents a
more straightforward approach without utilizing thiourea or urea as a precursor for
guanidine, based on the use of convenient protecting groups such as Boc (carbamate)
and Mbs (sulfonamide).

The synthesis of STX (1) by the Du Bois group is shown in Scheme 5. They
obtained sulfonamide 34 with the characteristic N,O-acetal moiety from sulfamate
33 by reaction with PhI(OAc)2 in the presence of a rhodium binuclear complex as a
catalyst [16]. This reaction involved oxidative C-H insertion reaction with nitrene
generated by the Rh (0) catalyst. Then, an alkynyl group was introduced in a
diastereoselective manner into 34 via iminium 36 by reaction with alkynylzinc 35
in the presence of a Lewis acid to give homopropargylic tosylate 37, which was
further converted into azide 41 bearing (Z )-allylic- and homoallylic guanidines.
After reduction of the azide in 41 under Staudinger’s conditions, the resulting
amine was subjected to intramolecular guanidinylation with S-methyl thiourea in
the presence of silver nitrate to give a nine-membered cyclic guanidine 42 [17] in
65% yield (2 steps). At this stage, the carbamoyl group at C13 was introduced by
reaction with trichloroacetyl isocyanate followed by solvolysis with methanol. Then,
the double bond in 43 was oxidized with osmium (III) chloride-oxone to give
α-hydroxy ketone 44, which underwent transannular cyclization with N3 in guani-
dine to generate hemiaminal 45. Upon treatment of 45 with B(CF3CO2)3 in TFA,
cyclization proceeded via iminium cation 46 to give (+)-β-saxitoxinol (β-STXol; 9)
in 82% yield. Finally, oxidation of the secondary alcohol at C12 with DCC and
DMSO in Py-TFA [18] furnished (+)-STX (1).

Scheme 4 Synthetic strategy for the saxitoxin skeleton by Du Bois
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2.3 Synthesis of STX Derivative dc-α-STXol (10) by
the Nishikawa Group

In 2011, Nishikawa’s group used a similar key synthetic intermediate, hemiaminal
48, for the synthesis of (+)-decarbamoyl-α-saxitoxinol (dc-α-STXol; 10) [13], a
natural analog of 1 [19]. The iminium cation 49 was generated by acid treatment
of the tricyclic N,O-acetal compound 48, which was obtained from the alkyne 47,
bearing guanidine and hydroxy groups, by bromine-mediated tandem-cyclization
reaction (Scheme 6).

Their synthesis commenced with preparation of homopropagyl guanidine 57
(Scheme 7) [20]. Alkynylation was carried out with Garner’s aldehyde (50) by
reaction with alkyne 51 in the presence of n-BuLi to give alkynyl alcohol 52.
After installation of the guanidine group at C6 and the azide group at C5 via aziridine

Scheme 5 Total synthesis of (+)-saxitoxin (STX; 1) and (+)-β-saxitoxinol (β-STXol; 9) by the Du
Bois group
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intermediate 56, treatment of the resulting alcohol 57with PyHBr3 in the presence of
potassium carbonate resulted in bromocyclization. The resulting bicyclic N,O-acetal
58 was cyclized at C10 with guanidine to afford cyclic guanidine 59. Then, the azide
at C5 and the geminal dibromide at C12 were converted into Cbz-protected guani-
dine and a hydroxy group, respectively, to give the key aminal intermediate 60. After
deprotection of the Cbz group in 60 by hydrogenation in the presence of Pd/C, the
resulting bis-guanidine was subjected to acid treatment with B(CF3CO2)3 in TFA to

Scheme 6 Synthetic strategy of saxitoxin skeleton via iminium cation 49 by the Nishikawa group

Scheme 7 Total synthesis of (+)-decarbamoyl- α-saxitoxinol (dc-α-STXol; 10) via iminium cation
63 by the Nishikawa group
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furnish dc-α-saxitoxinol (dc-α-STXol, 10) in 73% yield through an iminium cation
intermediate 63.

2.4 Synthesis of STX by the Nagasawa Group

Nagasawa and co-workers employed hemiaminal 30 as a key synthetic intermediate,
similarly to the Du Bois group, and accomplished a total synthesis of (+)-STX (1) via
iminium cation 31 (Scheme 8) [12]. In their synthesis, the key hemiaminal 30 was
synthesized by the IBX oxidation of α-amino ketone with cyclic guanidine 64, which
was obtained stereoselectively by 1,3-dipolar cycloaddition (1,3-DC) reaction of
cyclic nitrone.

Details of the synthesis of (+)-STX (1) by Nagasawa’s group are depicted in
Scheme 9. A 1,3-DC reaction of nitroolefin 67 and chiral nitrone 66, obtained from
(-)-malic acid, gave isoxazolidine 68, which was isomerized at C5 with DBU,
followed by reduction of the nitro group to hydroxylamine with Zn in acetic acid
to give isoxazolidine 69. In the 1,3-DC reaction, three contiguous stereogenic
centers at C4–6 were controlled by the chirality at C12 in 66. The isomerization at
C5 took place in equatorial orientation as the thermodynamically stable form. These
three steps proceeded in one pot to give 68 in 70% yield. The next issue was
differentiation of the two N-O bonds in 69. The amine in the hydroxyamino group
was selectively protected with Cbz, and then the two N-O groups were reduced with
Zn and TiCl3 in one pot to generate pyrrolidine 71. In this process, the two nitrogens
were differentiated, enabling further conversion to the cyclic guanidine 73 by 1)
guanylation with S-methylthiourea 70, 2) chloromethane sulfonate-mediated cycli-
zation, and 3) deprotection of TIPS ether with TBAF. After oxidation of the hydroxy
group in 73 under the Swern conditions, the resulting ketone 74 was subjected to
IBX oxidation to give C4-hydroxylated ketone 76 in 94% yield. In the IBX reaction,
generation of an intermediate complex of 75 with the enol of 74 and IBX was

Scheme 8 Synthetic strategy for the saxitoxin skeleton by the Nagasawa group
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proposed to take place [21]. Then, ketone 76 was converted to the key intermediate
aminal 77 by installing guanidine at C5 and a carbamoyl group at C13 in five steps,
although the bis-carbamoyl 80 was also formed in 20% yield from the diol 78.
Finally, cyclization of the guanidine with B(CF3CO2)3 in TFA gave (+)-β-STXol (9)
through the iminium cation intermediate 46. Since (+)-β-STXol (9) is a one-step
precursor for (+)-STX (1) via oxidation, this accomplished a synthesis of (+)-STX
(1).

These STX syntheses by the four groups commonly employed cyclic guanidine
construction at C4 through the key intermediate iminium cations 23, 46, and 63.
Although the approach to the STX skeleton via these cyclization reactions is
straightforward and efficient, all of the protective groups were removed due to the
need to use strong acids to generate the iminium cations. Since the resulting cyclized
products, such as saxitoxinol (STXol) in Nagasawa’s synthesis, show high water
solubility and high polarity, possibilities for further transformation or derivatization
are limited. Therefore, novel approaches are required to construct the STX skeleton

Scheme 9 Total synthesis of (+)-saxitoxin (STX; 1) and (+)-β-saxitoxinol (β-STXol; 9) by the
Nagasawa group
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without loss of the protective groups for the synthesis of other, more functionalized
STX derivatives. In the next section, we will focus on the construction of the STX
skeleton in protected form.

3 Synthesis of STX Skeletons in Protected Forms and Its
Application to the Synthesis of STX (1) and Its Natural
Analogs

3.1 Synthesis of STX Skeleton in Protected Form
and Synthesis of STX Analogs by the Du Bois Group

For the synthesis of the STX skeleton in protected form, Du Bois and co-workers
examined the intramolecular oxidative dearomative amination reaction of pyrrole 81
(Scheme 10) [22, 23]. In this reaction, amination should occur selectively at C4, and
then regioselective nucleophilic addition of acetate to 82 should generate the STX
skeleton as a protected form 83.

Synthesis of a protected form of the STX skeleton 94 is depicted in Scheme 11.
Urea 86 was synthesized by reaction with L-serine methyl ester hydrochloride (84)
and pyrrole-1-carboxylic acid (85), followed by protection of the hydroxy group
with TBDPS ether and reduction of the ester with DIBAH. The resulting aldehyde 86
was subjected to Pictet-Spengler-type reaction with allylamine in the presence of
BF3�Et2O. In the reaction, the newly generated stereocenter at C5 is controlled by C6
through an allylic strain effect in the transition state of imine 87, leading to the
bicyclic urea 88 in 56% yield (2 steps) with >20:1 diastereoselectivity. After
conversion of the cyclic urea and amine at C5 into guanidine by protection with
Troc and Tces (trichloroethoxysulfonyl) groups, respectively, the resulting
bis-guanidine was reacted with the PhI(OAc)2 in the presence of rhodium catalyst,
Rh2(esp)2 [24]. Oxidative amination proceeded at C4 selectively, followed by
nucleophilic attack of the acetate in allyl-aziridine at C10 to give 94 with the STX
skeleton in protected form.

With the synthesis of 94, Du Bois and co-workers achieved a total synthesis of
(+)-gonyautoxin 3 (GTX3; 7) [22, 23], which was isolated from the Dinophyceae
Gonyaulax tamarensis by Shimizu [25, 26], GTX3 shows high polarity due to its

Scheme 10 Construction of protected STX skeleton 83 via C-H amination by Du Bois group
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characteristic sulfated secondary hydroxy group at C11 of STX (1), and the instal-
lation of this group is an important issue in the synthesis of (+)-GTX3 (7) (Scheme
12).

First, protected 94 was converted into the olefin 96 as follows: (i) reduction of the
acetate at C10 with triethylsilyl hydride in the presence of a Lewis acid,
(ii) deprotection of TPDPS ether, and (iii) introduction of the carbamoyl group at
C13. Then, the double bond in 96 was reacted with osmium tetroxide to afford the
diol 97, whose hydroxy group at C11 was selectively protected with a benzoyl group
to give 98 in 67% yield. After oxidation of the hydroxy group at C12 with Dess-
Martin reagent, all of the protective groups, Troc, Tces, and benzoyl, in 99 were
removed, and total synthesis of (+)-GTX3 (7) was achieved by sulfation of the
hydroxy group at C11.

Du Bois and co-workers have also reported the synthesis of another STX analog,
11-saxitoxinethanoic acid (SEA; 11) [27], which was isolated from xanthid crab
Atergatis floridus by Arakawa and co-workers [28]. (+)-SEA (11) has a carbon–
carbon bond connection of acetic acid at C11, which is unusual among STX analogs,
and Du Bois applied the Stille coupling reaction to install the acetic acid unit in
protected STX 101 (Scheme 13).

Firstly, they conducted allylic rearrangement of 101 to obtain allylic alcohol 104
by applying the Mislow-Evans conditions via sulfoxide 103. After oxidation of the
hydroxy group in 104, the resulting enone 105 was reacted with iodine in the

Scheme 11 Synthesis of protected STX skeleton 94 by the Du Bois group
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presence of pyridine to generate vinyl iodide 107 via 106. Then, the vinyl iodide 107
was subjected to the Stille coupling reaction with tributylvinyltin 108 in the presence
of Pd(0) catalyst to install the acetic acid unit at C11, affording 109 in 60% yield.
Total synthesis of (+)-SEA (11) was achieved from 109 by reduction of the double
bond, selective deprotection of the TBDPS ether, installation of the carbamoyl group
at C13, and removal of all the protecting groups.

3.2 Synthesis of STX Skeleton in Protected Form
and Synthesis of STX Analogs by the Nishikawa Group

Nishikawa’s group has developed a different type of protected STX skeleton 113,
focusing on construction of the aminal at C4, based upon the intramolecular
bromocyclization of alkyne with guanidine-urea (111 to 112) followed by the
introduction of a one-carbon unit at C6 via Strecker reaction (Scheme 14) [29].

The alkyne-containing guanidine-urea 116 was obtained from alkyne 114 in
5 steps. Then, cascade bromocyclization of 116 was carried out by treatment with
PyHBr to give gem-bromide 118. In this reaction, the stereochemistry at C4 was
controlled by that at C5 in the TS 117. Interestingly, no nucleophilic reaction

Scheme 12 Total synthesis of (+)-gonyautoxin 3 (GTX3; 7) from the protected STX precursor 94
by the Du Bois group
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occurred in the case of guanidine instead of urea at N3. After conversion of the
gem-bromide 119 into acetate at C12, deprotection of the acetonide and oxidative
cleavage of the resulting diol with periodic acid gave the aldehyde, which cyclized
with the urea to give hemiaminal 121 in 75% yield. Then, the Strecker type reaction
was employed to install a cyano group at C6 by reaction with cyanohydrin, affording
the protected STX skeleton 122.

Scheme 13 Total synthesis of (+)-11-saxitoxinethanoic acid (11) from the protected STX precur-
sor 101 by the Du Bois group

Scheme 14 Synthesis of a protected form of the STX skeleton 113 by the Nishikawa group
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Nishikawa and co-workers achieved a total synthesis of dc-α-STXol (10) from
122. Specifically, hydrolysis of the cyano group in 122 followed by reduction of the
resulting carboxylic acid gave the diol, and conversion of the cyclic urea into
guanidine followed by removal of all of the protective groups furnished dc–αSTXol
(10) (Scheme 15).

3.3 Synthesis of STX Skeleton in Protected Form
and Synthesis of STX Analogs by the Looper Group

Looper and co-workers have developed a synthesis of the protected STX skeleton
126 using the alkyne-bearing bis-guanidine 124 by applying a similar
halocyclization to Nishikawa’s, but with a different bond-connection pattern of the
substrate [30]. In their synthesis, the cascade 5-exo-dig and 6-exo-trig cyclizations
proceeded selectively to give the protected bicyclic guanidine 126 (Scheme 16).

Scheme 15 Synthesis of a protected form of STX 122 and synthesis of dc-α-STXol (10) by the
Nishikawa group
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The synthesis of protected STX skeleton 136 by Looper’s group is depicted in
Scheme 17. They synthesized the 4,5-diamino alkyne 129 by nucleophilic addition
of alkyne 128 to nitrone 127 derived from L-serine. After the introduction of the
carbamoyl group at C13, the guanidine groups at C5 and C6 were introduced to give
130. Then, in the presence of a catalytic amount of silver acetate, the key 5-exo-dig
type cyclization of bis-guanidine 130 occurred selectively to generate enamine 131,
which was subsequently reacted with iodine in the presence of a catalytic amount of
silver acetate to furnish bis-cyclic guanidine 133 stereoselectively via intermediate
132 [31]. In the tandem-cyclization reaction, iodine was simultaneously introduced
at C12 for further functionalization. Next, aminal 133 was treated with silver acetate
in acetic acid to give the five-membered cyclic carbamate by cyclization of the Boc

Scheme 16 Construction of protected STX skeleton 126 by the Looper group

Scheme 17 Synthesis of a protected form of STXol 136 by the Looper group
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group with iodine at C12. These processes from bis-guanidine 130 to cyclic guani-
dine 133 were carried out in one pot, improving the yield from 57% to 67%. After
the conversion of the benzyl ether in cyclic carbamate 134 into mesylate, the
resulting 135 was treated with cesium carbonate to give the protected STXol
derivative 136 via hydrolysis of cyclic carbamate followed by cyclization to
pyrrolidine.

With the protected form of STXol 136 in hand, Looper and co-workers synthe-
sized (+)-β-STXol (9) by deprotection of the Boc group on the guanidine. Also, (+)-
STX (1) was synthesized from 136 by oxidation of the hydroxy group at C12
followed by deprotection of the Boc group (Scheme 18) [30].

Looper and co-workers developed a total synthesis of (+)-SEA (11) from
protected STXol 138, in which the functional groups at C10 and C13 were changed
to tosylate and TBDPS ether, respectively, from the intermediate 130 (Scheme
19) [32].

The protected form of STXol 138 was synthesized from 137 in a similar manner
to that used for 136. After oxidation of the hydroxy group at C12 with Dess-Matin
reagent, the resulting ketone 139 was alkylated with tert-butyl 2-bromoacetate via
zinc enolate to introduce the acetic acid unit at C11. Finally, installation of the

Scheme 18 Total synthesis of (+)-β-STXol (9) and (+)-STX (1) from 136 by the Looper group

Scheme 19 Total synthesis of (+)-SEA (11) from 138 by the Looper group
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carbamoyl group at C13 and removal of all protective groups completed a total
synthesis of (+)-SEA (11).

3.4 Synthesis of STX Skeleton in Protected Form
and Synthesis of STX Analogs by the Nagasawa Group

Nagasawa and co-workers synthesized a protected form of STXol by applying the
cyclization of guanidine at C5 to the iminium cation, based on their earlier work
illustrated in Scheme 9 [33, 34].

During construction of the five-membered cyclic guanidine, all protecting groups
were removed and cyclization occurred to generate the highly water-soluble
saxitoxinol. To avoid deprotection during the cyclization process, Nagasawa and
co-workers examined the construction of a protected STX skeleton, i.e., conversion
of 142 into 144, under a variety of acidic conditions, but found that no cyclization
reaction via 143 took place (Scheme 20). However, the cyclization proceeded under
strongly acidic conditions after the removal of the Cbz guanidine protecting groups.
Based on these results, they considered that two important processes should be
involved in the cyclization reaction (Scheme 21).

For the cyclization reaction to proceed, firstly, the iminium cation 147 should be
generated from 145. Secondly, conformational change should take place from 147 to
148, where the guanidine side chain is oriented axially, to construct the five-
membered guanidine moiety. Thus, we planned to install a leaving group at C4 to
accelerate iminium ion generation and an acyloxy group at C12 that would facilitate
the conformational change by forming a bridged acyloxonium ion intermediate 148.

Based upon the working hypothesis, substrates with various types of R group at
C4 and C12 were explored for the cyclization reaction. Among the substrates tested,
the bis-acetate 149, derived from 77 by treatment with acetic anhydride in the
presence of DMAP, cyclized smoothly in the presence of zinc(II) chloride at
�20�C to afford 150, a protected saxitoxinol, in 98% yield from 77 (Scheme 22).
Since the acyl groups at C12 in 149 were mandatory for the cyclization reaction, the
acyloxonium ion intermediate 151 presumably favors an appropriate conformation
for the cyclization.

Scheme 20 Previous attempts to construct the five-membered guanidine under acidic conditions
from 142
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With the protected STXol 150 in hand, Nagasawa and co-workers proceeded to
synthesize (+)-GTX3 (7) as depicted in Scheme 23 [33, 34]. The reaction of 152with
TIPS chloride in the presence of NaHMDS followed by oxidation of the resulting
silyl enol ether with m-CPBA to give the siloxy epoxide 154. In this reaction, MPM
ether was oxidatively cleaved simultaneously to generate the primary alcohol, which
was further converted into carbamate 155. After removal of the protective groups of
Boc and TIPS ether, sulfation of the resulting hydroxyl group at C11 was conducted
to complete the total synthesis of (+)-GTX3 (7).

Nagasawa also synthesized (+)-SEA (11) from protected STXol 150 (Scheme
24), employing the Mukaiyama-aldol condensation reaction to install acetic acid at
C11 [35]. Thus, the Mukaiyama-aldol condensation reaction of silyl enol ether 156
with ethyl glyoxylate in the presence of [Bu4N][Ph3SnF2] gave the aldol condensa-
tion adduct 158 in 85% yield. In this reaction, the TBS ether at C13 remained intact.
After reduction of the double bond with L-selectride, deprotection of the TBS group
in 159 was carried out with HF�Et3N complex to give 160 in 87% yield. Conversion
of the hydroxy group of 160 to a carbamoyl group, hydrolysis of the ethyl ester in

Scheme 21 Proposed transition state model for construction of the five-membered cyclic guani-
dine in the STX skeleton

Scheme 22 Construction of the protected STX skeleton 150 by the Nagasawa group
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161 with lithium hydroxide, and deprotection of all four Boc groups with TFA
completed a total synthesis of (+)-SEA (11).

4 Summary and Outlook

This chapter provides an overview of reported syntheses of STX (1) and its natural
analogs. In these syntheses, construction of the characteristic tricyclic structure of
STX without loss of the protective groups on guanidine as well as the other

Scheme 23 Total synthesis of (+)-GTX3 (7) from protected STX 150 by the Nagasawa group

Scheme 24 Total synthesis of (+)-SEA (11) from protected STX 150 by the Nagasawa group
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functional groups is crucial. The developed methodologies have enabled the syn-
thesis of various natural analogs of STX with more complex structures, as well as
artificial STX derivatives. In particular, SAR studies have led to ligands with
interesting subtype-selectivity for NaV [36–40]. Applications of the synthetic
methods introduced in this chapter are expected to provide access to even more
selective STX derivatives, which would be candidate drugs for the treatment of pain
and cardiac disease.
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Abstract Instead of terrestrial microbes, much attention is being paid to marine
microbes as an alternative source of new chemical entities for drug development.
New compounds are steadily discovered from marine bacteria and actinomycetes.
This short review summarizes structures, bioactivity, and biosynthesis of a limited
but diverse class of natural products from marine bacteria and actinomycetes,
including those discovered in our laboratory.
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1 Introduction

Marine microbes are attracting much more attention than ever as a reservoir of new
drug leads, alternative to terrestrial microbes [1]. This is mainly because the number
of new bioactive compounds from terrestrial actinomycetes and fungi is likely
reaching a plateau through intensive screening efforts in the past decades, while
the number of new compounds from marine microbes is steadily increasing in recent
years [2].

A large portion of marine microbes are associated with host organisms such as
marine invertebrates, forming microbial communities unique to each host species
[3]. Host-associated microbes are suggested to have a beneficial role in defensing the
host from predators or pathogenic microbes through the production of toxic/antimi-
crobial substances [4]. Free-living microbes existing in sea water and sediment are
also an important source of new natural products.

Despite the declined interest in drug development from natural products at
pharmaceutical companies, natural products still keep providing opportunities to
obtain novel scaffold structures for pharmacophore design [5]. In this chapter,
several different classes of natural products from marine microorganisms are sum-
marized regarding the structure, bioactivity, and biosynthesis.

2 Natural Products from Marine Bacteria

2.1 Dihydroisocoumarins

Dihydroisocoumarins, represented by amicoumacins, are the microbial natural prod-
ucts characterized by the common chromophore, 3,4-dihydro-8-
hydroxyisocoumarin conjugating with an isopentylamine unit (Fig. 1). The right
half of dihydroisocoumarins is basically a linear diacid which is modified by
hydroxylation, amination, cyclization, or acylation. To date more than 20 related
compounds are reported: baciphelacin [6], amicoumacins [7], Y-05460M-A [8],
PM-94128 [9], AI-77s [10], and amicoumacin phosphates [11] from terrestrial
Bacillus and lipoamicoumacins [12] from marine Bacillus. Zenocoumacins are the
products of a Gram-negative bacterium Xenorhabdus [13]. Furthermore,
amicoumacin-congeners possessing additional heterocyclic rings are reported:
bacilosarcins from marine Bacillus [14], hetiamacins from terrestrial Bacillus [15–
18], and Sg17-1-4 from a marine fungus Alternaria tenuis
[19]. Dihydroisocoumarins exhibit a wide range of bioactivities including
antibacterial [12], cytotoxic [12], antiulcer [20], anti-inflammatory [20],
gastroprotective [10], and herbicidal activities [14]. Owing to these pharmaceutically
attractive properties, the dihydroisocoumarin family has been a target of total
synthesis [21].
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In our screening of novel natural products from marine bacteria, a Bacillus strain
was found to produce two dihydroisocoumarins, bacilosarcins A and B, decorated
with unusual nitrogen- and oxygen-containing heterocyclic structure [14]. The pro-
ducing strain Bacillus sp. TP-B0611 was isolated from the intestine content of a
sardine collected in Toyama Bay, Japan. Bacilosarcin A has the 3-oxa-6,9-
diazabicyclo[3.3.1]nonane ring system, which was unprecedented in natural and
synthetic compounds at the time of discovery. The 2-hydroxymorpholine ring
structure in bacilosarcin B is not unprecedented, yet very rare: convolutamine E
and akashin C are the natural products bearing this ring system. Bacilosarcin A
inhibited the growth of barnyard millet sprouts with 82% inhibition at 50 μM, more
potent than herbimycin A (58% inhibition at the same concentration). Inspired by
their intriguing structures as well as the potent herbicidal activity, total synthesis of
bacilosarcins A and B was accomplished by Enomoto and Kuwahara [22].

Amicoumacin A is biosynthesized by the PKS-NRPS hybrid pathway (Scheme 1)
[23]. The dihydroisocoumarin part with the isopentylamino side chain is assembled
from four malonyl CoAs and one L-leucine. The diacid part is constructed from one
hydroxymalonyl CoA and one L-asparagine. Interestingly, amicoumacin A is pro-
duced as an inactive form, preamicoumacins A and B, in which an N-acyl asparagine
is attached onto the amino group of amicoumacin A. Biologically active
amicoumacin A is released from the N-acyl asparagic acid by the action of peptidase.
Bacilosarcins are presumably biosynthesized by the coupling of amicoumacin A and

Fig. 1 Amicoumacins and related dihydroisocoumarins
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diacetyl. Diacetyl is a byproduct of valine biosynthesis but is rarely utilized in
secondary metabolite biosynthesis.

2.2 Arylthiazolines

Environmental microorganisms utilize non-proteinous, small molecules, termed
“siderophore” to uptake ferric ions, which are essential to their growth, from
surroundings [24]. One large group of microbial siderophores is the arylthiazoline,
consisting of a hydroxyphenyl and a thiazoline unit (Fig. 2).

Aerugine, a metabolite of Pseudomonas aeruginosa, is the smallest member of
this family biosynthesized from the condensation of salicylic acid and cysteine
[25]. Pyochelin, a product of Pseudomonas species, is an extended derivative of
aerugine in which a thiazoline and a thiazolidine are tandemly connected through the
condensation of an additional cysteine [26]. Yersiniabactin is a further modified
congener of pyochelin, bearing one more thiazoline ring. Biological function of
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yersiniabactin is the acquisition of ferric ions for its producing pathogens such as
Yersinia pestis, Y. pseudotuberculosis, and Escherichia coli to promote their growth
and pathogenicity in host animals [27]. These siderophores are well known as the
virulence factors of each producing-bacteria [28].

Watasemycin is a C-methylated congener of thiazostatin which is also a C-
methylated congener of pyochelin. The producing strain of watasemycin, Strepto-
myces sp. TP-A0597, was isolated from a deep-sea water sample collected in
Toyama Bay, Japan, in our laboratory [29], while thiazostatin was obtained from a
soil-derived Streptomyces [30]. Watasemycin and thiazostatin exhibit anti-parasitic
activities against malaria parasite, Plasmodium, with IC50 of 0.79–8.5 μg/mL. Both
compounds are also active against Trypanosoma brucei, a causative agent of
sleeping sickness in Africa, with IC50 of 0.24–2.5 μg/mL (unpublished data).

Pulicatins A–E are aerugine congeners produced by Streptomyces which was
isolated from a cone snail collected in Philippines [31]. Pulicatin A binds to the
human serotonin 5-HT2B receptor at submicromolar concentrations. Recently, an
unprecedented type of arylthiazoline, in which the hydroxyphenyl part is replaced by
a hydroxynaphthyl unit, was discovered from a terrestrial rare actinomycete of the
genus Nonomuraea [32]. Karamomycins A and B are the hydroxynaphthyl homo-
logues of aerugine and aeruginol, respectively, and karamomycin C is the
hydroxynaphthyl homologue of ulbactins F and G (see below).

Ulbactins are additional members of arylthiazolines produced by marine-derived
bacteria (Fig. 3). Ulbactins A and B were found from Vibrio isolated from a sea grass
and ulbactins C–E were from Alteromonas isolated from a seaweed [33, 34]. The
genus Vibrio and Alteromonas are Gram-negative bacteria, belonging to the class
Gammaproteobacteria. Ulbactins A–E are described in patents as UV absorbers
useful for cosmetics. Ulbactin C possesses a tandemly connected thiazoline/
thiazolidine/thiazolidine ring system.

In our screening for structurally unique bioactive compounds from marine bac-
teria, ulbactins F and G were discovered from the culture extract of a bacterial strain
of the genus Brevibacillus [35]. The producing strain Brevibacillus sp. TP-B0800
was isolated from an unidentified orange-colored sponge collected at Otsuchi, Iwate,
Japan. Ulbactins F and G are the N-methylated congeners of ulbactin D and their

Fig. 3 Ulbactins A–G from marine bacteria
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absolute configurations were determined by X-ray crystallographic analysis.
Ulbactins F and G exhibited potent inhibitory effects on the migration of epidermoid
carcinoma A431 cells at non-cytotoxic concentrations with IC50 values of 6.4 and
6.1 μM, respectively. Further examination revealed that ulbactin F inhibited the
cancer cell migration (IC50 2.1 μM; esophageal squamous carcinoma EC109 cells)
and tumor cell invasion (IC50 1.7 μM; murine colon carcinoma 26-L5 cells).

Ulbactins F and G are featured by the tricyclic ring system, 6,9-imino-1H, 3H,
5H-thizaolo[4,3-c][1, 4]thiazepin-5-one. Intrigued by the structural and biological
aspects, total synthesis of ulbactin F was accomplished by Wuest et al. [36]. This
ring system was very recently found in karamomycin C, but quite surprisingly it is
enantiomeric to the corresponding part of ulbactin F.

Ulbactins F and G are produced by a Gram-positive bacterium Bacillus in the
phylum Firmicutes, whereas ulbactin D is produced by a Gram-negative bacterium
Alteromonas in the phylum Proteobacteria. Karamomycin C is produced by an
actinomycete Nonomuraea in the phylum Actinobacteria. In terms of the distribu-
tion of biosynthetic genes for secondary metabolites, it should be noted that these
structurally rare and complex molecules are produced by microbial species phylo-
genetically apart.

Biosynthesis of arylthiazolines has been well studied for pyochelin and
yersiniabactin [37]. The 2-hydroxyphenylthiazoline core is assembled by the con-
densation of L-cysteine and salicylate which is derived from chorismate. The second
condensation of L-cysteine to the residual carboxyl group of the firstly-condensed
L-cysteine gives rise to the second thiazoline ring which is reduced to the
thiazolidine ring, followed by N-methylation, in pyochelin biosynthesis (Scheme 2).

Inahashi et al. disclosed the biosynthetic pathway for watasemycin and
thiazostatin [38]. During the formation of the second thiazoline ring, C-methylation
takes place at the carbon connecting to the carboxy group. After NADH-dependent
reduction of the second thiazoline ring and N-methylation, watasemycin is released
from the NRPS enzyme. Then, C-methylation again takes place in the first thiazoline
ring to yield watasemycin (Scheme 3).
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2.3 Compounds from Labrenzia

The genus Labrenzia is a Gram-negative, aerobic, motile, rod-shaped bacterium,
categorized into the class Alphaproteobacteria. Sea salt-based medium is essential
for its growth in laboratories and thus Labrenzia is defined as the marine obligate
bacteria. Members of Labrenzia are widely found in marine habitats, often associ-
ated with marine organisms such as dinoflagellates, seashells, and corals [39, 40].

Labrenzia had been ignored among natural product chemists until the discovery
of 18-O-demethylpederin (labrenzin) from a strain isolated from marine sediment
[41]. Pederin is a polyketide characterized by two tetrahydropyran rings connected
through the amide linkage with multiple methoxy groups. It was first discovered
from Paederus beetles as the toxic substance [42]. Later, mycalamides [43] and
onnamides [44], antitumor compounds bearing the common carbon skeleton, were
isolated from sponges (Fig. 4). Isolation of these compounds from insects and
sponges implied the production of pederin-class compounds by symbiotic microbes.
Thereafter, Piel et al. identified the plausible biosynthetic gene clusters for pederin
and onnamides through the metagenomic analysis of the beetles and sponges
[45, 46]. The true producer of pederin-class compounds was unknown for many
years, and it was believed that the producing microbe must be unculturable.

Quite recently, a culturable bacterium Labrenzia isolated from marine sediment
was finally identified as a producer of pederin-class polyketides [41]. Biosynthetic
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genes for labrenzin and onnamide-like compounds were identified through the
genome analysis of the producing-strain, Labrenzia sp. PHM005 [47]. In addition
to labrenzin, two cyclopropane-containing fatty acids [48] are reported from
Labrenzia (Fig. 5).

Labrenzia strain C1-1 was isolated from a Scleractinian (stony) coral Montipora
sp. in our screening program on marine bacterial metabolites. Strain C1-1 showed
99.9% 16S rRNA gene sequence similarity to Labrenzia aggregata IAM 12614T.
This strain is marine obligate because it grows well in the sea water-based medium
but not in fresh water-based medium. From the culture extract of strain C1-1, a new
siderophoric metabolite, labrenzbactin was isolated [49]. This compound showed
cytotoxicity against P388 murine leukemia cells with IC50 13 μM and antibacterial
activity against Ralstonia solanacearum and Kocuria rhizophila with MICs of
25 and 50 μg/mL, respectively.

Labrenzbactin is a new member of bacterial siderophores comprising a linear
triamine moiety, spermidine or norspermidine, and aromatic acyl groups (Fig. 6).
Several related compounds, parabactin from Paracoccus, agrobactin from a plant
pathogen Agrobacaterium, and fluvibactin and vibriobactin from Vibrio, are known.

The genome size of Labrenzia is 5–8 Mbp in average and biosynthetic genes for
type I PKS, NRPS, and terpenoids are found in the DNA database [50]. Some
Labrenzia strains harbor three to five gene clusters for type I PKS. Further explora-
tion should be conducted to disclose the products from these biosynthetic genes.
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2.4 Compounds from Microbulbifer

The genus Microbulbifer, classified in the class Gammaproteobacteria, was first
isolated from a black liquor sample of the pulp industry [51]. Members of
Microbulbifer are Gram-negative, rod-shaped, non-motile, and halophilic.
Microbulbifer species are marine obligate, requiring sodium salt for growth [51],
and thus are frequently isolated from halophilic environments such as marine solar
saltern and marine sediment [52–54].Microbulbifer has been studied for its ability of
degrading polysaccharides and lignins, but nothing was known about its metabolites
when we started the metabolite analysis of this untapped genus.

The first natural products discovered fromMicrobulbifer are bulbiferates A and B
[55] (Fig. 7). Bulbiferates have antibacterial activity against Escherichia coli and
methicillin-sensitive Staphylococcus aureus.

In our metabolite investigation on marine bacteria, a unique fatty acid, (2Z,4E)-3-
methyl-2,4-decadienoic acid, was identified as a major product of Microbulbifer
isolated from a stony coral of the genus Porites [56]. The methyl group in this fatty
acid is located at an uncommon position as a natural product. Usually in microbial
products, methylation takes place at the carbon derived from the methyl carbon of
acetate (Fig. 8), however this fatty acid has the methyl-branching at the carbon
derived from the carbonyl carbon of acetate. Feeding experiments of 13C-labeled
precursors elucidated that the methyl group is derived from ʟ-methionine, implying
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the involvement of unknown methylation mechanism using S-adenosylmethionine
(SAM).

Subsequently, we found three new acylimidazoles, designated bulbimidazoles A–
C (Fig. 9), from another Microbulbifer strain DC3-6 isolated from a stony coral of
the genus Tubastraea [57]. The absolute configuration of the anteisomethyl group of
bulbimidazole A was determined to be a mixture of (R)- and (S)-configurations in a
ratio of 9:91 by applying the Ohrui-Akasaka method. Bulbimidazoles exhibit unique
broad-spectrum antimicrobial profile against bacteria and fungi with MICs ranging
from 0.78 to 12.5 μg/mL. They also showed cytotoxicity against P388 murine
leukemia cells with IC50 in micromolar range.

According to the public DNA database, the genome size of Microbulbifer is
around 3.6–5.0 Mbp, relatively small as a secondary metabolite-producer, but
biosynthetic genes for NRPS and siderophore are present [50]. Discovery of
bulbimidazole warrants further investigation of this genus because the production
of bulbimidazoles was not predictable only from the gene analysis.

3 Natural Products from Marine Actinomycetes

3.1 Acylimidazoles

In advance of the discovery of bulbimidazoles, the first natural acylimidazoles,
nocarimidazoles A and B, were reported from a marine Nocardiopsis (Fig. 9)
[58]. Nocarimidazoles comprise the 4-aminoimidazole moiety and an acyl chain
connecting at the imidazole 5-position, which is a new natural product skeleton. As
described in the previous section, bulbimidazoles A–C are the new deamino conge-
ners of nocarimidazoles, isolated from a marine bacterium Microbulbifer [57]. Fur-
thermore, we discovered the new congeners, nocarimidazoles C and D, from a
marine Kocuria [59]. The producing-strain Kocuria sp. T35-5, an isolate from a
stony coral Mycedium sp., also produced nocarimidazoles A and B and
bulbimidazole A.

Three producing-strains of acylimidazoles belong to phylogenetically distinct
taxa. Both the genus Nocardiopsis and Kocuria belong to the phylum
Actinobacteria, but they are separated at the family level. The most significant
difference is their morphology: Nocardiopsis grows in a filamentous pattern whereas
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Kocuria is single cellular cocci. The genus Microbulbifer belongs to the phylum
Proteobacteria, phylogenetically apart from the phylum Actinobacteria. It is note-
worthy that the common class of metabolites is produced by widely different genera.
It should be also noted that all three producing-strains are derived from marine
environment. The exclusive origin of these metabolites from marine bacteria, as well
as the distribution among phylogenetically distinct taxa, implies their potential
function in the adaptation of the producing organisms to the marine ecosystem.
Production pattern of acylimidazoles is summarized in Table 1.

Bulbimidazoles and nocarimidazoles are active against Gram-positive bacteria,
yeast, and fungi but inactive against Gram-negative bacteria (Table 2).
Bulbimidazoles are more potent than nocarimidazoles in general, exhibiting a wide

Table 1 Production distribution of acylimidazoles

Compounds

Actinobacteria Gammaproteobacteria

Nocardiopsis sp.
CNQ115 Kocuria sp. T35-5

Microbulbifer sp.
DC3-6

Nocarimidazole A ○ ○ –

B ○ ○ –

C – ○ –

D – ○ –

Bulbimidazole A – ○ ○

B – – ○

C – – ○

Table 2 Antimicrobial activity of bulbimidazoles A–C and nocarimidazoles A–D

MIC (μg/mL)

Microorganisms BA BB BC NA NB NC ND

Kocuria rhizophilaa 0.78 0.78 1.56 6.25 12.5 6.25 6.25

Staphylococcus aureusb 1.56 1.56 3.12 12.5 25 12.5 25

Escherichia colic >100 >100 >100 >100 >100 >100 >100

Rhizobium radiobacterd >100 >100 >100 >100 >100 >100 >100

Tenacibaculum maritimume 3.12 6.25 12.5 NT NT NT NT

Candida albicansf 6.25 12.5 6.25 25 25 12.5 12.5

Glomerella cingulatag 1.56 1.56 3.12 12.5 12.5 25 25

Trichophyton rubrumh 0.78 1.56 3.12 6.25 6.25 25 6.25

BA, BB, BC bulbimidazoles A, B, and C, NA, NB, NC, ND nocarimidazoles A, B, C, and D, NT not
tested
aATCC9341
bFDA209P JC-1
cNIHJ JC-2
dNBRC14554
eNBRC16015
fNBRC0197
gNBRC5907
hNBRC5467

Natural Products from Marine Bacteria and Actinomycetes 165



antimicrobial spectrum against pathogens of humans (S. aureus, C. albicans, and
T. rubrum), fish (T. maritimum), and plants (G. cingulata).

The absolute configurations of the anteisomethyl group in nocarimidazoles B and
C and bulbimidazole A were analyzed by using low-temperature HPLC technique
developed by Ohrui and Akasaka. Nocarimidazole B is a pure (S)-enantiomer,
whereas nocarimidazole C is a mixture of (R)- and (S)-enantiomers with a ratio of
73:27. Bulbimidazole A from Kocuria is an (S)-enantiomer with 98% ee and that
from Microbulbifer is an (S)-enantiomer with 82% ee (Fig. 10). Bacterial anteiso-
fatty acids have been believed to be (S)-configured, because the starter unit of
biosynthesis, 2-methylbutanoyl-CoA, is derived from L-isoleucine. However, this
seems not always true in secondary metabolites. The reason of R/S-chirality fluctu-
ation in bacterial anteisomethyl-branching is unknown. Elucidation of regulation
mechanism in enzymatic reactions and biological differences between (R)- and (S)-
enantiomers are the future subjects.

3.2 Rakicidins

Rakicidins are the 15-membered depsipeptides consisting of 4-amino-2,4-
pentadienoate (APDA), glycine, and hydroxyasparagine/glutamine, and a fatty
acid portion modified with hydroxy and methyl substitutions (Fig. 11). To date,
six congeners, rakicidins A, B [60], and E [61] fromMicromonospora and rakicidins
C [62], D [63], and F [64] from Streptomyces, are known. Of these, producing-
strains of rakicidins D, E, and F are marine origin.

Rakicidins A and B were originally isolated from soil-derived Micromonospora
at Bristol-Myers Squibb. They were potently cytotoxic against murine lung carci-
noma cells with IC50 of 40 to 200 ng/mL [60]. Rakicidin D, a shorter chain analog of
rakicidin A, was isolated from Streptomyces collected from marine sediment of
Thailand [63]. This compound inhibited invasion of murine colon carcinoma 26L5
cells with an IC50 of 6.7 μM.

After more than 20 years since the first discovery, rakicidin A was rediscovered
during the screening for hypoxia selective cytotoxic agents from 20,000 microbial
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extracts [65]. Cancer cells adapted to hypoxic conditions inside the solid tumor
become more resistant to antitumor drugs. Rakicidin A showed ca. 17 times more
selective cytotoxicity to hypoxic cancer cells than to normoxic cancer cells. Further-
more, rakicidin A induced apoptosis in hypoxia-adapted leukemic cells with stem
cell-like characteristics [66]. In addition, rakicidin A displayed synergistic anticancer
activity in combination with Imanitib against hypoxia-adapted leukemic cells. These
promising findings promoted rakicidin A to a potential lead for cancer chemother-
apy, leading to extensive synthetic and structure–activity relationship studies [67–
70].

4-Amino-2,4-pentadienoate (APDA), an unusual amino acid, present in
rakicidins is found only in a limited range of secondary metabolites of actinomy-
cetes. Microtermolides [71], vinylamycin [72], and BE-43547 [73], all of which are
from Streptomyces, are additional members of APDA-containing
cyclodepsipeptides. Despite the scarcity in nature, biosynthetic origin of APDA
remained unknown. We carried out the draft genome analysis of Streptomyces
sp. MWW064, the producing-strain of rakicidin D [74]. The 7.9 Mbp genome of
strain MWW064 contained at least three type I polyketide synthase (PKS) gene
clusters, seven nonribosomal peptide synthetase (NRPS) gene clusters, and four
hybrid PKS/NRPS gene clusters, from which one hybrid PKS/NRPS gene cluster
was identified responsible for rakicidin synthesis, based on the annotation results.

Starting from the n-hexanoyl unit, PKS/NRPS assembly line for rakicidin D
connects the building blocks in the sequence of two methylmalonyl CoA, and one
each of L-serine, malonyl CoA, glycine, and L-asparagine, to afford the linear
intermediate, which is then cyclized to the depsipeptide structure. The final step is
the hydroxylation of Asn residue to yield rakicidin D (Fig. 12). During the chain
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elongation step, the APDA unit is assembled from L-serine and malonate, followed
by dehydration of the serine hydroxy group [74]. To verify this biosynthetic cascade
predicted from the gene analysis, feeding experiments with 13C-labeled precursors
were performed. As expected, [2-13C]acetate labeled the 2-position of APDA and
[1-13C]-L-serine labeled the 3-position of APDA, unambiguously establishing that
the APDA unit is derived from an acetate and a serine (Fig. 12).

Furthermore, the draft genome sequence of a marine-derived Micromonospora
sp. DSW705, the producing-strain of rakicidins A and B was analyzed [75]. The
6.8 Mbp genome of strain DSW705 harbored a hybrid PKS/NRPS gene cluster
homologous to that found in strain MWW064. Accordingly, the biosynthetic gene
cluster for rakicidins A and B was identified. These findings will make it possible to
generate more potent rakicidin-based antitumor compounds by genetic engineering
and to discover new APDA-containing natural products by genome mining.

3.3 Nocapyrones

Nocapyrones are a series of α- and γ-pyrones produced by marine-derived rare
actinomycete of the genus Nocardiopsis (Fig. 13). Nocapyrones A–D were isolated
from a Nocardiopsis strain collected from the marine sponge Halichondria
panicea [76].

Three α-pyrones, nocapyrones E�G, were isolated from a marine-derived acti-
nomycete Nocardiopsis dassonvillei [77]. Nocapyrones E�G were antibacterial
against Bacillus subtilis with MIC at micromolar concentrations. Furthermore,
10 new congeners, nocapyrones H–Q, were identified from a symbiotic actinomy-
cete of the genus Nocardiopsis isolated from a cone snail [78]. Almost in the same
period, three α-pyrones were isolated from a marine Nocardiopsis and were

Rakicidin D

Enz

S

R
O

R = n-pentyl

HN

N

HN

S

OH

O

O

O
CONH2

O

R

OH

O

NH2

O

O

NH

N
H
N

O O

S Enz

Enz

1) cyclization
2) hydroxylation

Malonyl CoA

Glycine

L-Serine

L-Asparagine

Methylmalonyl CoA

1
2

3
4

5
OH

H2N OH

O

OH

O

[2-13C]acetate

[1-13C]-L-Ser

O
O

NH2

O

OH

O

NH

N
NHO

O

Fig. 12 Biosynthesis of rakicidin D

168 Y. Igarashi



duplicately designated nocapyrones H–J [79] (these compounds are shown as
nocapyrones H*, I*, and J* in Fig. 13).

In our screening for antidiabetic compounds from marine microbes, one new
α-pyrone, nocapyrone R, along with three known γ-pyrones, nocapyrones B, H,
and L, were isolated from a sediment-derived Nocardiopsis [80]. γ-Pyrones were
found to induce adiponectin production in murine ST-13 preadipocyte cells while
the α-pyrone, nocapyrone R, was inactive.

Furthermore, new nocapyrone congeners were isolated from marine
Nocardiopsis [81–83]. Exclusively isolated from marine-derived Nocardiopsis,
these pyrones are suggested to play an unknown role in the adaptation of the
producing organisms to the marine environment. Meanwhile, some marine inverte-
brates are likely utilizing α- and γ-pyrones produced by symbiotic bacteria for
chemical defense [78]. Nocapyrone-producing Nocardiopsis was isolated from the
venom duct of cone snails. Astonishingly, the cone snail extracts contained a
substantial amount (0.01–0.1% of snail dry weight) of nocapyrones B, H, and J,
which were also produced by the Nocardiopsis strain isolated from this marine
animal. These γ-pyrones displayed modulatory activity against nerve cell depolari-
zation, implying a possible defensive role of nocapyrones in nature.
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4 Conclusion and Future Prospect

One of the hottest topics in marine natural products is the true origin of bioactive
compounds isolated from marine invertebrates. It was previously believed that the
producers are unculturable symbionts; however, the evidences that culturable bac-
teria are the true producers of a number of marine natural products are accumulating
(Fig. 14). The most noticeable examples are didemnin and pederin. Didemnin B, an
anticancer cyclic depsipeptide, was first discovered from a tunicate, and was later
rediscovered as a product of a sediment-derived culturable bacterium of the genus
Tistrella [84]. Labrenzin (18-O-demethylpederin) was isolated from a culturable
marine bacterium of the genus Labrenzia and the whole genome analysis of the
producing-strain identified the biosynthetic genes for pederin/onnamide-class
polyketides [47]. Enediynes are the antitumor antibiotics originally discovered
from terrestrial actinomycetes. Surprisingly, namenamicin [85] and shishijimicin
[86], the chalicheamicin-type enediyne polyketides, were isolated from colonial
tunicates. In addition, the producer of manzamine A was identified as a marine
Micromonospora [87]. These findings give hope to solve the supply problem
associated with the natural products of marine invertebrates.

This short review deals with only a limited range of natural products from marine
bacteria and actinomycetes including those discovered in our laboratory. For more
information, readers should refer to other comprehensive, specific reviews on each
topic. As a personal opinion, marine bacteria are still less explored than actinomy-
cetes and fungi. This is partly because selection and isolation of diverse and unique
bacteria are not easy, compared with actinomycetes and fungi which can be easily
recognized from the colony morphology on isolation plates. Even from non-marine
obligate bacteria, structurally novel compounds can be obtained, as exemplified by
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bacilosarcins and ulbactins through our study. Continuous exploration of untapped
marine bacteria will lead us to discover more examples of the “true producers.”
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Abstract Aquaculture is an important food source worldwide but one of its main
problems is the spread of infectious diseases caused by Gram-negative pathogenic
bacteria that results in considerable economic losses. Since siderophores, low
molecular weight organic compounds involved in the iron-uptake mechanisms of
the bacteria, are critical for the growth and virulence of the producer pathogens, the
bacterial iron acquisition systems are promising targets for the design of new
antimicrobial strategies. In this chapter, the current chemical knowledge of the
siderophores involved in the iron-uptake mechanisms of Gram-negative pathogenic
bacteria Vibrio anguillarum, Photobacterium damselae subsp. piscicida, and
Aeromonas salmonicida subsp. salmonicida, responsible for the main fish infectious
diseases Vibriosis, photobacteriosis, and furunculosis, respectively, is summarized.
The isolation, structural elucidation, and the chemical synthesis of the siderophores
biosynthesized from those bacteria are displayed. Their involvement in the iron-
uptake mechanisms, virulence importance, and the application in the development of
new strategies to fight against the infectious diseases will be also discussed.
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1 Introduction

The need for a safe, reliable, and economic supply of food to feed the high increase
of human population is transforming aquaculture as an important food source
worldwide. According to the Food and Agriculture Organization (FAO) of the
United Nations, global fish consumption (from wild fishing and aquaculture) grew
at an average of 3.1% yearly from 1961 to 2017, which is a rate almost twice that of
the 1.6% annual world population increase. While wild fishing production has
stabilized in the last 20 years, global aquaculture production increased more than
five times in the last three decades (from 14.9 million tonnes in the period 1986/1995
to 82.1 million tonnes in 2018). Right now, more than 50% of fish for human
consumption comes from aquaculture [1].

However, the production intensification increases the likelihood of pathogen
outbreaks and the emergence of several infectious diseases which are causing severe
economic losses in aquaculture (Fig. 1a) [2]. The extensive use of antibiotics has
contributed to the spread of antimicrobial resistance (AMR), which has become a
global health emergency. Moreover, fish are reservoirs of zoonotic pathogens such
as Aeromonas hydrophila and Photobacterium damselae that can infect not only the
animal host but also humans who are in contact with the aquaculture facility and via
foodborne infections [3]. For all these reasons, the search for new strategies to
prevent and control diseases in aquatic species is urgently needed. It is one of the
main research objectives within the field of health in the next decade.

For most bacteria, iron uptake ability during the naturally iron-limited conditions
of an infection is a key virulence factor essential for multiplication within the host.
Iron is a crucial nutrient in virtually all living organisms because it is needed in many
metabolic processes, catalyzing a wide variety of indispensable enzymatic reactions.
The wide range of properties of iron and its abundance, being the fourth most
abundant element in the Earth’s crust, could explain why early microorganisms,
from the beginning of evolution, used this element to develop their metabolic
processes in an oxygen-poor atmosphere. However, when the atmosphere became
rich in oxygen, ferrous iron was oxidized to ferric ion which precipitates to form
ferric hydroxide which is highly insoluble at physiological pH. Since then, the
bioavailability of free ion became very low and the iron acquisition uptake mecha-
nisms to combat the extremely low iron availability became an indispensable process
for most living organisms [4]. Now, a high competition for this scarce iron is taking
place and so, iron sequestration systems have been identified as important virulence
mechanisms in several pathogenic bacteria. In fact, potential hosts keep the level of
free iron inside the body to a minimum as a defense mechanism.

One of the major strategies used by bacteria and fungi entailed the use of
siderophores, a Greek term that means iron carriers. These are low molecular weight
organic compounds that have extremely high affinity for ferric iron [5]. Thus,
bacteria and fungi excrete “endogenous” siderophores into the culture medium
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where they are able to solubilize Fe (III) from its hydroxide or they can efficiently
sequester the iron bound by transferrins and other iron-holding proteins within the
host. Once siderophores are synthesized and secreted outside the bacterial cells, they
bind Fe3+ ions to form a ferric-siderophore complex which is then internalized by the
appropriate transport mechanism. In Gram-negative bacteria, ferric-siderophore
complexes are recognized by specific outer membrane receptors (OMR). These
proteins trigger the transport system across the outer and inner membranes, thus
permitting the delivery of iron into the cells by an energy-dependent system. The
components of such systems include a specific TonB-dependent ferric-siderophore
transporter (TBDT) protein located in the outer membrane that is energized through
the TonB system. The TBDT protein is coupled to an ABC transporter that catalyzes
the final stages of ferric-siderophore transport through the cytoplasmic membrane
from the periplasm to the cytosol [6]. Finally, the reduction of Fe3+ to Fe2+ by
microbial-mediated processes is the most common mechanism for the release of the
iron inside the cell (Fig. 1b) [7]. Additionally, some microorganisms are able to use
the xenosiderophores, siderophores biosynthesized by other organisms, due to the
presence of OMR that can recognize a wide spectrum of siderophores with the same
type of chelating units.

On the basis of the bidentate groups involved in iron (III) binding, siderophores
can be classified into four main classes: phenolates or catecholates, hydroxamates,
α-hydroxycarboxylates, and mixtures with these functionalities (Fig. 2) [5].

Iron restriction is an important host defense strategy; thus, successful pathogens
must possess mechanisms to acquire iron from host sources in order to cause disease.
During infection, a fierce battle of iron acquisition occurs between the host and
bacterial pathogens. For that reason, siderophores are not only crucial in bacteria iron
metabolism but also are key factors in the virulence to enhance the infection disease.
In this way, the iron-uptake mechanism mediated by siderophores along with their
structures provides an ideal target for therapeutic applications [4]. Indeed, the natural
siderophore “desferal,” produced by Streptomyces pilosus, is used in clinics for the
removal of excess iron in human blood, a disease known as thalassemia [8]. But one
of the most promising applications of siderophores is for the development of new
antibacterial treatments based on iron acquisition, such as novel antimicrobials and
vaccines. Thus, iron-uptake mechanisms mediated by siderophores are providing the
basis for the development of new antibacterial treatments: by the Trojan horse
Strategy where the siderophore is coupled to a known antibiotic in order to overcome
the permeability barrier of the Gram-negative outer membrane that uses a specific
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siderophore route of entry into the cell. The natural siderophore-antibiotic conjugates
(sideromycins), such as albomycins and salmycins, inspired this methodology
[9]. This approach seeks to avoid microbial resistance, thus enhancing sensitivity
and specificity. In fact, the catechol based-siderophore cefiderocol (Fetcroja®) is the
first siderophore-drug conjugate approved by the U.S. Federal Drug Administration
(FDA) [10] and the European Medicines Agency (EMA) [11]. Other applications
imply the inhibition of biosynthesis of siderophore and the development of
vaccines [4].

Vibriosis, photobacteriosis, and furunculosis, caused by Gram-negative marine
bacteria, constitute the main infectious diseases in aquaculture [12]. In the present
chapter, studies of the siderophores from the fish Gram-negative pathogenic bacteria
involved in those infectious diseases and its application in fish farming will be
presented. Special attention will be paid to the isolation methodology used, the
synthesis of natural siderophores and their derivatives, the establishment of some
Structure Activity Relationship (SAR), the biosynthetic proposals and the OMR
involved.

2 Vibriosis by Vibrio anguillarum

Vibriosis is a group of diseases that cause a serious hemorrhagic septicemia associ-
ated with both wild and farmed marine fishes. This leads to severe economic losses
in the aquaculture industry worldwide. Different Gram-negative bacterial species,
mainly classified into the Vibrio genus, belonging to the family of Vibrionaceae are
responsible for this infection [13]. The bacillus V. anguillarum is considered the
etiological agent of classical vibriosis, being the most common and also the most
extensively studied Vibrionaceae species. Its virulence in marine settings was
reported as early as 1718 along the coastline of continental Europe and was
referenced on record as the red disease in eel (Anguilla anguilla) in 1893, serving
as the root of the name anguillarum. By 1970, it was known to have devastating
effects on several marine organisms (cod, eel, finnock, oyster, salmon, trout, etc.)
and now has a wide geographical distribution and host range. V. anguillarum is
pathogenic to a variety of crustaceans, bivalves and mainly to warm- and cold-water
fish of economic importance, including Pacific and Atlantic salmon, rainbow trout,
turbot, sea brass, sea bream, among others, accounting for more than 90 susceptible
aquatic species in at least 28 different countries [14]. A total of 23 different O
serotypes of V. anguillarum isolates have been recognized. Among them, O1 and O2
are the main ones implicated in the infections, although serotype O3, and to a lesser
extent O4 and O5, have increasing importance in vibriosis outbreaks in specific
geographic areas [15]. The remaining serotypes are considered to be environmental
strains and only on rare occasions are isolated as responsible for vibriosis in fish [16].

For a long time, just two different siderophore-mediated systems were described
in V. anguillarum strains belonging to serotypes O1 and O2, the anguibactin (Ang,
1) and the vanchrobactin (Vcb, 2). More recently, a third one was reported,
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piscibactin (Pcb, 3), which turned out to be one of the most important virulence
factors for this bacterium (Fig. 3). Additionally, V. anguillarum can also use
xenosiderophores as iron sources, like enterobactin, ferrichrome or rhodotorulic
acid.

2.1 Anguibactin Iron-Uptake System

The first siderophore-mediated system described in this bacterium, called
anguibactin system, was found in pathogenic strains of serotype O1, which bears
the 65 kb pJM1 plasmid that harbors the genes for the biosynthetic machinery and
utilization of the siderophore anguibactin (Ang, 1).

Ang (1) was purified from its supernatants of iron-deficient cultures by adsorption
onto an XAD-7 resin and subsequent gel filtration on a Sephadex LH-20 column and
reported in 1986 [17]. Three years later, its hybrid structure between a catechol and a
hydroxamate type of siderophore was determined by 1H- and 13C-NMR spectral
analysis of its Ga(III)-complex, FAB-MS, chemical degradation, and single-crystal
X-ray diffraction studies of its anhydro derivative, anhydroanguibactin (4) [18]. The
crystal structure of the Ga(III)-complex of anguibactin was reported in 1998
[19]. However, the absolute configuration of the cysteine moiety in Ang (1) was
not determined at that time.

The structure of Ang (1) is similar to that of preacinetobactin (PreAcb, 5), which
contains instead an oxazoline ring. PreAcb (5) is the precursor of acinetobactin (Acb,
6), the siderophore produced by the Gram-negative pathogen Acinetobacter
baumannii, which constitutes one of the major health concerns because it is respon-
sible for a large number of hospital-acquired and nosocomial infections and by its
increasing development of antimicrobial resistance (Fig. 4) [20].

Since the content of siderophores from marine bacteria is very low and they have
potentially valuable applications, the development of chemical synthesis is a crucial
step to further study their biological activities, mechanisms, absolute configurations,
and/or structure-activity relationships. Furthermore, the synthesis of analogues gives
us very important information, for instance, for the preparation of conjugates to be
used as biosensors to study these mechanisms [21], for the development of novel
therapies against iron-overload related disease [8], for the preparation of new
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antimicrobial agents that target bacterial pathways for the acquisition of iron [22], for
a Trojan horse strategy to develop modified molecules with antimicrobial activity
[9], or for the synthesis of bioconjugates of siderophores to be tested as antibacterial
vaccines [23].

The total synthesis of Ang (1), published by H. J. Kim and co-workers in 2018,
started with the preparation of Nα-benzyloxyhistamine (9) which was obtained from
histamine dihydrochloride in three steps following the same procedure employed in
the synthesis of Acb (6) [24]. The reaction of histamine dihydrochloride with NaNO2

in acid media followed by treatment with SOCl2 gave 7. Coupling of 7 with N-tert-
butoxycarbonyl(Boc)-O-benzyloxyamine afforded imidazole 9 after deprotection
with TFA. In parallel, the thiazoline fragment 12 was obtained by the coupling of
aryl nitrile 10, prepared from o-vanillin, with L-cysteine.

Condensation of thiazoline acid 12 with Nα-benzyloxyhistamine (9) was one of
the key steps of the synthesis in order to avoid the epimerization observed at position
8, because the coupling gives a near-racemic mixture. The lack of a substituent at
position 9 in Ang (1), in relation to that in Pre-acb (5), seems to justify that
racemization. The presence of an (R)-methyl group at C-9 in Pre-acb (5) could
secure the sterically stable trans geometry with the (S)-configuration at C-8. The use
of Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) in
dichloromethane with a free amine form of 9 resolved this problem, giving the
intermediate 14 with a stereoselective ratio of er¼ 98:2. The problematic removal of
the two ether-type protecting groups present in 14 using boron trichloride (BCl3) in
the final step was solved by the addition of tetrabutylammonium iodide (TBAI),
which allowed a clean removal of both benzyl and methyl groups. Using a similar
procedure, the anguibactin analogue, 3-deoxyanguibactin (16), was also prepared
(Scheme 1). The preparation of synthetic siderophore 1 made it possible to deter-
mine, by fluorescence titrations, a 2:1 binding stoichiometry between Ang (1) and Fe
(III) in liquid phase. Furthermore, the iron delivery capability of Ang (1) and its
thermal stability over PreAcb (5) led the authors to propose Ang (1) as a competent
surrogate siderophore for Acinetobacter baumannii that can be useful for the future
development of a siderophore-based antibiotic delivery system against that
pathogen [25].

Evaluation of cytotoxic effects of Ang (1) on P388 murine leukemia cell lines
displays an IC50 value of <15 μM [26]. Moreover, Ang (1) has been patented for
performing deferration therapy due to its properties for removing ferric iron from
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aqueous liquids. Among other properties, it was found that Ang (1) inhibits iron
uptake by living cells, wrests iron from vertebrate tissues, removes iron from other
siderophores and ferric hydroxide, and removes ferric iron from aqueous solutions,
including cell-culture media [27].

Most biosynthetic genes of Ang (1) are located in the pJM1 plasmid and it is
accomplished by a complex of non-ribosomal peptide synthetases (NRPS). How-
ever, its biosynthesis requires additional chromosomally encoded enzymes that are
also involved in the production of Vcb (2) as the second siderophore described. The
pJM1 plasmid series is present in most V. anguillarum O1 strains but is absent in
serotype O2. The ferric iron-anguibactin complex is transported by the FatABCD
proteins, all encoded by the pJM1 plasmid: the OM receptor FatA, the periplasmic
binding protein FatB, and the inner membrane proteins FatC and FatD (ABC
transporter) [28].

2.2 Vanchrobactin Iron-Uptake System

The second siderophore-mediated iron-uptake system reported in V. anguillarum
was the vanchrobactin system. Vanchrobactin (Vcb, 2) is encoded by a gene cluster
located in the chromosome that was first found in all serotype O2 strains and some
plasmid-less serotype O1 strains. The terms of V. anguillarum (“van”), chromosome
(“chro”) and the suffix “bactin” for chelating agent, were used to name this
siderophore as vanchrobactin.

This compound was isolated for the first time from iron-deficient cultures of
V. anguillarum serotype O2 strain RV22 by using a XAD-7 lipophilic resin, liquid–
liquid fractionation, Sephadex LH-20, and RP-HPLC. Its planar structure was
established by analysis of its 1D and 2D NMR, IR, UV, and mass spectral data as
a dipeptide made up of the amino acids arginine and serine linked to a
2,3-dihydroxybenzoyl moiety [29]. A faster and a more convenient isolation
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procedure using Hydrophilic-Lipophilic Balance (HLB) resins followed by HPLC-
HRMS analysis was developed and applied in the re-isolation of Vcb (2). This
method, named as SPE-HLB/HPLC-HRMS, improved not only the efficiency of the
isolation methodology but also the isolation time in relation to the existing
methods [30].

The absolute configuration of Vcb (2) was established by synthesis of three out of
four possible stereoisomers using 2,3-dihydroxybenzoic acid (DHBA), L/D-
ornithine, and L/D-serine as starting materials and comparison to the natural product.
Thus, 2,3-dibenzyloxybenzoic acid (17), prepared in three steps from DHBA, was
coupled with Nδ-Cbz-D-ornithine-OMe (16a), obtained in four steps from
D-ornithine, or with Nδ-Cbz-L-ornithine-OMe (16b), prepared from esterification
of the commercial Nδ-Cbz- L-ornithine, to give acids 18a,b, respectively, after
saponification. Then, tert-butyl esters of L/D-serine, synthetized from commercial
amino acids, were coupled to acids 18a,b to afford 19a-c. Deprotection of the benzyl
groups in 19a-c, followed by introduction of the guanidine functionality and
deprotection of the tert-butyl group in acid media, yielded three out of the four
possible stereoisomers of vanchrobactin. Comparison of the synthetic compounds
with the natural sample by achiral HPLC, chiral capillary electrophoresis, along with
NMR data, sign and value of the optical rotation allowed to establish the absolute
structure of Vcb (2) as N-[N0-(2,3-dihydroxybenzoyl)-D-arginyl]-L-serine (Scheme
2) [31].

Two series of vanchrobactin analogues were synthetized using a similar strategy
employed in the total synthesis of Vcb (2). The first one where the
2,3-dihydroxybenzoyl moiety is linked to Arg or Orn residues, compounds 20–24,
(Scheme 2) and the second series where it was the serine residue which was linked
directly to the aromatic moiety, compounds 27–29 (Scheme 3).

The synthesized compounds were subjected to the chrome azurol-S (CAS) test
and evaluated by growth promotion assay (siderophore activity test) with several
bacteria that are well known for their ability to transport and use natural
siderophores, specified in brackets: V. anguillarum RV22 (serotype O2) (Vcb (2)
and Pcb (3)), V. anguillarum 775 (serotype O1) (Ang (1)), Salmonella enterica
enb-1 (enterobactin), Erwinia chrysanthemi PPV20 (chrysobactin (34)), and
V. alginolyticus TA15 (vibrioferrin). Most of analogues were positive in the CAS
test and showed siderophore activity to both V. anguillarum serotypes tested.
Although most of them displayed siderophore activity to S. enterica and
E. chrysanthemi, none of them were able to restore the growth of V. alginolyticus.
These results are in agreement with the catecholate structure of enterobactin and
chrysobactin (34) and the non catecholate structure of vibrioferrin, an
α-hydroxycarboxylate siderophore (Fig. 1). From the results, it was suggested that
the aromatic ring in catecholate siderophores is crucial for the binding of the outer
membrane receptors. Additionally, the results reveal the lack of stereoisomeric
influence of the amino acid scaffold on the siderophore activity in both serotypes
of V. anguillarum, although some differences can be observed in E. chrysanthemi
PPV20 and S. enterica. This lack of specificity could be an evolutionary adaptation
of bacterial pathogens to increase the number of possibilities to obtain iron from the
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environment. The low specificity of molecular recognition of the recipients of these
strains could facilitate the use of those conjugates to be prepared. Analogues having
ornithine (23–24) instead of arginine (20–22) residue maintain the siderophore
activity to V. anguillarum, as the Vb analogue DHBA- D-Orn- L-Ser (24b), and
they are of special interest since these molecules possess an appropriate functional-
ity, an amino group, that can be used as an anchor group to attach it to other bioactive
agents. For these reasons, these compounds were considered as potential antibiotic
vectors for the delivery of known antibacterial agents via the bacterial iron-uptake
systems [32].

Vcb (2) is structurally related to chrysobactin (30), isolated from the phytopath-
ogenic bacterium E. chrysanthemi, which bears a lysine residue instead of arginine.
This compound also has the L configuration for the serine residue, while the lysine
residue has a D configuration as the arginine in Vcb (2) [33]. From an identified
species of Vibrio, DS40M4 strain, a bis- and triscatechol amide analogues of Vcb
(2), named divanchrobactin (31) and trivanchrobactin (32), were isolated. Vcb (2)
and Ang (1) were also isolated from this bacterium and represented the first case that
the two siderophores were isolated from the same strain. Their isolation was carried
out using Amberlite XAD-2 resins and HPLC. The isolation of 31 and 32 raised the
question whether linear trivanchrobactin is the real siderophore or comes from a
hypothetical cyclic ester, a cyclic trivanchrobactin product, which was not detected
or isolated due to the instability of the cyclic triserine ester or the reactivity of a
possible esterase [34]. Curiously, cyclic trichrysobactin, linear trichrysobactin (33),
and dichrysobactin (34) along with the monomeric siderophore unit, chrysobactin
(30) were isolated from plant pathogen Dickeya chrysanthemi EC16 (formerly
known as Pectobacterium chrysanthemi EC16 and E. chrysanthemi EC16)
(Fig. 5) [26].

On the basis of the results of the siderophore activity evaluation of Vcb ana-
logues, three conjugates 35–37 between the known antibiotic norfloxacin and Vcb
analogues 23b and 24b were synthesized using acetate as a spacer arm. A four
conjugate 38 was also prepared between norfloxacin and aminochelin (39), one of
the siderophores produced by the Gram-negative free-living soil bacterium Azoto-
bacter vinelandii [35]. Although aminochelin (39) displayed siderophore activity in
V. anguillarum serotype O2, in contrast to the other Vcb two analogues, aminochelin
does not use the OMR of Vcb (2) FvtA as the route of entry.

The coupling of 2,3-diisopropyloxybenzoic acid (40), obtained in a similar way
as 9, with tert-butyl(4-aminobutyl)carbamate gave carbamate 41. The free amine
obtained from the deprotection of the Boc group in 41was coupled with chloroacetyl
chloride and then with norfloxacin to give the aminochelin–norfloxacin conjugate 38
after the removal of isopropyl protecting groups with BCl3. For the synthesis of
DHBA-D-ornithine-norfloxacin conjugates 36 and 37, Nδ-Cbz-D-ornithine-OtBu,
prepared from the commercially available Nδ-Cbz-D-ornithine, was coupled with
2,3-diisopropyloxybenzoic acid (40) to give carbamate 42. Removal of the Cbz
group in 42 by catalytic hydrogenation gave a free amine which was submitted to the
same procedure as before to afford an intermediate that yielded conjugates 36 and
37, after removal of isopropyl protecting groups with BCl3 in MeOH or H2O,
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respectively. For the synthesis of DHBA-D-ornithine-norfloxacin conjugate 35, Nδ-
Cbz-D-ornithine-OMe (16a, Scheme 2) was coupled first with
2,3-diisopropyloxybenzoic acid (40) and then, after saponification, with O-tert-
butyl-L-serine tert-butyl ester to give dipeptide 43. Finally, the submission of the
protected dipeptide 43 to the same sequence of reactions employed in the preparation
of conjugate 38 from 41 gave conjugate 35 (Scheme 4). The four synthetic conju-
gates 35–38 gave a positive reaction in the CAS test indicating that the binding of the
Vcb analogs to norfloxacin through the amino functionality did not affect the
chelating ability of these compounds. However, the lower antibiotic activity
displayed by the four conjugates 35–38 in relation to unconjugated norfloxacin
indicates that they are not working as Trojan horse conjugates [36].

Vanchrobactin iron complexes studies using spectrophotometric and potentio-
metric methods were reported. Kinetic studies at different pHs showed that of free
Vcb (2) is stable in the pH range from 4 to 10.4 while the presence of a single pK
with a value of 6.79 was obtained by spectroscopic titration studies. The influence of
pH on iron vanchrobactin complex formation, shown in its UV visible spectra,
reflects the presence of three sequential complexation reactions, corresponding to
the formation of the ferric mono-, bis-, and tris(Vcb) complexes. The color change
from alkaline to acid media was a clear indication of a structural change under pH
variation. The resulting potentiometric titration curve of ferric Vcb complexes
indicates the stepwise formation of the ferric mono-, bis-, and tris(Vcb) complexes.
A value of pFe(Vcb) of 20 (for enterobactin pFe for is 35.6) was obtained for Vcb (2)
by modeling the Fe3+ uptake under physiological conditions [37].
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The biosynthesis and transport of Vcb (2) in strain RV22 is encoded by the vab
gene cluster, a c. 26 kb chromosomal region, containing 13 genes. The vabABCEF
genes are the main biosynthetic components which encode the enzymes necessary
for DHBA biosynthesis and activation, and vabF, a gene encoding an NRPS
involved in the assembly of the siderophore components [38]. The biosynthetic
pathway proposal was very helpful in elucidating its structure. Indeed, the first
proposed structure, 2,3-dihydroxybenzoyl- serinyl -arginine, was discarded for the
corrected one, [(2,3-dihydroxybenzoyl)arginyl]serine, where the position of serine
and arginine was interchanged because the domain responsible for incorporating the
arginine residue is located first [29].

Vanchrobactin transport to the cell is achieved by means of the TonB-dependent
outer membrane receptor (OMR) FvtA, a 78 kDa protein, encoded by the fvtA gene
linked to the biosynthetic genes. The synthesis of Vcb (2) along with their analogues
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described before and the preparation of a series of mutant strains were crucial in
confirming the actual role of fvtA gene. The results indicated that FvtA seems to
recognize primarily the catechol-iron center since it is not only the route of entry for
Vcb (2) but also of the other Vb analogues [39].

2.3 Piscibactin Iron-Uptake System

When the complete genome sequence of the V. anguillarum RV22 strain was
described [40], the in silico analysis of this genome showed that the second chro-
mosome II contains an additional siderophore gene cluster that encodes Pcb (3), the
siderophore responsible for the iron uptake of Photobacterium damselae subsp
piscicida which will be discussed later in this chapter. The production of Pcb (3)
in V. anguillarum RV22 wild type was demonstrated by chemical analysis using the
SPE-HLB/HPLC-MS methodology of the cell-free supernatants of this bacterium,
detecting its Ga (III) complex using the same methodology described in P. damselae
subsp. piscicida. The analysis showed that both siderophores, Pcb (3) and Vcb (2),
are produced simultaneously. In this way, it was demonstrated that Pcb (3) is actually
the third siderophore produced by this Vibrio species [41].

2.4 Distribution of Each Siderophore Iron-Uptake System
and Their Role in the Virulence

Although the ability of some pathogens to carry multiple iron acquisition systems
seems redundant in laboratory culture conditions, the co-expression of siderophores
with different chemical properties can play specialized roles at the host-pathogen
interface. Indeed, the ability to produce more than one siderophore can enhance
niche flexibility and pathogenesis of the bacteria.

The vanchrobactin biosynthesis and transport gene clusters (vabB and fvtA) are
ubiquitous in both vanchrobactin- and anguibactin-producing V. anguillarum
strains. However, anguibactin strains do not produce Vcb (2) because the vabF
gene, which encodes the NRPS that assembles the siderophore molecule, is
inactivated by the insertion of the transposable element encoded on the plasmid
pJM1. On the other hand, piscibactin genes (irp-HPI) are not only widespread in
V. anguillarum strains but also many other species of Vibrio [42]. Moreover, the
piscibactin biosynthesis gene cluster is never present in anguibactin-producing
strains. Most pathogenic V. anguillarum strains lacking the anguibactin system
produce simultaneously both siderophores, Vcb (2) and Pcb (3).

It is assumed that the vanchrobactin mediated system is the ancestral iron-uptake
mechanism mediated by siderophores of V. anguillarum. The anguibactin-mediated
system could have been acquired later by V. anguillarum, likely by horizontal
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transfer, during the evolution of this species, leading to the inactivation of the
vanchrobactin system, since anguibactin-mediated iron transport seems to be more
efficient due to the Ang (1) stronger affinity for iron. The Highly Pathogenically
Island encoding piscibactin mediated system (irp-HPI) could also have been
acquired by horizontal transfer [16].

On the other hand, V. anguillarum is able to modulate the synthesis of Vcb (2)
and Pcb (3) according to the surrounding temperature. Expression of piscibactin
biosynthetic genes is three times higher at 18 �C than at 25 �C. Thus, Pcb (3) is
preferentially produced at low temperatures, which are the temperature that
V. anguillarum finds during infection of fish cultivated cold-water temperatures. In
contrast, when V. anguillarum grows at warm-water temperatures (approx. 25 �C),
piscibactin genes are down-regulated (fourfold lower) in relation to Vcb (2) [41].

It has been demonstrated that the ability to produce Ang (1) is a prerequisite for
the virulence of V. anguillarum serotype O1 plasmid bearing strains and so, Ang (1)
is a key virulence factor for those strains. In relation to the efficiency or virulence of
Vcb (2) versus Ang (1), it was found that when an anguibactin-producing
V. anguillarum strain co-infects a fish with a vanchrobactin producing strain, the
former is the only one recovered from diseased fish in the first days of infection [16].

On the other hand, Pcb (3) contributes to a greater extent than Vcb (2) to virulence
in fish and also, the ability to produce Pcb (3) seems to be sufficient to confer
maximum virulence to V. anguillarum. In fact, piscibactin genes are associated with
a highly virulent phenotype for several fish species. Pcb (3) plays a relevant role in
the cell fitness and contributes to a greater extent than Vcb (2) to the virulence for
fish [41]. Experimental infections in turbot showed that although both siderophores
are simultaneously produced, Pcb (3) is a key virulence factor to infect fish, while
Vcb (2) seems to have a secondary role in virulence. A recent analysis of
44 V. anguillarum genomes confirmed this hypothesis [15]. Thus, it is likely that
Vcb (2) biosynthesis could be more related to persistence in a marine environment
than to pathogenesis [43].

3 Photobacteriosis by Photobacterium damselae subsp.
piscicida

Photobacteriosis, formerly known as fish pasteurellosis, is a septicemia caused by
the Gram-negative pathogenic halophilic bacterium Photobacterium damselae
subsp. piscicida (Vibrionaceae). The disease was originally named after the classi-
fication of this aforesaid agent as Pasteurella piscicida. It acquired its present name
following the reassignment to the genus Photobacterium. The presence of white
nodules in the internal viscera, particularly, spleen and kidney in the fish is the
reason why it is also known as pseudotuberculosis. Since 1969, photobacteriosis has
been one of the most important diseases in Japan, affecting mainly to yellowtail
(Seriola quinqueradiata), and from 1990 became the major pathological problem in
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the culture of gilthead sea bream (Sparus aurata), seabass (Dicentrarchus labrax),
and sole (Solea senegalensis and S. solea) in the European Mediterranean countries,
including Spain. Additionally, this pathogen is also able to infect a wide variety of
marine fish such as striped bass (Morone saxatilis), white perch (M. americana), and
hybrid striped bass (a hybrid between the striped bass (M. saxatilis) and the white
bass (M. chrysops)) in the USA, cobia (Rachycentron canadum) in Taiwan, and
golden pompano (Trachinotus ovatus) in China. Now, photobacteriosis is now
considered one of the most dangerous bacterial diseases in aquaculture worldwide
due to its wide host range, high mortality rate, and ubiquitous distribution [44].

The structure of the siderophore responsible for the iron uptake in P. damselae
subsp. piscicida, named as piscibactin (3), was predicted from the study of genes in
the strain DI21 involved in its biosynthesis which are organized in a typical structure
of a Pathogenicity Island (PAI) [45]. Database searches revealed that this PAI shows
a high degree of homology to the High Pathogenicity Island (HPI) described in
Yersinia spp., such as Yersinia pestis, which encodes the synthesis of the siderophore
yersiniabactin (44) [46]. More specifically, the structural prediction was deduced
from the differences between the domain composition of the multifunctional
enzymes HMWP1 and HMWP2 of Y. enterocolitica and the corresponding Irp1
and Irp2 of strain DI21 of P. damselae subsp. piscicida. Thus, the presence of just
one methyltransferase domain (MT) in Irp1 of P. damselae subsp. piscicida DI21
strain instead of the two MT in HMWP1 of Y. enterocolitica (Fig. 6) suggested the
lack of some methyl groups in the structure of Pcb (3) in relation to that of
yersiniabactin (44) (Fig. 7). Y. pestis is the causative agent of the bubonic plague
or Black Death that killed one third of the European population in the Middle Age,
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Fig. 6 Comparison of the domain composition of the multifunctional enzymes HMWP1 and
HMWP2 of Y. enterocolitica and the corresponding Irp1 and Irp2 of strain DI21 of P. damselae
subsp. piscicida
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while Y. enterocolitica causes severe enteric disorders in humans. Moreover,
P. damselae subsp. piscicida can use yersiniabactin (44) as xenosiderophore [45].

Due to its high instability, Pcb (3) was isolated as its Ga3+ and Fe3+ complexes. Its
Ga3+ complex made an NMR study possible, while a bioguided fractionation could be
performed due to its Fe3+ complex. Thus, filtered supernatants of cell-free culture broth
of P. damselae subsp. piscicida DI21 were incubated with the corresponding Ga3+ and
Fe3+ salts and submitted to the SPE- HLB/HPLC-HRMS methodology where the use
of acidic conditions being avoided at any time. Fractions containing the piscibactin
Ga3+ complex were easily identified in the MS by the presence of the m/z cluster with
the distinctive isotopic ratio of gallium (Mr¼ 69 and 71, ratio 3:2). The structure of Pcb
(3) was established from the 1D/2D NMR and HR-ESIMS data analysis of its
piscibactin-Ga(III) complex. Furthermore, a possible intermediate of its biosynthesis,
called prepiscibactin (prePcb, 45), was also isolated in the process (Fig. 7) [47].

The stereoselective synthesis of prePcb (45), whose structure is characterized by
the presence of four stereogenic centers and three heterocycle rings, was reported.
The chiral sources for positions (9R) and (12R) were L- and D-cysteines while the
secondary alcohol at position (13S) was generated by a stereoselective SmI2-medi-
ated Reformatsky reaction. The synthesis of prePcb (45) started with the conversion
of L-cysteine to acid 46 which was converted to the thiazolidinic aldehyde 47
through the Weinreb amide and posterior reduction. The crucial SmI2-induced
Reformatsky reaction between the thiazolidinic aldehyde 47 and (R)-chloroacetyl-
2-oxazolidinone 48 resulted in the formation of the desired secondary alcohol 49 as a
single diastereoisomer with a very high yield. Removal of the chiral auxiliary, the
acetonide and Boc protecting groups afforded the thiol amino alcohol ethyl ester 50.
In parallel, condensation of D-cysteine and 2-hydroxy benzonitrile gave a thiazolinic
carboxylic acid which was transformed to the thiazolidinic aldehyde 51 via the
corresponding Weinreb amide followed by reduction. Finally, the coupling between
the thiol amino 50 and the thiazolidinic aldehyde 51 in the presence of potassium
acetate followed by refluxing in toluene gave prePcb (45) along with its epimer at
C10 in a 1:1 ratio. The stereoselectivity of the required isomer prepiscibactin from
1:1 to 4:1 ratio was improved by addition of ZnCl2 (Scheme 5) [48].

In the recently reported stereoselective convergent synthesis of Pcb (3),
D-cysteine was used as a chiral source for the (9R) and (17S)-positions, L-cysteine
was employed to generate the (12R)-position while Meldrum’s acid was utilized in
the preparation of the secondary alcohol at the (13S)-position. One of the major
challenges of this synthesis was the presence of a high sensitive β-hydroxy-2,4-
disubstituted thiazoline moiety in Pcb (3) lacking the bulky gem-dimethyl groups at
C-14 present in yersiniabactin (44) [49].

The synthesis started with the protection of the thiol and the primary amine of
L-cys with Trt and Fmoc protecting groups, respectively, to give Fmoc-Cys(Trt)-OH
(52) which was subsequently coupled with Meldrum’s acid to afford 53. Refluxing
53 in EtOAc followed by stereoselective reduction of the resulting tetramic acid with
NaBH4 gave lactam 54 where the stereogenic centers present in Pcb (3) at C-12 and
C-13 positions were efficiently generated. Then, the selective basic cleavage of the
lactam 54 in the presence of the Fmoc group to afford statine 55 was performed by
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using LiOH with added CaCl2. Posterior protection of the hydroxyl group as
triethylsilyl (TES) ether in 55 yielded the conveniently protected carboxylic acid
56. The next step implied the coupling of a freshly prepared solution of the methyl
ester of (S)-α-azido-α-methylcysteine (57), obtained from D-cysteine following
reported procedures, with statine 56, previously activated with EDC, to furnish
thioester 58. The key step for the formation of the sensitive β-hydroxy-2,4-disubsti-
tuted thiazoline moiety implied the use of the mild and non-dehydrative conditions
from the azide of thioester 58 via Staudinger reduction and the subsequent intramo-
lecular aza-Wittig (S-AW process) with PPh3 in 2,6-lutidine to give 59. A very mild
method for removal of protecting groups in 59 was carried out by deprotection of the
Trt group using I2 in CH2Cl2, followed by treatment of the resulting disulfide 60with
NaN3 in the presence of the scavenger octanethiol and ending with deprotection of
the TES ether with TBAF to give the methylester thiazoline 62.

For the completion of the synthesis of 3, thiazolinic aldehyde 51, already
described in the synthesis of prePcb (45), was coupled with methylester thiazoline
62, both freshly prepared, to afford an epimeric mixture of methyl esters 63a,b at
C-9. Finally, basic hydrolysis of the ester mixture 63a,b with LiOH gave the very
unstable acid 3 and its C-9 epimer which were subjected without purification to
complexation with gallium Ga(acac)3. The resulting product was submitted to
chromatographic separation using RP-C18 cartridges followed by HPLC
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purification to deliver Pcb-Ga3+-complex 64 which resulted to be identical to the
natural product. In this way, the absolute configuration of Pcb (3) could be deter-
mined as (9R,10R,12R,13S,17S)-3. Additionally, when the product obtained from
the basic hydrolysis with LiOH of methyl esters 63a,b was subjected to complex-
ation with gallium in CD3OD furnished the deuterated Pcb-d2 (65), where the two
hydrogens at C-14 position were interchanged by two deuterium atoms. Pcb-d2 (65)
could be used as a new molecular tool to carry out further studies on the iron-uptake
mechanisms.

Pcb (3) is a siderophore encoded by irp genes in a high-pathogenic island named
irp-HPI [45] which is widespread among Vibrionaceae [42]. In P. damselae subsp.
piscicida, the irp-HPI is part of a plasmid pPHDP70 [50]. It was suggested that this
plasmid could be acquired by horizontal transfer, with an evolutionary origin similar
to that of Yersinia HPI. The proposal of an assembly line for the biosynthesis of Pcb
(3), showing the presence of just one methyltransferase (MT) domain in the
multifunctional enzymes PKS/NRPS Irp1, agrees with the lack of the two methyl
groups at C-14 in relation to that of yersiniabactin (44). Moreover, a cryptic
metabolite was also predicted, although not detected yet, from the presence of
additional module in Irp1 [47].

The plasmid pPHDP70 that encodes Pcb (3) biosynthesis could be transferred by
conjugation from P. damselae subsp. piscicida to a mollusk pathogenic Vibrio
alginolyticus mutant strain, where it was abolished the production of its native
siderophore, vibrioferrin [51]. Acquisition of plasmid pPHDP70 by conjugation
restored the capacity of that mutant to grow under low-iron conditions since it
could synthesize Pcb (3). Piscibactin production was demonstrated by chemical
analysis of its culture supernatants using the same SPE-HLB/HPLC-MS methodol-
ogy employed in the isolation of gallium (III) and iron (III) piscibactin complexes
from P. damselae subsp. piscicida. These experiments confirmed not only that the
plasmid pPHDP70 is responsible for the production of Pcb (3) but also showed that
the horizontal transfer of that plasmid by conjugation can be very easy and
common [50].

Piscibactin production was proven as one of the major virulence factors not only
in V. anguillarum but also in Photobacterium damselae subsp. piscicida. The key
role of Pcb (3) in the virulence of this bacterium was demonstrated by the fact that
P. damselae subsp. piscicida strains cured of pPHDP70 not only were incapable of
producing Pcb (3) and growing under iron-limited conditions but also exhibited
markedly decreased virulence in fish [50].

The plasmid pPHDP70 encodes a hitherto uncharacterized TonB-dependent
transporter named FrpA that would act as the Pcb (3) outer membrane receptor
(OMR) [45]. In order to find a new vaccine formulation as alternative to the
existence one based on the use of inactivated bacterial cells, FrpA was cloned,
expressed in E. coli using an arabinose-inducible promoter, and the resulting
rFrpA purified from its cultures. Evaluation of its effectiveness against
photobacteriosis and immunogenicity as vaccine on sole (Solea senegalensis)
showed that the rFrpA protein is immunogenic, displaying an immunity response
that was equivalent to that observed in fish immunized with the corresponding
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bacterin, obtained from formalin-killed whole cells of P. damselae subsp. piscicida.
Furthermore, experimental infection challenge trials showed that fish groups vacci-
nated with bacterin or rFrpA were protected against photobacteriosis with similar
protection levels, reaching survival rates (RPS) of ca. 79% and 73%, respectively
[52]. Indeed, rFrpA represents a promising antigen candidate for the development of
novel more effective vaccines for the prevention of fish photobacteriosis. Although
there are precedents for the use of OMR of siderophores from pathogenic bacteria as
vaccines, this is one of the first applications against an infectious disease in fish [53].

4 Furunculosis by Aeromonas salmonicida

Furunculosis is a disease which causes economically devastating losses in cultivated
salmonids in fresh and marine waters. It shows a widespread distribution. Although
all salmonid species such as Atlantic salmon (Salmo salar), which is considered
particularly susceptible, and rainbow trout (Oncorhynchus mykiss) can be affected, it
also affects several non-salmonids species including turbot (Scophthalmus maximus)
and halibut (Hippoglossus hippoglossus). The disease was first described by Leh-
mann and Neumann in 1896 and its name comes from the deep ulcerations that it
causes on skin. Most Atlantic salmon infected by the disease presents a hemorrhagic
septicemia with high mortality rates, in both juvenile and adult fish, within as little as
2 or 3 days [54].

The etiological agent of furunculosis is the non-motile rod Gram-negative
γ-proteobacteria Aeromonas salmonicida subsp. salmonicida (A. salmonicida).
This bacterium can be defined as biochemically, antigenically, and genetically
homogeneous with no biotypes, serotypes, or genotypes. Three subspecies of
A. salmonicida, masoucida, achromogenes, and smithia, named atypical strains,
are also pathogenic [12].

The first studies of siderophore biosynthesis genes of A. salmonicida displayed
the presence of a chromosomal gene cluster (asbGFDCBI) with high similarity to
genes related to the synthesis of the siderophore Acb (6) from A. baumannii
[55]. The completion of its genome sequence several years later revealed, by
bioinformatic genomic analysis, the presence of a second gene cluster with high
similarity to those of amonabactins (Fig. 8) from Aeromonas hydrophila. Finally, it
was demonstrated that most A. salmonicida subsp. salmonicida strains produce two
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catechol siderophores simultaneously: Acb (6) and the four amonabactin variants
that are denoted as P750, T789, P693, and T732 (66–69) according to the presence
of either a Phe or Trp residue and their molecular weights (by the presence or
absence of a Gly residue) [56].

The initial structure assigned for Acb as 5 when it was first described in 1994
from the human pathogen A. baumannii ATCC19606 [57] was corrected in 2009 as
6. It was suggested that 5, named as now preacinetobactin (preAcb, 5), is an unstable
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oxazoline which suffers an intramolecular nucleophilic substitution to give
isoxazolidinone Acb (6) (see Scheme 7) [58]. A complete study of the Acb (6)
isomerization at different pH was published in 2015 [59]. On the other hand, the four
amonabactins (52–55) were previously isolated and characterized from the patho-
genic bacterium of animals and humans A. hydrophila by Raymond and coworkers
in 1994 [60].

Acb (6) was isolated from the virulent strain A. salmonicida RSP74.1 which does
not produce amonabactins due to a natural deletion in the amoG gene. The
amonabactins were isolated and/or detected from the mutant strain A. salmonicida
VT45.1ΔasbD. This mutant was obtained from another highly virulent strain,
A. salmonicida VT45.1, which produces simultaneously both siderophores, where
it was abolished the Acb biosynthesis (deletion of the asbD gene) to facilitate the
isolation of the amonabactins. The methodology SPE-HLB/HPLC-HRMS [30] was
successfully applied in both cases confirming its high efficiency to accelerate the
isolation process of siderophores containing catecholate/salicylate moieties [56].

The structure of Acb as 6, including its absolute configuration, was confirmed by
chemical synthesis developed by Takeuchi et al. [24]. This synthesis started from
2,3-dihydroxybenzaldehyde (70) which was transformed to the imidate 72 via the
nitrile 71. Condensation of L-threonine benzyl ester (73) with imidate 72 gave an
oxazoline intermediate which was submitted to hydrogenolysis to afford the
oxazoline acid 74. Then, imidazole 9, whose preparation was described in the
synthesis of Ang (1) displayed in Scheme 1, was coupled with acid 74 to yield the
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oxazoline protected 75. Finally, benzoyl deprotection by hydrogenolysis of 75 gave
preAcb (5) which under reflux in MeOH afforded Acb (6) (Scheme 7).

Although the synthesis of the four natural amonabactins were first reported by
Telford and Raymond in 1997 [61], an improved variation of that synthesis was
published in 2019 [62]. The more recent synthesis of amonabactins started with the
preparation of the activated building blocks 77 and 79. Thus, activation with N-
hydroxysuccinimide (NHS) of the isopropyl-protected 2,3-dihydroxybenzoic acid
40 (see Scheme 4) affording 76 and posterior coupling with commercially available
Nα-Boc-L-lysine gave, after activation of the carboxylic acid with NHS, the first
building block 77. In parallel, activation of the carboxylic acid of commercially
available Nα-Cbz-glycine with NHS and posterior coupling with Nα-Boc-L-lysine
afforded, after hydrogenolysis of the Cbz group, the protected dipeptide 78. This
dipeptide was coupled with the NHS activated isopropyl-protected
2,3-dihydroxybenzoic acid 76 followed by activation with NHS to give the second
building block 79. Condensation of D-phenylalanine tert-butyl ester with the first
building block 77 gave, after selective removal of the Boc protecting group, the
protected dipeptide 80. Coupling of dipeptide 80 with building blocks 79 or 77
yielded amonabactins P750 (66) and P6903 (68) (bearing a Phe residue), respec-
tively, after the simultaneous removal of the isopropyl and tert-butyl protecting
groups with BCl3. In a similar way, the commercially available D-tryptophan methyl
ester was coupled with the first building block 77 to give, after Boc deprotection, the
dipeptide 81. Dipeptide 81 was coupled with building blocks 79 or 77 to afford
amonabactins T789 (67) and T732 (69) (bearing a Tyr residue), respectively, after
basic hydrolysis of methyl ester with LiOH and removal of the isopropyl protecting
groups with BCl3 (Scheme 8).

The biosynthesis of both types of siderophores in A. salmonicida depends on
entABCE genes, located within the amonabactin gene cluster, which encode the
functions necessary for the synthesis of 2,3-dihydroxybenzoic acid (DHBA). Once
DHBA is synthesized, asbBCD and amoFGH genes encode acinetobactin and
amonabactins synthesis, respectively. Indeed, both siderophores share the first step
of their biosynthesis, with the production of DHBA being the amonabactin gene
cluster that supplies DHBA for both siderophores. Although both, acinetobactin and
amonabactin, siderophore systems are present in all A. salmonicida strains, some
isolates carry a mutation in the amoG gene that inactivates amonabactin synthesis.
Interestingly, all A. salmonicida strains analyzed up to this point are able to use
amonabactin as an iron source. The amonabactin biosynthesis genes are highly
conserved in most Aeromonas species including the human pathogen
A. hydrophila. On the contrary, Acb (6) is encoded by a gene cluster restricted to
A. salmonicida. From the analysis of the genomic context of acinetobactin cluster, it
seems clear that this gene cluster was likely acquired from other bacteria through
horizontal gene transfer at some point during the speciation process of
A. salmonicida while amonabactin must be the ancestral siderophore of the
species [56].

Although FstB and FstC were previously identified as two outer membrane
proteins specifically induced under iron deficiency and under in vivo conditions,
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their role in the internalization mechanisms of ferric-acinetobactin and ferric-
amonabactin was recently demonstrated. The TonB-dependent outer membrane
receptor (OMR) protein FstB was identified and characterized as the receptor protein
of Acb (6) in A. salmonicida. Even though this protein was initially named FstA,
FstA and FstB are probably two versions or alleles of the same protein [63]. On the
other hand, FstC is the OMR of all four amonabactin forms. The FstC receptor is
widespread in the genus Aeromonas, not only among A. salmonicida strains but also
in most Aeromonas species, including relevant human and animal pathogens as
A. hydrophila [62].

Several analogues of Acb (6) and amonabactins (66–69) were prepared based on
their simplicity in order to deduce some correlations between the structure and the
siderophore activity to facilitate the preparation of conjugates for the development of
novel applications of the bacterial iron-uptake mechanisms based on siderophores.
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In order to evaluate the influence of the stereogenic centers on the siderophore
activity of Acb (6), its enantiomer, ent-Acb (82), was synthetized using a similar
strategy employed in the synthesis of Acb (6) and Ang (1). Condensation of
2,3-diisopropyloxybenzoic acid (40) with L-threonine benzyl ester (73) gave
amide 83 which was submitted to dehydrative-cyclization followed by
debenzylation by hydrogenolysis to afford the oxazoline acid 84. An inversion of
configuration of the oxymethine carbon at C-9 took place in 84 during the cycliza-
tion process. Coupling of Nα-benzyloxyhistamine (9) (Scheme 1) with oxazoline
acid 84 using CDI in the absence of base gave the sterically stable trans-isomer 85
rather than the cis-isomer, probably due to epimerization of the activated acyl
intermediate. Debenzylation of oxazoline 85 by hydrogenolysis followed by reflux
in MeOH gave the expected rearrangement of oxazoline to isoxazolidinone which
was treated with BCl3 to remove the isopropyl groups to yield ent-Acb (82)
(Scheme 9).

With the aim of comparing the influence of the methyl group on the
isoxazolidinone ring and the presence of similar heterocyclic rings, such as triazol
instead of imidazole, on the siderophore activity of Acb analogues, four
demethylacinetobactin derivatives (compounds 86–89) were prepared. They were
synthetized from a common intermediate 90 which was prepared by coupling of
2,3-dibenzyloxybenzoic acid (17) (Scheme 2) and the commercially available
D-cycloserine. N-alkylation of intermediate 90 with mesylate 91, prepared by
mesylation of the commercial 3-benzyloxycarbonylaminopropanol, followed by
subsequent removal of Cbz and Bn protecting groups by hydrogenolysis, gave the
first demethylacinetobactin 86. The second demethylacinetobactin 87 was
synthetized by N-alkylation of intermediate 90 with the substituted imidazole
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7 (see Scheme 1) and posterior debenzylation by hydrogenolysis.
Demethylacinetobactin derivatives 88 and 89 were synthetized by using the “click-
chemistry” reaction involving the efficient Cu(I)-catalyzed azide-alkyne couplings.
Thus, N-alkylation of 90 with the mesylate 92, obtained by mesylation of the
commercial homopropargyl alcohol, gave the alkyne 93. Coupling of trimethysilyl
azide or azide derivative 94, prepared by displacement of the mesylate group in 91
with sodium azide, with alkyne 93 afforded demethylacinetobactin analogues 88 and
89, respectively, after removal of the protecting groups by hydrogenolysis
(Scheme 10).

Several structure-activity relationships in relation to the OMR protein FstB
implied in the internalization of ferric-Acb were deduced from the evaluation of
the biological activity of synthetic ent-Acb (82) and four demethylacinetobactin
analogues (86–89). All of them showed CAS values indistinguishable from those of
Acb (6), indicating that they bind iron efficiently. The ent-Acb (82) displayed the
same siderophore activity as the natural one, suggesting the lack of enantiomer
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preference on the molecular recognition by the protein receptor FstB. The recogni-
tion of Acb (6) by its cognate OMR protein FstB mostly resides in the presence of
imidazole (87) or a similar heterocyclic ring (88) in its structure because the presence
of a primary amino group (86) or a propylamino substituted triazole (89) was devoid
of such activity. Moreover, removal of the methyl group at the isoxazolidinone, in
combination with the presence of either an imidazole or a triazole ring (87 and 88),
leads to higher levels of biological activity. Additionally, it was suggested an
alternative route(s) of entry for analogues 87 and 88 since they displayed
siderophore activity in the growth promotion assay of a mutant strain which is
unable to produce or transport acinetobactin [63].

On the other hand, with the aim of evaluating the minimum structural require-
ments for amonabactin recognition by its OMR protein FstC, four simplified ana-
logues of the amonabactins were synthetized, compounds 95–99 using a similar
synthetic sequence as that described for the natural ones.

Coupling the activated NHS carboxylic acid intermediate 76 with the commer-
cially available N-Boc cadaverine (99) gave amide 100 which was treated with BCl3
for removal of isopropyl and Boc protecting groups to give monocatecholate
amonabactin analogue 95. Removal of the Boc protecting group in 100 with TFA
gave an intermediate which was coupled with activated NHS carboxylic acid
intermediates 77 or 79 (Scheme 8) to give biscatecholate amonabactin analogues
97 and 98, respectively, after deprotection with BCl3. Finally, activation of N

α-Cbz-
glycine with NHS, posterior coupling with N-Boc cadaverine (99) followed by
deprotection of the Cbz group by hydrogenolysis gave amide 101 which was
coupled with activated NHS carboxylic acid 76 to yield monocatecholate
amonabactin analogue 96 after treatment with BCl3 (Scheme 11).

Important structure-activity correlations were deduced from the evaluation of the
biological activity of each of the four natural amonabactins individually 66–69 and
of the four synthetic amonabactin analogues 95–99. The lack of siderophore activity
for monocatecholate amonabactin analogues 95 and 96 indicated that the presence of
at least two catechol moieties is necessary to display biological activity. A quite
different growth promotion activity was observed for each natural amonabactin
form. The results suggested that natural amonabactins in which the length of the
linker between the two iron-binding catecholamide units is 15 atoms, P750 (66) and
T789 (67), instead of 12 atoms, P693 (68) and T732 (69), recognize more efficiently
the OMR protein FstC. This was confirmed from the results obtained from the
siderophore activity evaluation of the synthetic amonabactin analogues 97 and 98.
Indeed, the higher biological activity displayed by the bis-catechol amonabactin
analogue 98 with longer linker (15 atoms linker length) in relation to that of
bis-catechol amonabactin analogue 97 with a shorter linker (12 atoms linker length)
is in agreement with the hypothesis that the length of the linker backbone (presence
or absence of glycine) between the two iron-binding catecholamide units is relevant
to maximize ferric-siderophore acquisition. Even though the presence of Phe or Trp
residues seems not be required for siderophore recognition, their presence could also
participate in the recognition by the receptor since biscatecholate amonabactin
analogues 97 and 98 show less biological activity than their natural counterparts.
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In summary, three important conclusions were deduced from these studies.
Firstly, the OMR protein FstC possesses a considerable functional plasticity that
could be exploited for delivery of antimicrobial compounds into the cell. Second, the
optimum linker length between the two catecholamide units for maximizing the
siderophore activity in the amonabactin type-structures is 15 atoms, preferentially a
Lys-Lys-Gly fragment which is present in the natural longer amonabactins 66 and 67
and analogue 98. Finally, the synthetic simplified analogues 97 and 98 could be used
as vectors for the preparation of conjugates in the Trojan horse strategy to develop
new effective antimicrobials against many different pathogens of the genus
Aeromonas including the human pathogen A. hydrophila, and for the synthesis of
fluorescence probes to study the iron-uptake mechanism in this bacterium [62].

5 Concluding Remarks

The iron-uptake pathway is a key process for microbial survival and virulence. The
knowledge of the mechanisms of iron acquisition mediated by siderophores can be
of great help for the design of new strategies against microbial infections.

Fish disease outbreaks, vibriosis, photobacteriosis, and furunculosis, are consid-
ered as the major threats alarming the aquaculture industry and food security.
Chemical and biological studies of the Gram-negative bacteria responsible for
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these infectious diseases allowed not only the isolation, structural elucidation and
synthesis of the siderophores involved in their iron-siderophore uptake mechanisms
but also the identification of their corresponding OMR proteins and the gene cluster
involved in their biosynthesis (Table 1). All this information is being used in the
development of new antimicrobial and vaccines based on the iron-siderophore
uptake mechanism of these bacteria.

It is worth mentioning the great structural similarity of the siderophores
biosynthesized by both human and fish virulent pathogenic bacteria. The structure
of yersiniabactin (44), the siderophore produced by Yersinia pestis, responsible for
epidemics of high mortality throughout the history of mankind (the plague of
Justinian, the Black Death and the third pandemic), is very similar to that of Pcb
(3) whose production confers maximum virulence in both V. anguillarum and
P. damselae subsp. piscicida. Moreover, pyochelin, one of the siderophores pro-
duced by the human multidrug resistant bacteria pathogen Pseudomonas
aeruginosa, is also structurally related to Pcb (3). One of the siderophores produced
by A. salmonicida, Acb (2), is also biosynthesized by the human pathogen
A. baumannii. This bacterium has been identified as one of the group of pathogens
with a high rate of resistance to antibiotics and responsible for the majority of
nosocomial infections. Moreover, the structure of Acb (2) is closely related to that
of Ang (1) produced by some virulent strains of V. anguillarum. The fact that the
anguibactin and piscibactin iron-uptake systems in V. anguillarum and the
acinetobactin iron-uptake system to A. salmonicida had been probably acquired by
horizontal transfer from other pathogenic bacteria seems to confirm the high effi-
ciency of these iron absorption pathways.

Table 1 Siderophores from pathogenic bacteria involved in the main aquaculture infectious fish
disease

Bacterium (fish
disease) Siderophore

OMR
proteins

Biosynthetic
gene cluster

Synthesis
(Ref.)

Synthesis of
analogues
(Ref.)

V. anguillarum
(vibriosis)

Anguibactin
(1)

FatA AngBDEMNR
in the pJM1
plasmid

[25]

Vanchobactin
(2)

FtvA VabABCEF in
the
chromosome

[31] [32]

Piscibactin (3) [49] [48]

P. damselae subsp.
piscicida
(photobacteriosis)

Piscibactin (3) FrpA Irp-HPI in the
pPHDP70
plasmid

[49] [48]

A. salmonicida
(furunculosis)

Acinetobactin
(6)

FstB EntABCE
asbBCD

[24] [63, 64]

Amonabactins
(66–69)

FstC EntABCE
amoFGH

[61, 62] [62]
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Abstract Neglected tropical diseases (NTDs) are a group of disabling infectious
diseases that disproportionately affect middle- and low-income people in Africa and
Latin America. Although progress has been made in controlling and/or eradicating
these devastating infections, there is still an urgent need for new and accessible
drugs. For several neglected tropical diseases there are no available drugs or drug
resistance has emerged to the existing ones, limiting overall efficacy of the current
treatments. Natural products have been a source of active metabolites against various
targets through the years, with over half of the approved pharmaceuticals either
inspired by or directly representing natural products. In this review, we present
secondary metabolites isolated from marine sources that have demonstrated activity
against these diseases and are promising candidates for drug development. Herein,
we discuss 114 marine derived metabolites active against the WHO’s 2017 list of 20
NTDs. While not all these diseases have reported active marine natural products, we
still describe these diseases and offer explanation as to why this rich source of
bioactive metabolites has been omitted. With the development of new technologies
in accessing new parts of the oceans, identifying novel chemistry or biological
screening, the potential of marine natural products against NTDs has yet to be
fully tapped into to.

Keywords Infectious disease · Marine natural products · Neglected tropical
diseases · Parasites · Secondary metabolites
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1 Introduction

1.1 Sources of Natural Products

Natural products, or secondary metabolites, are an invaluable source of compounds
with pharmaceutical potential. These compounds are often used by the producing
organism to enhance survival by providing a competitive advantage, serving as
feeding deterrents, or promoting reproduction [1]. Nearly two-thirds of small-
molecule pharmaceutical agents approved over the last four decades are natural
products or inspired by natural product [2]. As a result of ease of access to terrestrial
environments, the majority of natural products have been isolated terrestrial organ-
isms; however, oceans have become more accessible due to SCUBA and submers-
ible vehicle technology and marine organisms have become more attractive to the
biomedical community. Over 35,000 marine natural products have been identified,
with many demonstrating biological activity against human disease targets [3]. Most
secondary metabolites from marine environments have been isolated from inverte-
brates, with Porifera and Cnidaria being the two phyla with the majority of bioactive
metabolites. In recent years, marine microorganisms have also emerged as a prolific
new source of active secondary metabolites [4–7].

This review focuses on natural products isolated from marine organisms that have
demonstrated bioactivity against one or more of the neglected tropical diseases
(NTDs) as defined by the World Health Organization (WHO). Metabolites isolated
from a span of marine invertebrates are discussed, including from the phyla Porifera,
Cnidaria, Bryozoa, Echinodermata, Mollusca, and Chordata. In addition, natural
products isolated from algae, marine derived fungi, marine derived bacteria, and
cyanobacteria are included. The growing contribution of marine microorganisms to
the field of natural products is demonstrated in this review. To limit the scope of this
review, only purified metabolites with an IC50 of 15 μM or less were included,
though if a single metabolite was found to be effective against an NTD, this
parameter was relaxed to highlight potential drug leads for a disease state that is
otherwise lacking bioactivity from marine natural products. At times, members of
compound families that lack potent bioactivity are discussed in order to highlight
structural differences that may be responsible for the observed bioactivity of a
metabolite.

1.2 Neglected Tropical Diseases

Neglected tropical diseases (NTD) are a group of largely infectious diseases that
affect more than one billion people globally. NTDs are mostly found in low- and
middle-income countries of Africa and Latin America, where vaccines and afford-
able treatment are still lacking or access to proper sanitation. Current therapeutic
approaches for controlling and battling these diseases are inadequate, and often
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insufficient, due to limited local resources and the lack of interest from pharmaceu-
tical companies. There is an urgent need for the development of new pharmaceutical
agents and natural products are a great source for discovering new drug leads at
lower cost [8, 9].

For the purposes of this chapter we used the list of NTDs from the WHO for 2017
which include Buruli ulcer, Chagas disease, dengue and severe dengue,
chikungunya, echinococcosis, foodborne trematode infections, human African try-
panosomiasis (HAT, sleeping sickness), leishmaniasis, leprosy (Hansen disease),
lymphatic filariasis (elephantiasis), mycetoma, chromoblastomycosis and other deep
mycoses, onchocerciasis, rabies, scabies and other ectoparasitoses, schistosomiasis,
soil-transmitted helminthiases, snakebite envenoming, taeniasis and cysticercosis,
trachoma, and yaws (endemic treponematoses). Due to the abundance of marine
natural products with bioactivity against the causative agents of leishmaniasis,
Chagas disease, and HAT, we have divided these sections by the marine organism
from which the antiparasitic metabolites were isolated. The active metabolites
against each remaining disease are grouped together by the NTD. While not all
NTDs have active marine metabolites against the causative agent, we attempt to
describe the limitations of marine drug discovery specific to these diseases and have
grouped these specific descriptions toward the end of the review.

2 Marine Natural Products Active Against Leishmaniasis

Affecting over 1.5 million people per year and with a mortality rate of 70,000 cases
per year, leishmaniasis is an endemic protozoan disease found in the tropics,
subtropics, and southern Europe [10, 11]. There are three forms of leishmaniasis:
cutaneous, mucocutaneous, and visceral. The severity can range from covert with
minimal symptoms to infections associated with significant morbidity and mortality.
Cutaneous leishmaniasis is most common and manifests as localized ulcerative skin
lesions [12]. Mucocutaneous is the most disabling form of the disease, destroying the
mucous membranes of the nasal and oropharyngeal cavities and causing significant
disfigurement [13]. Visceral disease affects internal organs, primarily the liver and
spleen, and is associated with a 95% fatality rate if left untreated [14].

There are over twenty Leishmania spp. that cause human infection, which include
but are not limited to Leishmania donovani complex and its species, L. mexicana
complex and its species, L. tropica, L. major, L. aethiopica and the subgenus
Viannia with its species [12, 14]. Spread by about 30 species of sand flies, leish-
maniasis is transmitted by infected female sand flies of the subfamily Phlebotominae
[15]. There are two distinct phases of growth that occur in the development of the
parasite, one within the sand fly (development of motile promastigotes) and the other
in the infected mammal (development of intracellular amastigotes) [16]. The female
sand fly is initially infected through the amastigotes in a blood-meal from an infected
mammal [16–18]. The amastigotes transform into promastigotes within the gut of
the insect and then migrate to the insect’s proboscis. After the promastigote form is
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injected into humans, they are engulfed by macrophages and other phagocytic cells
[16, 18]. This promotes the transformation of promastigotes into amastigotes, which
then multiply by simple division and further infect other mononuclear phagocytic
cells [16, 18]. The progression of the disease depends on the parasite strain and the
host [18, 19]. This multistage lifestyle provides numerable opportunities for thera-
peutic intervention.

Five drugs are available for treatment of leishmaniasis, including amphotericin B,
miltefosine, paromomycin, pentamidine, and pentavalent antimonials [20–23]. How-
ever, the efficacy of these agents is limited as they are associated with systemic
toxicity and do not completely eliminate the parasite from the human body
[24, 25]. In patients with concurrent immunosuppression, this often results in relapse
[26]. Furthermore, there is an increase in drug resistant strains of the parasites, which
has also reduced the overall impact of the current arsenal of leishmanicidal
pharmaceuticals [20].

2.1 Antileishmanial Sponge Metabolites

Alkaloids represent a major chemical class for potent inhibition of leishmaniasis
parasites from sponges. Extraction of the Japanese marine sponge Neopetrosia
sp. led to the alkaloid renieramycin A (1) (Fig. 1) displaying sub-μM antileishmanial
activity against recombinant Leishmania amazonensis promastigotes with an IC50 of
0.35 μM and greater than 10-fold selectivity over P388 murine leukemia cells
[27]. A series of manzamine-type alkaloids isolated from Acanthostrongylophora
sp. was shown to inhibit L. donovani promastigotes. Among this series, manzamine
A (2) and its N-oxide (3) displayed the highest level of activity with respective IC50s
of 1.64 and 1.95 μM, while (+)-8-hydroxymanzamine A, manzamine E,
6-hydroxymanzamine E, manzamine F, 6-deoxymanzamine X, manzamine X,
neo-kauluamine, ircinal A, ircinol A, manzamine Y, and 12,28-oxamanzamine A
were all reported with IC50s below 15 μM [28, 29]. Both 2 and 3 were found to have
a selectivity index (SI, ¼ mammalian cell line IC50/parasite IC50) below 4 relative to
Vero cells. The pyrimidine alkaloid monalidine A (4) as well as four guanidine
alkaloids batzelladine D, batzelladine F, batzelladine L (5), and norbatzelladine 1 (6)
were tested for bioactivity against L. infantum strain MHOM/BR/1972/LD
promastigotes following isolation from the Brazilian sponge Monanchora
arbuscula. They displayed IC50s of 2.46, 2.18, and 1.82 μM, and SI of 10, 11, and
47, respectively, relative to LLC-MK2 monkey kidney cells [30]. Related guanidine
alkaloids ptilomycalin A (7), batzelladine M, batzelladine C, dehydrobatzelladine C,
and crambescidine 800 from Monanchora unguifera were screened against
L. donovani promastigotes. Ptilomycalin A was most potent, IC50 ¼ 7.16 μM,
with cytotoxicity >5.7 μM in Vero monkey kidney fibroblast cells [31]. Two
bromopyrrole alkaloids, longamide B and dirbomopalau’amine (8), isolated from
Agelas dispar and Axinella verrucosa, respectively, showed inhibition of
L. donovani amastigotes of the strain MHOM/ET/67/L82 with 8 being the more
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potent inhibitor with an IC50 of 1.88 μM representing fourfold selectivity over L6 rat
skeletal myoblasts [32]. Isoaaptamine (9), an alkaloid isolated from Aaptos sp.,
exhibited an IC50 of 2.98 μM against L. donovani promastigotes, however with
cytotoxicity against the murine leukemia cell line P388 at 1.23 μM it is not a
selective antileishmanial metabolite [33]. A natural product screening library
revealed the alkaloid spermatinamine (10) to inhibit L. donovani promastigotes
and intracellular amastigotes with respective IC50s of 11.87 and 6.5 μM [34].

Terpenes are another class of metabolites commonly isolated from marine organ-
isms (Fig. 2). The Agelas sp. diterpene alkaloid agelasine D (11) has an SI of 4.5 for
Leishmania infantum over MRC-5 fibroblast cells with respective IC50s of 3.55 and
15.85 μM [35]. Spongian diterpenoids isolated from the Antarctic sponge Dendrilla
membranosa demonstrate potent activity and high selectivity for axenic amastigotes
of L. donovani [36]. Within the series of aplysulphurin, membranolide G (12),
membranolide H, tetrahydroaplysulphurin, membranolide, and darwinolide, 12
was the most potent with a reported IC50 of 0.82 μM and >53.1 μM cytotoxicity
against Vero cells.

In an effort to target leishmanicidal metabolites with low mammalian toxicity, a
screen of three novel meroterpenoid disulfates from the Brazilian marine sponge
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Callyspongia sp. against Leishmania sp. adenosine phosphoribosyltransferase
(L-APRT) returned isoakaterpin (13) as a 1.05 μM hit [37]. A linear meroterpene,
4-hydroxy-3-octraprenyl-benzoic acid, as well as the linear furanoterpene
furospongin-1 and diterpene 11β-acetoxyspongi-12-en-16-one (14) were screened
against L. donovani MHOM/ET/67/L82 amastigotes. The most potent inhibitor, 14,
displayed an IC50 of 2.07 μM with a fourfold selectivity over L6 rat skeletal
myoblasts [38]. (S)-(+)-Curcuphenol (15), a sesquiterpene phenol from the Jamaican
sponge Myrmekioderma styx, displayed an IC50 of 11 μM against L. donovani
[39]. A SAR assessment at the C1 position achieved an 18-fold increase in the
activity of 15 through an esterification with isonicotinic acid. Avarol (16) and
avarone are sesquiterpenes isolated from Dysidea avara. Averol was found with
IC50s of 7.42, 7.08, and 3.19 μM, respectively, against L. infantum promastigotes,
L. tropica promastigotes, and L. infantum amastigotes [40]. Assessment of averol
cytotoxicity was performed using both human microvascular endothelial cell line
HMEC-1 and THP-1 cells with associated IC50s of 36.85 and 31.75 μM. L. mexicana
strain NR promastigote growth was inhibited by illimaquinone (17), a mammalian
Golgi apparatus disrupter, with an LD50 of 5.6 μM [41]. Chemical investigation into
the composition of the Caribbean sponge Pandaros acanthifolium yielded a series of
leishmanicidal steroidal glycosides including pandaroside F and pandaroside G as
well as their methyl esters for which pandaroside G methyl ester (18) showed potent
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activity against L. donovani axenic amastigotes as represented by an IC50 of 51 nM
[42]. Pandaroside G methyl ester displayed sub-μM activity against Trypanosoma
brucei rhodesiense, Trypanosoma cruzi, and Plasmodium falciparum although
screening against L6 cells revealed high cytotoxicity, IC50 ¼ 0.22 μM.

Norselic acids are highly oxidized steroids with antipredation bioactivity, isolated
from the Antarctic sponge Crella sp. They displayed activity against Leishmania
parasites with norselic acid D (19) being the most potent (IC50 2.0 μM) [43]. The
sterol halistanol A (20) was active against L-APRT with an EC50 of 4.19 μM [44]. A
series of polyketides including plakortide P (21), methyl (2Z,6R,8R,9E)-3,6-epoxy-
4,6,8-triethyl-2,4,9-dodecatrienoate, spongosoritin A, and methyl (2E,6R,8S)-3,6-
epoxy-4,6,8-triethyldodeca-2,4-dienoate, from the Brazilian sponge Plakortis
angulospiculatus, displayed activity against both promastigote and amastigote
forms of MHOM/BR/1972/LD strain L. chagasi with 21 displaying the most potent
inhibition, IC50 ¼ 5.2 and 1.4 μM, respectively [45]. Pachymatismin is a glycopro-
tein from the sponge Pachymatisma johnstonii that also inhibits both promastigote
and amastigote forms of the parasite [46]. Screening of pachymatismin against
L. donovani promastigotes, L. braziliensis promastigotes, L. braziliensis resistant
promastigotes, L. mexicana promastigotes, and L. mexicana amastigotes found IC50s
of 13, 22, 54, 22, and 26 nM, respectively. The cyclic peroxide ent-3,6-epidoxy-
4,6,8,10-tetraethyltetradeca-7,11-dienoic acid (22) from Plakortis sp. was found to
inhibit the NR strain of L. mexicana promastigotes with an IC50 of 2.72 μM
[47]. Two other cyclic peroxides (3S,6R,8S)-4,6-diethyl-3,6-epidioxy-8-
methyldodeca-4-enoic acid (23) and 3,6-epidioxy-4,6,8,10-tetraethyltetradeca-
7,11-dienoic acid as well as two furano-acids, methyl (2Z,6R,8S)-4,6-diethyl-3,6-
epoxy-8-methyldodeca-2,4-dienoate and methyl (2Z,6R,8S)-3,6-epoxy-4,6,8-
triethyldodeca-2,4-dienoate, were isolated from the Palauan sponge P. aff.
angulospiculatus and assayed against L. mexicana promastigotes [48]. Metabolite
23 proved the most effective inhibitor with an IC50 of 0.97 μM. Two lectins, CaL
from Cinachyrella apion and CvL from Cliona varians, have shown the ability to
agglutinate L. chagasi promastigote cells up to 4 and 8 AU (agglutinating units)
corresponding to the agglutination of 6.7 � 105 and 106 cells, respectively
[49, 50]. The activity of CaL ceased with the addition of lactose, indicating the
potential for lactose receptors in this parasitic stage.

2.2 Antileishmanial Cnidaria Metabolites

Shagenes A (24) (Fig. 3) and B were isolated from an undescribed octocoral
collected in the South Georgia Islands of the southern Atlantic Ocean [51]. Shagene
A was active against Leishmania donovani with an IC50 of 5 μM against the
macrophage stage and 54 μM against the axenic amastigote form, with no notable
cytotoxicity in J774.A1 macrophages. Both structures have a 3/6/5 tricyclic ring
system and an isopropylidene on the three-membered ring, though 24 differs from
shagene B by the presence of a methoxy group in place of the ketone found in
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shagene A. Shagene B had no activity against the parasite, highlighting the impor-
tance of the methoxy group.

Cristaxenicin A (25) was isolated from a Japanese deep-sea gorgonian
Acanthoprimnoa cristata [52]. This xenicane diterpenoid was evaluated against
Leishmania amazonensis (La/egfp promastigotes) which demonstrated potent activ-
ity with an IC50 of 88 nM and an SI of 23 to 53, with cytotoxicity tested in P388 and
HeLa cells, respectively.

Keikipukalides B-E (26-29), pukalide aldehyde (30), and ineleganolide (31) are
furanocembranoid diterpenes isolated from Plumarella delictissima collected at a
depth of 800–950 m near the Falkland Islands in the Southern Ocean. These
metabolites demonstrate activity against Leishmania donovani in the infected mac-
rophage assay [53]. Of this group of briarane diterpenes and the norditerpenoid, the
most potent of these is 30, which had an IC50 of 1.9 μM. None demonstrated
cytotoxicity in A549 cells at concentrations up to 50 μM.

Additional cembranoid diterpenes, lobocrasol A (32) and lobocrasol C (33) had
very potent bioactivity against Leishmania donovani with IC50 of 0.18 μM and
0.17 μM, respectively, without significant cytotoxicity in L6 cells [54]. Interestingly,
lobocrasol B had no activity against the parasite and represents a diastereomer of 33
at the position of the C-7 hydroxy group. These two cembranoid diterpenes were first
isolated from Lobophytum crassum, a soft coral collected in Con Co, Quang Tri,
Vietnam and initially found to have anti-inflammatory activity [55].

Initial screening of methanolic crude extracts from Brazilian cnidarians showed
promising bioactivity that ultimately led to the rediscovery of the steroid
18-acetoxipregna-1,4,20-trien-3-one (34) from the octocoral Carijoa riisei, collected
in the São Sebastião Channel, Brazil [56]. This steroid was tested for activity in
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Leishmania chagasi and showed 15.53 μM activity in the promastigotes and
41.37 μM in amastigotes, but also showed cytotoxicity with an IC50 of 30.15 μM
in mammalian macrophages, with a SI of 2.

2.3 Antileishmanial Algal Metabolites

The sesquiterpenoids elatol (35) and obtusol (36) (Fig. 4) were isolated from the red
alga, Laurencia dendroidea, from the coast of Brazil. The most potent activity was
reported from 35 against the intracellular amastigote form of Leishmania
amazonensis and Trypanosoma cruzi, having an IC50 of 0.45 μM and 1.01 μM,
respectively [57–60]. The enantiomer of (35), (�)-elatol, has been reported from the
same alga collected within 300 km, with an IC50 of 13.5 μM [59]. Metabolite 36
demonstrates activity with an IC50 of 9.4 μM against Le. amazonensis intracellular
amastigotes [59]. Laurencia has also been a rich source of triterpenoids, with
fucosterol (37) isolated from La. dendroidea and iubol (38), saiyacenol A (39),
saiyacenol B (40), and dehydrothyrsiferol (41) isolated from La. viridis
[61, 62]. Fucosterol has reported activity against the intracellular amastigotes of
both Le. infantum and Le. amazonensis, with an IC50 of 10.30 μM and 7.98 μM,
respectively [61]. Iubol is active against Le. amazonensis and T. cruzi (7.00 μM and
9.20 μM). While saiyacenol A showed activity against both Le. amazonensis and
T. cruzi (12.96 μM and 13.75 μM), saiyacenol B had a slightly more potent IC50 of
10.32 μM against Le. amazonensis. Dehydrothyrsiferol showed activity at similar
concentrations against Le. amazonensis (8.36 μM) and T. cruzi (9.45 μM).
Dehydrothyrsiferol (41) has also been manipulated synthetically to produce
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bioactive triterpenoids 18-ketodehydrothyrsiferol, 28-iodosaiyacenol A, and
28-iodosaiyacenol B, with only the latter showing an improved IC50 of 5.40 μM
against Le. amazonensis and 16.18 μM against Le. donovani [62].

A diterpene, spiralyde A (42), isolated from brown algae, Dictyota spiralis, has
bioactivity against Leishmania amazonensis and Trypanosoma cruzi with IC50s of
15.47 μM and 5.62 μM, respectively [63]. Bioactive meroditerpenoid
4-acetoxydolastane (43), from brown alga Cystoseira baccata, has a similar activity
against L. amazonensis with an IC50 of 5.5 μM [64].

2.4 Antileishmanial Echinoderm Metabolites

Isolation of a series of saponins, neothyosides A-C, from the Pacific sea cucumber
Neothyone gibbosa has shown neothyoside C (44) (Fig. 5), a sulfated tetraglycoside
chemically identical to previously isolated pervicoside B from Holothuria pervicax,
to be active against MHOM/MX/84ISETGS and MHOM/MX/88HRCMC strains of
Leishmaniamexicanawith IC100’s of 4.20 and 8.41 μM, respectively [65, 66].Metab-
olite 44 showed low cytotoxicity against Artemia salina shrimp with an LD50 of
52.98 μM. In contrast, neothyosides A and B, for which the terminal isobutylene
substituent of C is substituted with an acetoxy group, displayed poor antileishmanial
activity at or above 80 μM [65].

2.5 Antileishmanial Molluscan Metabolites

Crude extracts and bis-indole indorubin derivatives from the mollusc, Hexaplex
trunculus [67] were screened against Leishmania donovani. The only purified
mollusc metabolite reported to date with activity against leishmaniasis is from the
sea hare Dolabrifera dolabrifera. The epidioxysterol, 5α,8α-epidioxycholest-6-en-
3β-ol (45) (Fig. 6), was isolated from an aqueous extract and subject to biological
screening against L. donovani, Plasmodium falciparum, and Trypanosoma cruzi
[68]. The IC50 of L. donovaniwas most promising, 4.6 μM, while the other two IC50s
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were reported to be >10 μM. Cytotoxicity of 45 against a mammalian Vero cell line
was determined to be 281 μM, with an SI of 57.3 showing that this metabolite could
be a promising drug lead.

2.6 Antileishmanial Marine Fungal Metabolites

IB-01212 (46) is a cyclodepsipeptide isolated from the marine fungus Clonostachys
sp. (Fig. 7). It has shown activity against Leishmania donovani promastigotes with
an IC50 of 10.5 μM and against L. pifanoi amastigotes with an IC50 of 7.1 μM
[69, 70]. The fungus Cochliobolus lunatus, which was isolated from a zoanthid,
upon fermentation under optimized conditions yielded a series of 14 membered
resorcylic acid lactones. Of those, cochliomycin D (47), (70E)-60-oxozeanol (48),
and LL-Z1640-2 (49) showed activity against L. donovani with an IC50 of 9.1, 1.9
and 2.2 μM, respectively [71, 72].

2.7 Antileishmanial Bacterial Metabolites

The bacterium Paenibacillus sp. was isolated from the mangrove sediment collected
from the wetlands of the Digya National Park, Ghana, which upon fermentation
yielded new alkaloid paenidigyamycin A (50) (Fig. 8). Metabolite 50 showed a
10-fold selective antiparasitic activity against two different species of Leishmania
with IC50s of 7.02 and 0.75 μM for L. donovani and L. major, respectively. The
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bacterial alkaloid also showed sub-μM activity against the trypanasomal parasite
Trypanosoma brucei brucei with an IC50 of 0.78 μM. In addition, these authors
tested 50 against Schistosoma mansoni cercariae and observed that at a concentration
of 100 μM, cercariae viability decreased significantly within half an hour and
complete mortality occurred after 1 h. The MLC of 50 on cercariae after 180 min
was 25 μM, while the MEC after at the same time point was 6.25 μM [73]. Another
mangrove-dwelling bacterium Streptomyces sanyensis, isolated from sediment col-
lected from Jambelí mangroves in Ecuador, biosynthesized a series of
indolocarbazoles (51-54). The researchers evaluated the antikinetoplastid activities
of the indolocarbazole alkaloids against promastigotes of both L. amazonensis and
L. donovani. Both 53 and 54 were deemed inactive against L. donovani at concen-
trations below 40 μM and showed moderate activity against L. amazonensis with
IC50s of 17.10 and 10.44 μM, respectively. Alkaloid 51 showed potent activity
against L. amazonensis with an IC50s of 80 nM, while less active against L. donovani
(IC50 ¼ 2.07 μM). Metabolite 52 showed the inverse, with a better activity against
L. donovani (IC50 ¼ 0.56 μM) when compared to L. amazonensis (IC50 ¼ 3.58 μM).
All four metabolites, 51-54, exhibited activity against the epimastigotes of
Trypanosoma cruzi IC50s of 3.63, 1.58, 17.10 and 12.50 μM, respectively. Due to
the promising results obtained for 52 the authors investigated a possible mechanism
of action by evaluating the effects of 52 on the mitochondrial membrane potential in
promastigotes of L. amazonensis and L. donovani, and epimastigotes of T. cruzi.
When tested with 52 at the IC90 concentration (8.36 μM) the researchers observed an
intense effect of the mitochondrial membrane potential in only L. amazonensis
promastigotes. In a subsequent cytoplasmic membrane permeability study,
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researchers observed drastic membrane alteration in cultures of L. donovani and
T. cruzi after 24 h treatment with the IC90 of 52. These two different biological
responses to 52 in the three parasites may account for the differences in activity
against the three species [74]. Previously mentioned 51 and valinomycin (55) were
isolated from the sponge-associated actinomyces and showed activity against
L. major with IC50s of 5.30 μM and < 0.11 μM, respectively [75].

2.8 Antileishmanial Cyanobacterial Metabolites

Activity-guided isolation from an extract of the Panamanian cyanobacterium
Lyngbya majuscula yielded three modified linear lipopeptides, namely
dragonamides A (56) and E (57) and herbamide B (58) (Fig. 9). All three metabolites
exhibited antileishmanial activity with IC50s of 6.5, 5.1, and 5.9 μM, respectively
[76]. In a subsequent study of the cyanobacterium L. majuscula, a series of highly N-
methylated linear lipopeptides, almiramides A-C (59-61) were reported with
antileishmanial activity against Leishmania donovani with IC50s of >13.5, 2.4 and
1.9 μM, respectively. While 60 and 61 exhibited antiparasitic activity they also
showed cytotoxicity toward Vero cells with IC50s of 52.3 and 33.1 μM, respectively.
The semisynthesis of a series of derivatives highlighted structural features necessary
for activity and provided one new metabolite with superior in vitro activity while
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minimizing the cytotoxicity in the majority of the analogues [77]. Chemical analysis
of another species of Panamanian cyanobacterium, cf. Oscillatoria sp. yielded four
unsaturated polyketide lactones, coibacins A-D (62–65). These cyanobacterial
metabolites 62–65 possess antileishmanial activity against Le. donovani axenic
amastigotes with IC50s of 2.4, 7.2, 18.7 and 7.8 μM, respectively [78]. Extracts of
a tropical marine cyanobacterium, Leptolyngbya sp., collected at Palmyra Atoll were
analyzed using NMR-guided fractionation and MS2-based molecular networking to
identify a complex polyhydroxy macrolide with a 40-membered ring, palstimolide A
(66). Palstimolide A (66) was tested for activity against Le. donovani resulting in an
IC50 of 4.67 μM [79].

3 Marine Natural Products Active Against Human African
Trypanosomiasis

Human African trypanosomiasis (HAT), known as sleeping sickness, is a disease
caused by two geographically distinct subspecies of the parasite Trypanosoma
brucei; T. b. gambiense, found in western and central Africa, and T. b. rhodesiense,
found in eastern and southern Africa [80]. Both subspecies lead to clinical manifes-
tations in two phases in humans; a hemolymphatic phase which manifests clinically
as chancre, irregular fever, headaches and adenopathy, and a meningoencephalitic
phase, which occurs after the parasites cross the blood–brain barrier into the central
nervous system and is associated with high mortality rates [80, 81]. Infections
associated with T. b. gambiense tend to have a slower progression, while those
due to T. b. rhodesiense cause severe disease even in the acute stage of the
disease [82].

HAT is transmitted by the tsetse fly (Glossina spp.), which becomes infected by
trypomastigotes when taking a blood-meal from an infected host [83, 84]. In the fly’s
midgut they transform into procyclic trypomastigotes, multiply and further trans-
form into epimastigotes once they leave the midgut [83, 84]. The epimastigotes
reach the salivary glands of the fly where they further multiply. The infected fly then
injects metacyclic trypomastigotes into skin tissue during a blood-meal [83, 84]. The
parasites enter the bloodstream through the lymphatic system and transform into
bloodstream trypomastigotes [83, 84]. From there, they are transferred to other sites
and continue to replicate [83, 84]. T. b. gambiense may be also transmitted from
mother to child if infected during pregnancy.

Treatment of HAT is specific to the type of infection and disease stage, with four
medications currently on the market and a fifth one approved for combination
therapy. These include suramin and pentamidine for early-stage disease and
melarsoprol, eflornithine, and nifurtimox combined with eflornithine for late-stage
infections of T. b. gambiense [80, 85, 86]. Although control efforts have resulted in
less than 2,000 cases annually, there are several challenges in treating HAT includ-
ing the toxicity of the pharmaceutical agents, complicated administration, and
emerging drug resistance [85, 86].
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3.1 Sponge Metabolites Active Against the HAT Parasites

Manzamine A (2) (Fig. 1) and related manzamine alkaloids zamamidines A-C and
3,4-dihydromanzamine J N-oxide isolated from Amphimedon sp. were shown to
inhibit Trypanosoma brucei with 2 the most potent with (IC50 0.07 μM)
[87]. Zamamidine C (67) (Fig. 10) also possesses sub-μM activity at IC50 of
0.36 μM. The bromopyrrole alkaloids longamide B and dibromopalau’amine (8)
from Agelas dispar and Axinella verrucosa also act as inhibitors of Trypanosoma
rhodesiense with 8 more active, inhibiting 50% of the parasite at 0.79 μM
[32]. Extraction of the Fijian sponge Hyrtios cf. erecta afforded the known metab-
olite fascaplysin (68) which was tested against T. brucei and found as another
sub-μM inhibitor with an IC50 of 0.63 μM with greater than 10-fold selectivity
against L6 cells [88]. Spermatinamine (10) and another alkaloid thiaplakortone A
(69) were found to inhibit strain BS427 T. brucei parasites with an IC50s of 1.0 and
3.94 μM, respectively [35]. Agelasine D (11) was found to inhibit Squib-427 strain
T. brucei at an IC50 of 2.13 μM with an SI of 7.4 [35]. Extraction of the Red Sea
marine sponge Hyrtios sp. has yielded a new antitrypanosomal alkaloid hyrtiodoline
A (70) with an IC50 of 7.48 μM and no reported cytotoxicity against J774.1
macrophages [89]. Two tricylic guanadines, merobatzelladines A (71) and B (72),
isolated from Monanchora sp. show similar potency in inhibiting T. brucei with
respective IC50s of 0.51 and 0.67 μM [90].

The bastadin class of bromotyrosine derivatives from the sponge Ianthella
cf. reticulata revealed bastadins 13 (73) and 19 (74) (Fig. 10) to inhibit
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Trypanosoma brucei parasites with IC50s of 1.77 and 1.31 μM, respectively
[91]. Two N-cinnamoyl-amino acids, Iotrochamides A (75) and B (76), isolated
from the Australian sponge Iotrochota sp. inhibited 50% of T. brucei strain BS427 at
concentrations of 4.7 and 3.4 μM, respectively [92].

A series of polyketides isolated from the Indonesian Plakortis cfr. lita including
manadoperoxide B (77), 12-isomanadoperoxide B (78), manadoperoxidic acid,
manadoperoxide C, manadoperoxide F, manadoperoxide G, manadoperoxide H,
manadoperoxide I (79), and manadoperoxide K (80) as well as the peroxyplakortic
ester B3. Metabolites 77-80 showed potent activity against Trypanosoma brucei
rhodesiense with IC50s of 8.8, 32, 170, and 210 nM, respectively (Fig. 11)
[93, 94]. A 20-fold reduction in activity was noted between the activity of the
Plakortis sp. cyclic polyketide peroxide 11,12-didehydro-13-oxo-plakortide Q (81)
(IC50 49 nM) when a carboxylic acid was present in the sidechain yielding
10-carboxy-11,12,13,14-tetranor-plakortide Q (82) (IC50 0.94 μM) [95]. Plakortide
E (83), an endoperoxide from the Caribbean sponge P. halichondroides, was found
to be trypanocidal at a concentration of 5 μM, as well as an inhibitor of cathepsins
and cathepsin-like parasitic proteases [96].

Terpene peroxide inhibitors of Trypanosoma brucei were discovered in
Diacarnus bismarckensis including (+)-muqubilone B, (+)-sigmosceptrellin A,
(+)-sigmosceptrellin A methyl ester, (�)-sigmosceptrellin B (84), (+)-epi-
muqubillin A, and (�)-epi-nuapapuin B methyl ester with 84 demonstrating the
strongest inhibition, IC50 ¼ 0.5 μM (Fig. 12) [97]. The linear furanoterpene
demethylfurospongin-4, linear monoterpenes 4-hydroxy-3-tetraprenylphenylacetic
acid (85) and heptaprenyl-p-quinol, as well as diterpenes dorisenone D and 14
(Fig. 2) isolated from Spongia sp. and Ircinia sp. were all found to be inhibitors of
Trypanosoma rhodesiense strain STIB 900 [38]. Metabolite 85 displayed an IC50 of
1.46 μM. The Caribbean sponge Pandaros acanthifolium has yielded a host of
antitrypanosomal steroidal glycosides including padarosides A, E, F, G (18), I, and
J as well as the methyl esters of E and G (86) and acanthifolioside F methyl ester
[42, 98]. The IC50s for 18 and 86 are 0.8 μM and 38 nM, respectively.
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3.2 Cnidarian Metabolites Active Against HAT

A suite of thirty-four terpenoids derived from the Vietnamese soft corals
Lobophytum crassum, Lobophytum laevigatum, and Sinularia maxima, were tested
against Trypanosoma brucei rhodesiense, of which ten demonstrated significant
bioactivity and favorable SI when considering cytotoxicity in rat skeletal myoblast
cell line L6 [54]. Lobocrasol A (87) and C (88) (Fig. 13), active against Leishmania
donovani, were also active against T. b. rhodesiense with IC50 of 9.97 μM and
9.37 μM, respectively, though the selectivity for both was modest with an SI of 5.6
and 4.3. Sinumaximol C (89), 13-epi-scabrolide C (90), and crassumol G (91) all
demonstrated activity, though with slightly higher IC50s (9.88, 11.76, and 12.20 μM)
and less favorable selectivity. 7S,8S-Epoxy-1,3,11-cembratrien-16-oic acid methyl
ester (92) had an IC50 of only 1.00 μM and no demonstratable cytotoxicity (SI> 54).
(1R,4R,2E,7E,11E)-Cembra-2,7,11-trien-4-ol (93) had an IC50 of 1.14 μM and an SI
of 43. Crassumol D (94), crassumol E (95), and (1S,2E,4S,6E,8S,11S)-2,6,12(20)-
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cembrantriene-4,8,11-triol (96) all inhibited T. b. rhodesiense growth with an IC50 of
less than 1 μM and SI greater than 59 [54]. Additionally, (24S)-ergost-4-ene-3-one
(97) isolated from Sinularia dissecta with IC50 of 5.47 μM and no notable cytotox-
icity [99]. Another promising metabolite is laevigatol B (98) isolated from Lo.
crassum and Lo. laevigatum, a diterpene with activity against T. brucei with an
IC50 of 5.34 μM and no notable cytotoxicity against HEK293T and HepG2 cells.
The crude methanolic extract had greater activity than the purified metabolite, which
suggested synergy with other metabolites that have yet to be discovered [99].

3.3 Metabolites from Bryozoa Inhibiting Active Against HAT

Two brominated alkaloids, convolutamines I (99) and J (100) (Fig. 14), isolated
from the bryozoan Amathia tortuosa displayed promising bioactivity against
Trypanosoma brucei parasites with respective IC50s of 1.1 and 13.7 μM
[100]. When tested for cytotoxicity against human embryonic kidney cell line
HEK293 the pair showed IC50s of 22 μM for convolutamine I and 41 μM for J,
displaying a greater SI for the former. A lack of biological activity data exists for
related convolutamines, and further evaluation could hold information regarding the
structural components required for HAT inhibition [100].

3.4 Echinoderm Metabolites Active Against HAT

High throughput screening of 433 natural product extracts and 428 purified metab-
olites identified two echinoderm-derived steroids possessing activity against
Trypanosoma brucei [99]. The sea star Astropecten polyacanthus produces
astropectenol A (101) (Fig. 14) capable of inhibiting 50% of strain 427 bloodstream
parasites at a concentration of 1.57 μM, while cholest-8-ene-3β,5α,6β,7α-tetraol
(102) from the sea urchin Diadema savignyi showed an EC50 of 14.60 μM. Both
metabolites showed CC50 cytotoxicity greater than 100 μM against both HEK293T
and HepG2 cells.
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3.5 Ascidian Metabolites Active Against HAT

Lepadins E and F (103 and 104) are alkaloids containing a decahydroquinoline
skeleton (Fig. 15). These metabolites, as well as the quaternary nitrogen derivative of
lepadin D (105), were isolated from Didemnum sp. and screened for activity against
Trypanosoma rhodesiense [101]. Both 103 and 104 had remarkable results with an
IC50 of 0.90 and 0.55 μM, respectively, while 105 displayed an IC50 of 6.62 μM. The
stereochemical configuration of 103 was later established through synthetic efforts
and is reflected in the structure below [102].

3.6 Marine Bacterial Metabolites Active Against HAT

In a study of Croatian sponge-associated actinomyces, several extracts showed anti-
infective activities. Most notably were two actinomyces isolates from two different
sponge species, Axinella polypoides and Aplysina aerophoba, which both produced
the cyclodepsipeptide valinomycin (55) (Fig. 8) which showed potent antiparasitic
activity against Trypanosoma brucei brucei with IC50s of 3.2 nM and 3.6 nM after a
48 h and 74 h incubation, respectively. Another active strain identified in this study
was isolated from Tedania sp., which yielded the indolocarbazole alkaloid
staurosporine (51) (Fig. 8), which exhibited significant inhibitory activities against
Tr. b. brucei with IC50s of 0.022 μM and 0.035 μM after 48 and 74 h incubation,
respectively [75]. A comprehensive metabolomic analysis and dereplication strategy
of the extract of a marine sponge-associated Actinokineospora sp. EG49 identified
two new antitrypanosomal metabolites actinosporins A (106) and B (Fig. 16). These
two new O-glycosylated angucyclines were tested for activity against Tr. b. brucei,
where only the former exhibited activity with an IC50 of 15 μM suggesting the
importance of the second sugar moiety to antitrypanosomal activity [103]. In a
similar study of the extract of marine sponge-derived bacterium Ac. spheciospongiae
sp. nov. isolated from the Red Sea sponge Spheciospongia vagabunda, two new
fridamycins H (107) and I, and three known metabolites, actinosporin C, D, and G,
were isolated. All metabolites were inactive against Tr. b. brucei, with the exception
of 107 which showed significant antitrypanosomal activity after 48 and 72 h with
IC50s of 3.38 and 5.26 μM, respectively. No cytotoxicity against J774.1 macro-
phages was observed (IC50 of >200 μM) [104]. The rare actinomycete,
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Lechevalieria aerocolonigenes, was isolated from a mangrove sediment sample
collected on Iriomote Island, Japan. A purified culture of L. aerocolonigenes yielded
two new cyclopentadecane metabolites mangromicins A (108) and B, which
exhibited in vitro antitrypanosomal activity against Tr. b. brucei with IC50s of
5.85 and 110 μM, respectively [105]. Screening of a marine bacterially derived
natural product library against axenic Tr. b. brucei identified a fraction originating
from Micromonospora sp. RL09-050-HVF-A isolated from a marine sediment
sample collected from Point Lobos in Monterey Bay, California. Further spectro-
scopic analysis identified three novel polyene macrolactams, lobosamides A�C.
Lobosamides A (109) and B (110) exhibited activity against Tr. b. brucei parasites
with IC50s of 0.8 and 6.1 μM, respectively [106].

3.7 Marine Cyanobacterial Metabolites with Activity
Against HAT

As highlighted throughout this chapter, cyanobacteria are a prolific source of
bioactive metabolites. The marine cyanobacteria Okeania sp. collected near Janado,
Okinawa Prefecture, Japan produced the cyclic polyketide�peptide hybrid,
janadolide (111) (Fig. 17). This metabolite exhibited potent antitrypanosomal activ-
ity against Trypanosoma brucei brucei with an IC50 of 47 nM and no cytotoxicity
against human cells at 10 μM [107]. In a subsequent study this same research group
isolated and synthesized the antitrypanosomal lactam hoshinolactam (112), from a
marine cyanobacteria from the genus Oscillatoria. This metabolite was active
against T. b. brucei with an IC50 of 3.9 nM without cytotoxicity against human
fetal lung fibroblast MRC-5 cells (IC50 > 25 μM) [108]. Chemical analysis of the
marine Dapis sp. cyanobacterium yielded three linear peptides iheyamides A
(113), B, and C. While, iheyamides B and C were deemed inactive, 113 showed
moderate antitrypanosomal activities against T. b. rhodesiense and T. b. brucei (IC50

¼ 1.5 μM) [109]. An in vitro screening initiative against T. b. brucei identified two
previously isolated Panamanian collected Lyngbya majuscula metabolites,
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almiramides B (59) and C (61) (Fig. 9) with IC50s of 6.0 and 3.0 μM, respectively.
The molecular target of these metabolites and their analogues were investigated in
T. brucei lysates, and site localization was probed using epifluorescence microscopy.
Compounds 59 and 61 likely interfere with the function of glycosomes, organelles
both specific to kinetoplastid parasites and essential to their survival in the blood-
stream stage. In addition, these metabolites were evaluated for toxicity in in vivo
zebrafish models, which showed that they have little effect on organism develop-
ment, even at high concentrations [77, 110].

4 Marine Natural Products Active Against Chagas Disease

Chagas is a chronic disease caused by the protozoan Trypanosoma cruzi and can be
found in the Americas, predominantly in rural Latin America [111]. Transmitted by
insect vectors to both humans and animals, the parasite affects around eight million
people annually and leads to around 50,000 deaths a year [112]. The early clinical
manifestations of the disease include inflammation at the site of entry, while
systemic disease includes the onset of cardiac arrhythmias, splenomegaly, lymph-
adenopathy, tachycardia, and fever [113]. Chronic infection is associated with
cardiac disease, resultant liver congestion, digestive tract abnormalities, and dener-
vation of the nervous system [113].

Chagas disease is transmitted through the feces of an insect vector, primarily the
triatomine bug, which can be infected by Trypanosoma cruzi after feeding on an
infected human or animal [114]. Trypomastigotes transform in two stages within the
insect; epimastigote asexual multiplication in the midgut and differentiation into
infective metacyclic trypomastigotes in the hindgut [114]. The insect then releases
the trypomastigotes in its feces near the bite wound allowing the parasites to enter the
host through the wound [114]. Alternatively, they can traverse intact mucosal
membranes [114]. Once inside the host, the trypomastigotes invade cells and
differentiate into intracellular amastigotes which then multiply and differentiate
into trypomastigotes, which are released into the vascular circulation and affect
different organ systems, leading to the clinical symptoms [114]. The trypomastigotes
transform into intracellular amastigotes in the new infection sites
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[114]. Trypanosoma cruzi can also be transmitted through blood transfusions,
laboratory accidents, organ transplant, and from mother to unborn baby [112].

There are currently only two drugs available in the affected regions: nifurtimox
and benznidazole [115]. These treatments are effective if given immediately, but if
the disease has reached its chronic phase, pharmaceutical agents can only slow the
progression and manage the symptoms [116].

4.1 Antitrypanosomal Sponge Metabolites Active Against
Chagas Disease

Alkaloids 4-6 (Fig. 1) as well as batzelladine F from Monanchora arbuscula are
active against Trypanosoma cruzi with batzelladine L (5) the most potent inhibitor
with an IC50 of 2.35 μM [30]. The thiazine-derived alkaloid 69 (Fig. 10) is also an
effective Chagas inhibitor with an IC50 of 4.26 μM [34]. In addition to activity
against both leishmaniasis and HAT, agelasine D (11) (Fig. 2) is capable of
inhibiting T. cruzi with an IC50 of 2.12 μM [35]. Pandaroside G and its methyl
ester (18) (Fig. 2) as well as the steroid glycoside acanthifolioside F from Pandaros
acanthifolium have been shown to inhibit C2C4 strain with 18 the most potent, IC50

¼ 0.77 μM [42, 98]. Linear monoterpene heptaprenyl-p-quinol (114) (Fig. 18) and
diterpene 14 (Fig. 2) also inhibit the C2C4 strain at IC50s of 6.80 and 12.4 μM,
respectively [38]. Polyketide 21 (Fig. 2) from Plakortis angulospiculatus has an IC50

of 6.27 μM against T. cruzi [45].

4.2 Antitrypanosomal Algal Metabolites Active Against
Chagas Disease

Atomaric acid (115) (Fig. 18), a meroditerpene isolated from brown alga
Stypopodium zonale, has demonstrated activity against Trypanosoma cruzi with an
IC50 of 5.42 μM [117]. The only reported metabolite from a green alga to be active
against these parasites is the sesquiterpene (+)-curcudiol (116). It was isolated from
the green algaUdotea orientalis, and has shown activity against T. cruziwith an IC50

of 10 μM [118].
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4.3 Antitrypanosomal Ascidian Metabolites Active Against
Chagas Disease

Lepadins E (103) and F (104) (Fig. 15), isolated from the ascidian Didemnum
sp. showed activity against Trypanosoma cruzi in the same study, showing an IC50

of 5.22 μM and 6.17 μM.

4.4 Antitrypanosomal Marine Bacterial Metabolites Active
Against Chagas Disease

The Panamanian marine bacterium Pseudomonas aeruginosa was found to produce
five metabolites, with two (117, 118) (Fig. 19) showing modest activity against
Trypanosoma cruzi, IC50 ¼ 15.0 and 14.7 μM [119].

4.5 Antitrypanosomal Marine Cyanobacterial Metabolites
Active Against Chagas Disease

Two new PKS-NRPS-derived metabolites, viridamides A (119) and B, were isolated
from the Panamanian marine cyanobacterium Oscillatoria nigro-viridis (Fig. 20)
[120]. Only 119 displayed antitrypansomal activity with an IC50 of 1.1 μM against
Trypanosoma cruzi. Another Panamanian cyanobacterium from the same genus,
Oscillatoria sp., yielded two new modified cyclic hexapeptides, venturamides A
(120) and B (121). Both cyclic peptides showed moderate activity against T. cruzi
with IC50s of 14.6 and 15.8 μM, respectively [121]. A series of 2,2-dimethyl-3-
hydroxy-7-octynoic acid (Dhoya)-containing cyclic depsipeptides, named
dudawalamides, were isolated from a Papua New Guinean field collection of the
cyanobacterium Moorea producens. Dudawalamides A (122), B (123) and D (124)
were evaluated for their ability to inhibit growth of T. cruzi at 10 μg/mL.
Depsipeptides 122 and 123 showed minor activity with 12% and 7% growth
inhibition, while 124 showed significantly more growth inhibition at 60%
[122]. Gallinamide A (125) isolated from a Panamanian Schizothrix sp., also isolated
from Symploca sp. in the Florida Keys and known as symplostatin 4, was found to
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have potent bioactivity against the intracellular amastigote stage of T. cruzi with an
IC50 of 0.26 nM against recombinant cruzain [123, 124].

5 Marine Natural Products Active Against Schistosomiasis

Schistosomiasis (commonly known as bilharzia) is a disease caused by trematodes
(blood born fluke worms) of the genus Schistosoma and has been reported in
78 countries resulting in at least 229 million people requiring preventative treatment
in 2018 [125]. The three primary species causing human infection are Schistosoma
haematobium, S. japonicum, and S. mansoni. Three additional species that result in
fewer cases due to being more localized geographically are S. mekongi,
S. intercalatum, and S. guineensis. Infected humans release Schistosoma eggs with
faces or urine depending on the species, which under the correct environmental
conditions hatch releasing miracidia. A specific aquatic snail intermediate host is
found and infected by miracidia. Once in the snail host, two generations of sporo-
cysts are produced and ultimately form into cercariae which exit the snail into the
surrounding water. The cercariae swim and come into contact with humans where
they penetrate the skin, shed their forked tails, and develop into schistosomulae. The
schistosomulae migrate to the lungs via venous circulation, followed by migration to
the heart and ultimately to the liver, where they mature and exit the liver via the
portal vein system. Adult worms primarily reside and copulate in the mesenteric
venules, although this location may vary by species. The females deposit eggs into
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the small venules of the portal and perivesical systems which are moved toward the
lumen of the intestine (in the cases of S. mansoni, S. japonicum, S. mekongi,
S. intercalatum/guineensis infections) and of the bladder and ureters
(in S. haematobium infections), and are eliminated with feces or urine, respectively
resulting in the cycle beginning once again [126]. Schistosomiasis presents in two
major forms: namely intestinal and urogenital. The only existing drug is
praziquantel. It has several drawbacks including a high dosage and a lower effec-
tiveness of total lack of activity against the younger parasite stages relative to the
mature worms, resulting in immature parasites surviving and causing
morbidity [127].

In an effort to identify new metabolites with schistosomicidal activity, the
methanolic extracts of 78 marine organisms from the Red Sea were screened
[128]. The most active crude extracts originated from two sea cucumbers Actinopyga
echinites and Holothuria polii, which yielded the triterpene glycosides echinosides
A (126) and B (127), respectively (Fig. 21). The purified metabolites were tested
against adult S. mansoni showing an LD50 of 157.4 nM and 322.6 nM, respectively.

Chemical analysis of the Indonesian tunicate Polycarpa aurata yielded two novel
alkaloids, polyaurines A (128) and B (129) (Fig. 21), along with six p-substituted
benzoyl derivatives [129]. Both 128 and 129 showed no activity against
schistosomula of S. mansoni, however 128 did impair egg production. Some eggs
laid by 128-treated parasites appeared deformed and several fragments of eggs were
observed.

A sponge-associated actinomyces, Streptomyces sp. strain RV15, was isolated
from the marine sponge Dysidea tupha offshore Rovinj, Croatia. Purification of the
bacterial fermentation yielded the naphthacene glycoside, SF2446A2 (130)
(Fig. 21). While no change was observed in Sc. mansoni couples treated with 130
below 50 μM relative to untreated control, at 50 μM the number of distorted eggs
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was more than double that found in the control. Over 48 h the egg deposition was
dramatically reduced to five eggs in the treated samples, compared to 379 in the
untreated worms. After 78 h egg production was halted completely, and this was also
seen following treatment with 100 μM 130 after 24 h [130].

Schistosome proteolytic enzymes facilitate invasion of the human host and
digestion of host proteins and therefore are fundamental to successful parasitism.
The proteasome is a multi-subunit protein complex that regulates protein turn over
and degradation of misfolded proteins. While the proteasomes of other infectious
parasitic diseases such as Plasmodium, Trypanosoma, and Leishmania infections
have been studied as potential drug targets for treatment, the proteasome in the
schistosome has received little attention. However, a screening campaign was
conducted using 11 peptide epoxyketone inhibitors derived from the marine natural
product carmaphycin B (131) (Fig. 22) against the Schistosoma mansoni proteasome
(Sm20S) [131]. Utilizing fluorogenic proteasome substrates found Sm20S contains
caspase-type (β1), trypsin-type (β2), and chymotrypsin-type (β5) activities.
Carmaphycin B (131) is a peptide derivative isolated from the marine cyanobacte-
rium Symploca sp. from Curaçao [132]. Metabolite 131 inhibited Sm20S β2 and β5
activity with IC50s of 9.8 and 0.6 nM, respectively, but showed cytotoxicity toward
HepG2 cells (EC50 of 12.6 nM). Twenty 131 analogues were synthesized of which
11 were less cytotoxic. One analogue improved selectivity for the Sc. mansoni
proteasome over the human proteasome while reducing toxicity. The
antischistosomal activities of 131 and the analogue were evaluated at 1 μM using
mixed-sex adult Sc. mansoni in culture. Both metabolites decreased movement in the
worms by at least 80% and induced the same deleterious phenotypic changes in
worms as the known proteasome inhibitor, bortezomib.

As previously mentioned, the intermediate host snails of the genera Biomphalaria
play a pivotal role in the lifecycle of these parasitic trematodes. Over the past
50 years various molluscicides have been developed to kill the intermediate host
in an effort to break disease transmission cycle. Chemical analysis of extracts
Lyngbya bouillonii from Papua New Guinea produced the glycosidic macrolide,
cyanolide A (132) (Fig. 22), which was identified as a potent molluscicidal agent
against Biomphalaria glabrata with an LC50 of 1.2 μM [133]. The environmental
assemblage of two cyanobacteria, cf. Oscillatoria and Hormoscilla spp., from
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Palmyra Atoll, yielded two potent molluscicidal chemotypes, namely thiopalmyrone
(133) and palmyrrolinone (134). Assessing the lethality of the thioester 133 and
amide 134 against B. glabrata showed LC50’s of 8.3 and 6.0 μM, respectively.
Interestingly, an equimolar binary mixture of 133 and 134 gave a slight enhancement
of the molluscicidal effect of LC50 ¼ 5.0 μM [134].

6 Marine Natural Products Active Against Dengue

Dengue fever is a mosquito transmitted virus affecting more than 100 countries
around the world. The disease is spread through the bite of an infected Aedes spp.
mosquito. Dengue is caused by one of the dengue viruses (1, 2, 3, and 4) and for this
reason a person can be infected up to four times in their lifetime [135]. A dengue
vaccine is currently available in some countries but can only be given post-infection.
Cyclo(4-trans-hydroxy-L-proline-L-leucine) (135) and cyclo(4-trans-hydroxy-L-pro-
line-L-phenylalanine) (136) (Fig. 23) were isolated from Microbulbifer variabilis
and they were reported to have bioactivity against the dengue virus with IC50s of
12.3 and 11.2 μM [136]. Peridinin (137), a common photopigment from dinoflagel-
lates, was isolated from Formosan zoanthid Palythoa mutuki, displaying bioactivity
against the dengue virus with IC50 of 7.1 μM [137, 138].

7 Marine Natural Products Active Against Chikungunya

Chikungunya virus is spread to humans by the same mosquitoes that transmit the
dengue virus, Aedes aegypti and A. albopictus, and can also be transmitted through
blood transfusions and very rarely from mother to child [139]. There is no vaccine;
treatment is limited to treatment of the symptoms. Debromoaplysiatoxin (138) and
3-methoxydebromoaplysiatoxin (139) (Fig. 24) were isolated from the filamentous
marine cyanobacterium Trichodesmium erythraeum. They showed bioactivity
against Chikungunya virus with IC50s of 1.3 and 2.7 mM, respectively [140].
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8 Marine Natural Products Active Against Snakebite
Envenoming

The only NTD that is not infectious, snakebite envenoming is traditionally treated by
administration of an antivenom. Envenoming by different snakes require different
antivenoms, and access to them can prove challenging. Different envenomation can
also cause a variety of symptoms and be complicated by specific underlying
conditions the victim may have, making the choice of antivenom difficult in life-
threatening situations [141].

Two monoterpenes, 8-bromo-3,4,7-trichloro-3,7-dimethyl-1E,5E-octadiene
(140) and 1,8-dibromo-3,4,7-trichloro-3,7-dimethyl-1E,5E-octadiene (141)
(Fig. 25) isolated from the alga Plocamium brasiliense have shown promising
antihemorrhagic and antiproteolytic effects against the venom of Bothrops jararaca,
suggesting that more marine natural products should be investigated for the treat-
ment of this disease [142].

9 Marine Natural Products Active Against Trachoma

Trachoma is a disease caused by the bacterium Chlamydia trachomatis. It is the
leading cause of preventable blindness and is spread through direct or indirect
contact. Although overcoming infection is possible for healthy individuals,
re-infections are common resulting in complications [143]. It is the leading cause
of ocular morbidity and preventable blindness in the world. Although natural
products have proven to be good lead compounds for this disease, only a few of
those are derived from marine sources. Among those gelliusterol E (142) (Fig. 26), a
sterol from the Red Sea sponge Callyspongia aff. Implexa, is active, with an IC50 of
2.3 μM [144]. Additionally, SF2446A2 (130) (Fig. 21), a naphthacene glycoside
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from a marine Streptomyces sp., has an IC50 of 4 μM [130]. Finally, ageloline A
(143) is a quinolone isolated from a marine sponge-derived Streptomyces sp., which
has an IC50 of 9.5 μM [145].

10 Marine Natural Products Active Against
Soil-Transmitted Helminths (STH)

This group of infections is caused by intestinal worms coming in contact with
humans through soil. The worms responsible are Ascaris lumbricoides, As. suum,
Trichuris trichiura (whipworm), Ancylostoma duodenale, An. ceylanicum, and
Necator americanus (hookworm) [146]. Together these helminths infect approxi-
mately 1.7 million people per year. The helminths live in the intestine of the patient
from where their eggs are passed through the feces [147]. In the case of the first two,
the eggs mature in the soil and then become infective. Humans ingest the eggs either
through consuming fruits and vegetables that have not been properly cooked,
washed, or peeled or by contact of dirt with their mouth, and become infected.
Hookworm is contracted when eggs hatch in the soil and release larvae, which then
mature into a form that can penetrate human skin and cause infection [148]. An.
duodenale can also be transmitted by ingesting the larvae. Most infected people do
not demonstrate symptoms, unless the infection has reached a severe stage, where
multiple symptoms can be seen varying from abdominal pain to physical and
cognitive growth retardation [149, 150]. Albendazole and mebendazole are two of
the existing medications for the treatment of all STH infections and are not specific
to the type of infection. These existing drugs appear to have few side effects and
result in complete recovery of the patient [146].

The only marine natural product that has shown potential against a helminth,
Ancylostoma suum, is nafuredin (144) (Fig. 27), isolated from the culture of Asper-
gillus niger FT-0554, which was derived from a marine sponge [151–
153]. Nafuredin inhibits the NADH-fumarate reductase complex I and II with an
IC50 of 12 nM for the adult An. suum, the NADH-ubiquinone reductase complex I
with an IC50 of 8 nM and 8.9 nM for the adult and larvae stage and the NADH-
rhodoquinone reductase complex I with an IC50 of 24 nM and 9 nM for the adult and
larvae, respectively [153].
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11 Buruli Ulcer

Mycobacterium ulcerans is the bacterium responsible for a severe skin disease
known as Buruli ulcer (BU) [154]. Despite the severe effects on rural populations,
there is a lack of investigation on isolated natural products’ effect on this disease.
Communities affected by BU tend to use traditional medicine techniques centered
around treatment of the ulcers with plants and plant extracts [155, 156]. Main
components have been identified, but the investigation of isolated metabolites
from the active extracts is still needed. Current treatment consists of a combination
of antibiotics and traditional medicine treatments. The most common combinations
are rifampicin and streptomycin or rifampicin and clarithromycin [157]. The biggest
limitation in regard to this NTD is the lack of knowledge regarding disease
transmission.

12 Dracunculiasis

Dracunculiasis is caused by the parasite Dracunculus medinensis and also known as
Guinea worm disease. Humans become infected when consuming the water
containing copepods or tiny crustaceans who have ingested the worm larvae. Once
swallowed by humans, the larvae are released, penetrate the intestinal walls and
migrate through the body [158, 159]. The fertilized female worm will emerge from
the skin once it has migrated to an exit point. A person can become infected multiple
times throughout their life, as immunity cannot be developed [160]. Currently there
is no drug to treat or prevent this disease. Patient care involves removing the worm
and caring for the wound [161]. Dracunculiasis is one of the few NTDs that are close
to being eradicated through a strategy developed by WHO and the Center for
Disease Control [158, 160]. Although a few medicinal plants have been tested
against this diseases, no marine natural products have shown activity thus far [162].

13 Echinococcosis

Infection with dog, fox, or coyote tapeworms leads to echinococcosis. There are two
classifications of echinococcosis: cystic and alveolar, with the majority of worldwide
cases being the former and the more deadly of the two being the latter
[163, 164]. Cystic echinococcosis is caused by Echinococcus granulosus larvae
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that create thick-walled cysts in several internal organs and can remain asymptom-
atic for years, while alveolar echinococcosis is caused by E. multilocularis larvae
and leads to thin-walled vesicles mainly in the liver, marked by abdominal pain and
destruction of tissues [165]. Treatment for these diseases includes surgery, evacua-
tion of the cyst, and chemotherapy with benzimidazoles [166]. While dogs, foxes,
and coyotes have been found to be the definitive host of these parasites, there are
several intermediate hosts as well including sheep, cattle, and goats, leading to
increased risk for populations that raise these animals. Echinococcus eggs are shed
from the infected animals through feces and can be transmitted to humans through
accidental consumption. This vector is particularly difficult to deal with due to the
fact that the eggs are viable in soil up to a year. Prevention lies in controlling stray
dog populations, avoiding infected meats, and practicing good hygiene [166].

14 Foodborne Trematodiasis

Foodborne trematodiasis is caused by one of four parasites Clonorchis,
Opisthorchis, Fasciola, and Paragonimus. The life cycle of these parasites is
complex, and it involves two intermediate and one final host [167]. The life cycle
of the parasites is similar but some differences can be observed. Clonorchiasis, also
called Chinese liver fluke disease, is caused by Clonorchis sinensis. Opisthorchiasis,
also called cat liver fluke disease, is another foodborne trematodiasis. It is caused by
Opisthorchis viverrini and O. felinea. Fascioliasis is caused by Fasciola hepatica
and F. gigantica. Both have similar symptoms and life cycles. Finally,
paragonimiasis, also called lung fluke disease is caused by Paragonimus
westermani, P. heterotremus, and P. philippinensis in Asia, P. africanus and
P. uterobilateralis in Africa, and P. kellicotti and P. mexicanus in north and central
America.

For the first three, the life cycle of the parasites includes the adult flukes laying
eggs in the bile ducts, which then develop into miracidia when ingested by the carrier
and develop into cercariae. For clonorchiasis and opisthorchiasis the carrier is
aquatic snails, while for fascioliasis the carrier are leaves and stems of aquatic and
semi-aquatic plants [168]. Cercariae leave the carrier and enter various freshwater
fish, whereas metacercariae form cysts. The cysts hatch when ingested and the young
worms can now repeat the cycle. Humans get infected when consuming raw or
partially cooked fish.

For clonorchiasis the symptoms include as fever, pain and oftentimes intermittent
colic pain [169, 170]. The symptoms of opisthorchiasis are similar to the ones
mentioned above, but in chronic cases recurrent pyogenic cholangitis may be
frequent by the former. The latter causes similar symptoms to clonorchiasis but
there is no evidence of increased liver cancer risk [171–173]. The only drug
available for clonorchiasis and opisthorchiasis is praziquantel.

Fascioliasis has an acute and chronic phase, with the worms destroying the liver
cells causing fever, nausea, rashes, and swollen liver amongst others for the former,
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while the chronic symptoms often include jaundice, anemia, pain, pancreatitis, and
liver fibrosis [174, 175].

Paragonimiasis can be found in crustacean-eating mammals and the cycle of the
parasites is similar to the one mentioned above with the difference that the adult
flukes inhabit the lungs and their eggs are dispersed through coughing. The rest of
the life cycle is similar to those described above. Symptoms of paragonimiasis are
similar to those of tuberculosis. Triclabendazole is the drug available for both
paragonimiasis and fascioliasis [176].

Although the need for new drugs against this group of parasites is obvious, there
are very few reports of natural products screened against them and most target the
intermediate snail host. No marine natural products have been reported that are
active against the worms or the snail [177].

15 Leprosy

Leprosy, or Hansen’s disease, is an infection caused by Mycobacterium leprae. It
affects the skin, eyes, nerves, and lining of the nose [178]. A combination of
antibiotics, most commonly dapsone combined with rifampicin, and on some occa-
sions clofazimine, is used as treatment. Permanent nerve damage is possible if left
untreated [179]. A multidrug approach is needed to combat drug resistance due to the
extended period of time required for treatment which usually lasts one to two years.
Although natural product extracts and some isolated secondary metabolites have
shown activity against this bacterium, there is no report of marine natural products
that have activity [180, 181]. Although multiple attempts have been made to culture
M. leprae ex vivo, it remains recalcitrant to cultivation. This combined with the slow
growth rate in vivo has made it difficult to screen against this disease [182, 183].

16 Lymphatic Filariasis

Lymphatic filariasis, also referred to as elephantiasis, is caused by the filarial
nematodes Wuchereria bancrofti, Brugia malayi and B. timori. W. bancrofti is the
cause of most cases of this disease. The disease is transmitted after an infected
mosquito introduces filarial larvae to the host through a bite [184]. The larvae
develop into adults in the lymphatic system and produce microfilariae which migrate
to the lymph and enter the bloodstream [185]. A mosquito can then ingest
microfilariae, which then develop into larvae and can infect the next host during a
blood-meal [186]. Current treatment consists of the use of diethylcarbamazine, but
treatment is not effective once the patient has developed clinical symptoms, and
patients require surgery or symptomatic treatment depending on the form and stage
of the disease. The existing literature has many examples of active metabolites from
plant sources, but there are very limited reports of active extracts from marine
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sources. There are no secondary metabolites that are active at 15 μM or less against
the microfilariae or the adult worms [187–189].

17 Mycetoma and Chromoblastomycosis

Mycetoma and chromoblastomycosis are two diseases on which more research is
needed to enhance the search for treatment. Mycetoma is caused by different fungal
species or aerobic filamentous bacteria, while chromoblastomycosis is only caused
by the former [190]. Biomarkers are being investigated to obtain the necessary
information to expedite the drug discovery process [191]. Similar to other NTDs, a
common treatment for these infections is with medicinal plants [192].

18 Onchocerciasis

Onchocerciasis, also known as River Blindness, is caused by the parasitic worm
Onchocerca volvulus. Blackflies of the genus Simulium are the transmission vector.
It is the second most important cause of infectious blindness after trachoma and it
also results in chronic dermatitis [193]. A female fly introduces the larvae into the
human host through a blood-meal which 6–12 months later develop into adult
worms. The adult worms reside in fibrous sub-cutaneous nodules and can produce
1,000–1,500 baby worms daily, which require 1–2 years to develop into the adult
stage [194]. Currently no vaccine or medication exists to prevent infection and
attempts have been made to control the spread of the disease through vector control
and treatment with ivermectin [194, 195]. Ivermectin needs to be administered once
or twice a year for 10–15 years, because it does not kill the worm but only reduces
the fertility of the female worm. This fact in combination with the adverse effects of
the high doses needed is indicative of the need for new drugs. Although there are
multiple secondary metabolites from terrestrial sources that have been screened
against this disease, there are no active metabolites isolated from marine
organisms [196].

19 Rabies

Rabies is a preventable viral disease that can become fatal if left untreated. The
mortality associated with this disease is extremely high and depends on presenting
symptoms and on available treatments in the area. The standard of care for aggres-
sive treatment of the rabies-related viral encephalitis includes antivirals, immuno-
therapy, and administration of neuroprotective agents [197, 198]. Unfortunately,
many patients are not candidates for aggressive therapy and in resource-limited
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settings do not have access to combination therapy; the alternative course of action is
palliative care [197, 199]. No marine natural products have been developed to treat
causative agent of rabies, Rabies lyssaviru; however, coelomic fluid from urchins
has demonstrated some efficacy against the virus [200]. Further exploration as a
treatment modality for the rabies virus is warranted.

20 Scabies

Natural products are used as insecticides in the treatment of the mite Sarcoptes
scabiei, which causes scabies in humans and animals. These treatments, however,
often arise from terrestrial sources. Ivermectin was isolated from fermentation of
soil-derived Streptomyces avermitilis and is an oral treatment of scabies worldwide
[201, 202]. Many other natural products from botanical sources have demonstrated
efficacy as insecticides, such as the pyrethrins isolated from Chrysanthemum sp.,
indicating that marine natural product drug discovery may lead to novel therapies for
this NTD [202–204].

21 Taeniasis/Cysticercosis

Taeniasis refers to a human infection with an adult Taenia sp. tapeworm in the gut,
while cysticercosis refers to an infection with the T. solium larvae, and is marked by
cysticerci forming in the muscles, brain, and/or spinal cord. The most serious form of
the disease, neurocysticercosis, results from cysticerci in the brain and can cause
epilepsy and sudden death. Transmission occurs through the oral-fecal route, by
swallowing the eggs shed in feces, either through contaminated food or water or
through poor hand hygiene, can develop cysticercosis. Treatment is currently limited
to surgery or administration of albendazole or praziquantel, although anthelminthic
treatment can lead to an unwanted and dangerous inflammatory response. Access to
CT and MRI equipment is necessary for choosing a treatment, making treatment in
developing countries a challenge. Prevention is key to controlling this disease by
practicing good hygiene, washing raw foods before eating, and drinking either
boiled or filtered and iodine-treated water [205, 206].

22 Yaws

Yaws is an infection caused by the bacterium Treponema pertenue, a subspecies of
T. pallidum, the bacterium responsible for venereal syphilis. It can be found in
tropical areas of Africa, Asia, and Latin America and is transmitted through skin-
to-skin contact. Although the disease is not fatal, it can lead to chronic disfigurement
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and disability if left untreated [207]. Treatment of the disease consists of using the
benzathine penicillin and is highly effective. There are no reports of marine natural
products that have shown activity against this disease potentially due to the existing
inexpensive and readily available treatment [208].

23 Conclusion

NTDs have attracted the interest of the biomedical community in the past decades
and there is a plethora of bioactive metabolites from marine sources. The need for
new drugs to combat drug resistance, side effects, and increase their efficiency is
urgent and can be seen from the lack of drugs against some of the NTDs. Marine
organisms have outstanding potential as drug leads against NTD targets, as judged
by the 145 diverse metabolites described here, demonstrating an IC50 of 15 μM or
below. Discovery of novel metabolites against these targets will increase as more
species are screened, including organisms derived from lesser-studied geographic
regions such as the extreme environments of the deep-sea and Southern Ocean.
Highlighted in this review, many NTDs have multistage infective cycles, providing
numerous routes for therapeutic intervention by marine natural products.

Porifera are the major source of active metabolites against NTDs found in this
review, with bacteria and cyanobacteria emerging as a new source due to the recent
advances in culturing, isolation techniques, and genome mining for silent gene
sequences. Furthermore, marine natural products from biodiversity found in afflicted
countries could be explored, as there are many reports of active metabolites against
other targets from some of those regions, demonstrating the untapped potential.

The importance and potential of marine natural products in NTD drug discovery
is highlighted in this review, as well as the need for more studies to address the
biological activity of the secondary metabolites isolated from these sources. Finally,
new techniques for screening against these diseases in a high throughput way are
needed, as only a few marine natural products have been tested, limiting the potential
of identifying drug leads.
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Abstract The amicoumacin family of natural products, as represented by AI-77-B
and bacilosarcin A, is reported to exhibit various pharmacologically and agricultur-
ally important biological profiles, such as antiulcer, herbicidal, cytotoxic, and
antimicrobial activities. Owing to their promising biological properties as well as
attractive molecular architectures, characterized by a structurally diverse carboxylic
acid moiety bonded via an amide linkage to a common dihydroisocoumarin unit, a
number of total and partial synthetic studies on this family of natural products have
been reported thus far. This review describes the total syntheses of several
amicoumacins isolated from marine organisms.
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Abbreviations

aq Aqueous
Boc Tert-butoxycarbonyl
CAN Cerium(IV) ammonium nitrate
Cbz Benzyloxycarbonyl
CSA 10-Camphorsulfonic acid
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DCC Dicyclohexylcarbodiimide
DEAD Diethyl azodicarboxylate
DEPC Diethylphosphoryl cyanide
DMAP (4-Dimethylamino)pyridine
DMF N,N-dimethylforamide
DPPA Diphenylphosphoryl azide
EDCI 1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
HBTU 1-[Bis(dimethylamino)methylene]-1H-benzotriazolium 3-oxide

hexafluorophosphate
HOBt 1-Hydroxybenzotriazole
KHMDS Potassium hexamethyldisilazanide
LDA Lithium diisopropylamide
liq Liquid
MCPBA m-chloroperbenzoic acid
MOM Methoxymethyl
Ms Methanesulfonyl
NMO N-methylmorpholine N-oxide
PMB 4-Methoxybenzyl
Py Pyridine
quant. Quantitative
SAR Structure–activity relationship
TBAF Tetrabutylammonium fluoride
TBAI Tetrabutylammonium iodide
TBS Tert-butyldimethylsilyl
TES Triethylsilyl
Tf Trifluoromethanesulfonyl
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TMEDA N,N,N0,N0-tetramethylethylenediamine
TMS Trimethylsilyl
Ts Tosyl, [(4-methylphenyl)sulfonyl]
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1 Introduction

The amicoumacin family of natural products, mostly produced by bacteria of the
genus Bacillus, is structurally characterized by a dihydroisocoumarin unit linked via
an amide bond to an unusual amino acid segment, as exemplified by AI-77-B (1),
bacilosarcins A–C (2–4), PM-94128 (5), and Y-05460M-A (6) (Fig. 1) [1, 2]. While
the left-hand dihydroisocoumarin-containing amine segment is a common structure
among this family of natural products, the right-hand acid portion displays consid-
erable structural diversity and presumably originates from various α-amino acids,
such as aspartic acid, asparagine, leucine, and valine. This family of secondary
metabolites is known to exhibit various therapeutically and agriculturally important
biological profiles such as antibacterial, antiulcer, cytotoxic, and herbicidal activi-
ties. Prompted by their unique molecular architectures and promising biological
activities, numerous research groups, including us, have conducted synthetic studies
on this class of natural products as they are considered as new lead compounds for
the development of therapeutic agents as well as agrochemicals. This review
describes the total syntheses of AI-77-B (1), bacilosarcins A–C (2–4), PM-94128
(5), and Y-05460M-A (6).

2 AI-77-B

AI-77-B (1) (also known as amicoumacin B), a representative member of the
amicoumacin family of natural products, was first isolated from the fermentation
broth of Bacillus pumilus as a potent antiulcer agent [3–6]. Since the first isolation of
1 in 1982, several research groups have reported the isolation of 1 mainly from
bacteria of the genus Bacillus, including a marine-derived B. subtilis. This structur-
ally unique pseudopeptide exhibits potent antiulcerogenic activity toward stress
ulcers without anticholinergic, antihistaminergic, or central suppressive side effects
[5–7]. Thus, several SAR studies for 1 have been reported so far [8]. Additionally,
efforts to develop orally active prodrug analogs derived from 1 have also been made
[8, 9]. Owing to these therapeutically important biological profiles as well as its
intriguing molecular architecture, AI-77-B (1) has attracted much attention from
many synthetic organic chemists, which culminated in the total synthesis of 1 by
eight research groups including our own. This section describes seven reported total

Fig. 1 Representative members of the amicoumacin family of natural products
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syntheses of AI-77-B (1), omitting our synthesis which will be discussed in
Section 3.

2.1 Hamada–Shioiri’s Total Synthesis of AI-77-B

The first total synthesis of AI-77-B (1) was accomplished by Hamada–Shioiri’s
group in 1989 (Scheme 1) [10, 11].

They concisely prepared the full carbon skeleton of the amine segment via
diastereoselective addition of a lithiated 6-methylsalicylate derivative, generated
by treating 7 (1.4 equiv) with excess LDA (2.6 equiv), to N-Boc-(S)-leucinal (8)
(1.0 equiv) accompanied by spontaneous lactonization to afford a separable 81:19
mixture of the desired product 9 and 3-epi-9 in 32% yield (61% based on recovered
starting material). Removal of the Boc and MOM protecting groups with
HCl/MeOH furnished the amine segment 10 as its hydrochloride salt.

Scheme 1 Hamada–Shioiri’s total synthesis of AI-77-B
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On the other hand, their synthesis of the acid segment commenced with
α-selenenylation of bicyclic lactam 11, prepared in four steps from D-glutamic acid
[12]. Oxidation of the resulting selenide followed by concomitant syn-elimination of
the intermediary selenoxide gave 12. Dihydroxylation of 12 with OsO4 proceeded
with excellent diastereoselectivity (98:2), furnishing 13 after separation of the minor
diastereomer (80R,90R)-13 by SiO2 column chromatography. Protection of 13 as its
acetonide followed by removal of the benzylidene acetal gave 14, which was
subjected to a one-carbon homologation reaction (KCN, 18-crown-6, Bu3P, and
CCl4 in CH3CN) developed by their group [13], thus providing nitrile 15 in 71%
yield. Hydrolysis of the lactam ring after N-protection of 15 with Boc2O/DMAP
afforded acid segment 16.

Condensation between 10�HCl (1.2 equiv) and 16 (1.0 equiv) using DEPC as a
coupling reagent in the presence of Et3N gave 17 in 70% yield. Acidic methanolysis
of the acetonide group of 17 induced an intramolecular Pinner reaction to afford 18,
which was carefully treated with 0.1 M aqueous NaOH (pH 9) and then with 0.1 M

HCl (pH 6.5) to complete the first total synthesis of AI-77-B (1).

2.2 Thomas’s Total Synthesis of AI-77-B

The second synthesis of AI-77-B (1) was reported by Thomas and coworkers in 1991
(Scheme 2) [14, 15].

For the preparation of the amine segment 10, they utilized a phenyl oxazoline
derivative as a salicylic acid synthon. The synthesis of the amine segment com-
menced with the conversion of 2-methoxy-6-methylbenzoic acid (19) into amide 20
by condensation of 19 with 21 via an acid chloride intermediate and subsequent
hydrolysis of the resulting acyl oxazolidinone derivative. Treatment of 20 with
SOCl2 followed by NaOH afforded oxazoline 22, which was deprotonated with n-
BuLi and then allowed to react with 23, prepared by treating N-Cbz-leucinal with t-
BuMgCl at �78�C, to provide a mixture of 24 and 25. Upon exposure to SiO2, the
mixture was transformed to a separable 87:13 mixture of 26 and its C3-epimer in
44% yield from N-Cbz-leucinal. Removal of the methoxy group with BBr3 followed
by hydrogenolysis in EtOH/aqueous HCl furnished 10�HCl.

The acid segment was synthesized by employing substrate-controlled
diastereoselective dihydroxylation as the key step. Aldehyde 27, prepared in five
steps from L-aspartic acid [16, 17], was subjected to the Horner–Wadsworth–
Emmons reaction under Still–Gennari’s conditions to afford a separable mixture of
28 and its E-isomer in a ratio of 85:12. Dihydroxylation of the Z-olefin 28 using
OsO4 and NMO proceeded in a diastereoselective manner, albeit with modest
diastereoselectivity, to give 29 in 58% yield along with its (80R,90R)-diastereomer
(15%). Protection of the diol 29 as its acetonide followed by hydrogenolysis of the
benzyl ester afforded the acid segment 30.

Condensation of 30 with 10�HCl (1.1 equiv) using DCC and DMAP provided 31
in 54% yield. The amide 31 was treated with aqueous HCl (3 M)/THF (1:1) with the
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intention of inducing removal of the TBS and acetonide protecting groups to afford
azetidinone 32 together with its spontaneous lactonization to di-lactone 33
(amicoumacin C). Contrary to their expectation, however, the product was not 33,
but instead 32. Thus, the five-membered lactone ring was constructed by exposure of
32 to aqueous NaOH (pH 9) followed by acidification with methanolic HCl to give
33�HCl; in the first operation, both the six-membered lactone and azetidinone rings
were presumed to be cleaved. Finally, selective opening of the five-membered
lactone ring afforded the target compound AI-77-B (1).

Scheme 2 Thomas’s total synthesis of AI-77-B
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2.3 Procter’s Total Synthesis of AI-77-B

Procter and coworkers reported the total synthesis of AI-77-B in 1992 (Scheme 3)
[18, 19].

Similar to the first synthesis by Hamada and Shioiri, they also utilized the
nucleophilic addition of a metallated 6-methylsalicylate derivative to N-Boc-leucinal
(8) to obtain the amine segment. Interestingly, however, they found that the
undesired diastereomer 3-epi-35 could be quantitatively transformed to the desired
diastereomer 35 by saponification of 3-epi-35 followed by mesylation of the
resulting hydroxy carboxylate in the presence of Et3N. Mild deprotection of the
methoxy group of 35 with MgI2 and subsequent removal of the Boc group with
methanolic HCl furnished 10�HCl in 87% yield from 35.

Synthesis of acid segment 40 was achieved from commercially available L-
aspartic acid derivative 36 in four steps. First, the protected amino acid 36 was
converted to aldehyde 37 by a conventional two-step sequence. Chain elongation of
37 by the Wittig reaction using 38 in MeOH in the presence of benzoic acid afforded
an E/Z mixture of desired Z-ester 39 (38% isolated yield) and its E-isomer (37%).
The acid segment 40 derived by acidic treatment of 39 was condensed with the
amine segment 10 prior to the installation of the 80,90-erythro diol functionality of

Scheme 3 Procter’s total synthesis of AI-77-B
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AI-77-B. Dihydroxylation of the resulting condensation product 41 proceeded with
low diastereoselectivity, providing a separable mixture of undesired diol 42 (40%)
and desired lactone 43 (54%), the latter of which was considered to be generated via
spontaneous cyclization of the corresponding dihydroxy ester [namely (80S,90S)-
42]. Deprotection of the Cbz protecting group in 43 followed by selective hydrolysis
of the γ-lactone ring furnished AI-77-B (1).

2.4 Vogel’s Total Synthesis of AI-77-B

Vogel and coworkers disclosed the total synthesis of AI-77-B using a unique
strategy involving regio- and stereoselective functionalization of 7-oxobicyclo
[2.2.1]heptane derivatives (Scheme 4) [20].

Their synthesis of AI-77-B began with the conversion of (�)-2-cyano-7-
oxabicyclo[2.2.1]hept-5-en-2-yl acetate [(�)-44], obtained from the Diels–Alder
reaction of furan with 1-cyanovinyl acetate, into 45 by a four-step sequence
consisting of (1) regio- and stereoselective addition of PhSeBr to 44, (2) subsequent

Scheme 4 Vogel’s total synthesis of AI-77-B
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oxidative elimination of the resulting selenide, (3) saponification of the acetyl group
followed by treatment of the resultant cyanohydrin with formalin to form the
corresponding bromoketone, and (4) stereoselective hydrogenation using diimide
[21–23]. After nucleophilic substitution of the bromo group in 45 with NaN3, the
resulting product was converted to silyl enol ether 46. The Rubottom oxidation of 46
with MCPBA gave intermediate silyloxy epoxide 47, which underwent concomitant
nucleophilic addition ofm-chlorobenzoic acid to furnish a mixture of 48a and 48b in
a ratio of 3.8:1. After heating the mixture at 120�C for 10 min, the resulting ketone
was subjected to the Baeyer–Villiger oxidation to afford lactone 49 in 43% yield
from 46. Since 49was unstable at room temperature, its methanolysis was conducted
at �15�C in the presence of methanesulfonic acid, thus providing a 9:1 mixture of
acid segment 50 and its 120-epimer in 63% yield, from which 50 was isolated in 51%
yield by crystallization.

Condensation of the carboxylic acid 50 prepared as a racemate with an equimolar
amount of optically active 10�HCl, obtained according to the Hamada–Shioiri
procedure [10, 11], gave an inseparable 1:1 mixture of 51a and 51b in 84% yield.
The mixture was then oxidized with MCPBA in the presence of a catalytic amount of
BF3�OEt2, providing lactones 52a and 52b in isolated yields of 44% and 52%,
respectively. Reduction of the azido group in 52a with Bu3SnH followed by
saponification of the resulting amino ester 53 according to the literature procedure
completed the total synthesis of AI-77-B (1) [10, 11]. On the other hand, subjection
of 52b to the same procedure produced (80R,90R,100R)-1.

2.5 Kotsuki’s Total Synthesis of AI-77-B

Kotsuki and coworkers reported an efficient total synthesis of AI-77-B utilizing D-
ribose as the common chiral source for the construction of both the acid and amine
segments (Scheme 5) [24].

The key step for the synthesis of amine segment 10�HCl involved a copper-
catalyzed Grignard coupling of 54a with triflate 55. The Grignard reagent 54a, a
salicylic acid synthon, was prepared as a mixture with its regioisomer 54b by
CsF-mediated rearrangement of m-bromophenyl propargyl ether (56) followed by
treatment of the resulting inseparable mixture of benzofurans (57a/57b) with
Mg. The triflate 55, on the other hand, was prepared from D-ribose-derived lactol
58 in three steps [25], and allowed to react in the presence of a catalytic amount of
CuBr with the mixture of 54a and 54b to afford an inseparable mixture of 59a and
59b in 93% yield. Ozonolysis of the mixture followed by methanolysis of the
resulting O-acetyl salicylaldehyde derivatives gave 60a in 64% isolated yield
along with 60b (28%). After protection of the phenolic hydroxy group of 60a as
its benzyl ether and removal of the acetonide group, the resulting lactol 61 was
transformed into the amine segment 10�HCl by a conventional four-step sequence.

The preparation of the acid segment 62 commenced with the conversion of
lactone 64, readily available from D-ribose in two steps [26], into lactam 63 in two
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steps via an N-PMB-protected aminal intermediate. Nucleophilic addition of
allyltrimethylsilane to 63 in the presence of BF3�OEt2 proceeded stereoselectively
to afford 65 in quantitative yield. Removal of the PMB protecting group with CAN
afforded 66 (57% isolated yield) along with benzylic oxidation product 67 (38%
isolated yield), the latter of which could be hydrolyzed to the desire lactam 66 in
74% yield.

Scheme 5 Kotsuki’s total synthesis of AI-77-B
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After protection of 66 with Boc2O in the presence of DMAP, the resulting lactam
68 was hydrolyzed with aqueous LiOH to furnish acid segment 62, which was
employed in the next step without purification.

Condensation of 10�HCl with an equimolar amount of 62 using DEPC delivered
amide 69 in 77% yield. Finally, oxidative cleavage of the terminal double bond with
RuCl3/NaIO4, removal of the acetonide and Boc protecting groups, and a γ-lactone
opening/neutralization sequence furnished AI-77-B (1).

2.6 Ghosh’s Total Synthesis of AI-77-B

The Ghosh group disclosed an efficient total synthesis of AI-77-B featuring a
titanium enolate-mediated asymmetric aldol reaction of an optically active indanol
ester with an aldehyde (Scheme 6) [27, 28].

The preparation of amine segment 70 began with esterification of γ-methylvaleric
acid (71) with chiral indanol 72 to give 73 [29]. The aldol reaction of 73 with 4,4,4-
trichlorobutanal (74) in the presence of TiCl4 and i-Pr2NEt proceeded anti-selec-
tively to furnish a 19:1 mixture of anti-aldol 75 and its syn-diastereomer [30, 31],
from which the desired product 75 was isolated in 90% yield by SiO2 chromatog-
raphy. After mild saponification of 75, the resulting acid was subjected to Curtius
rearrangement using DPPA to afford oxazolidinone 76 as a single isomer. Protection
of 76 with Boc2O in the presence of DMAP followed by hydrolysis of the resulting
N-Boc-oxazolidinone intermediate yielded the corresponding amino alcohol deriv-
ative, which was then protected with 2,2-dimethoxypropane to provide N,O-acetal
77. Conversion of 77 to 78was realized in 85% yield by treatment of 77with n-BuLi
(4.5 equiv) and TMEDA (3.0 equiv) and in situ trapping of the resulting acetylide
with ClCO2Me. The alkynyl ester 78 was also prepared in an alternative manner by
utilizing diastereoselective addition of allyltributyltin to N-Boc-(S)-leucinal (8) as
the key step [32]. The ester 78 thus obtained was subjected to the Diels–Alder
reaction with 79 to give the corresponding cycloadduct, which upon prolonged
heating underwent extrusion of ethylene to afford 80 in 76% yield. Acidic hydrolysis
of the acetonide moiety of 80 accompanied by concomitant lactonization provided
81. Deprotection of the Boc group of 81 with TFA was conducted just before the use
of the resulting amine segment 70 in the next condensation step to prevent its change
into the corresponding seven-membered lactam.

The preparation of acid segment 82 began with condensation of 4-pentenoic acid
(83) with chiral indanol 72. The asymmetric aldol reaction of the product 84 with
(benzyloxy)acetaldehyde (85) furnished syn-aldol 86 as a single diastereomer in
97% yield [31]. After conversion of 86 into 88 via carbamate 87 using essentially the
same procedure as that employed for the preparation of 77 from 75, the N,O-
acetonide 88 was derivatized into aldehyde 89 by reductive removal of the Bn
group followed by the Swern oxidation. One-carbon homologation of 89 was
performed by following Dondoni’s procedure [33]. Treatment of 89 with
2-(trimethylsilyl)thiazole (90) in CH2Cl2 followed by exposure of the resulting
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crude mixture containing 91 and its TMS ether (ratio 1:1) to TBAF delivered pure 91
in 85% yield. After protection of the hydroxy group as its Bn ether, the resultant
thiazole 92 was transformed to aldehyde 93 by the following one-pot three-step
procedure: (1) N-methylation of the thiazole ring with MeOTf; (2) reduction of the
intermediary thiazolinium C¼N bond; and (3) hydrolysis of the resulting

Scheme 6 Ghosh’s total synthesis of AI-77-B
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thiazolidine in the presence of CuO and CuCl2. Oxidation of the aldehyde 93 under
the Pinnick–Kraus conditions yielded the acid segment 82.

Condensation of the acid segment 82 with the amine segment 70 was performed
using EDCI, providing amide 94 in 72% yield. Ozonolytic cleavage of the terminal
double bond of 94 followed by the Pinnick–Kraus oxidation gave a carboxylic acid
intermediate, which was temporarily protected as its Bn ester for clean O-demeth-
ylation in the subsequent step. Unmasking of the methyl-protected phenolic hydroxy
group of 95 was conducted with MgI2 and subsequent removal of the remaining
protecting groups furnished AI-77-B (1).

2.7 Rao’s Total Synthesis of AI-77-B

Rao and coworkers achieved the total synthesis of AI-77-B by using a chiral pool
strategy (Scheme 7) [34].

They prepared the amine segment 10�TFA by a concise three-step sequence that
involved conversion of known triflate 96 into o-toluic acid derivative 97,
nucleophilic addition of the benzyl anion, generated by treating 97 with LDA, to

Scheme 7 Rao’s Total Synthesis of AI-77-B
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N-Boc-(S)-leucinal (8) to form 98, and removal of the Boc protecting group with
TFA [35, 36].

The preparation of the acid segment 99 commenced with the transformation of
100, readily preparable in two steps from D-ribose [37], into aminal 101 by refluxing
a solution of 100 and p-methoxybenzylamine in MeOH in the presence of 4 Å
MS. The resulting crude product 101 was subjected to the Barbier reaction using
allyl bromide to afford 102 in 95% yield as a single diastereomer [38]. After
protection of the hydroxy and amino groups of 102 as its TES ether and tert-butyl
carbamate, respectively, the TBS- and TES-protecting groups of the resulting prod-
uct 103 were removed with TBAF. Oxidative cleavage of the resulting vicinal diol
moiety in 104 followed by the Pinnick–Kraus oxidation of the resultant aldehyde
provided 99.

The acid segment 99 was condensed with an equimolar amount of freshly
prepared 10�TFA using EDCI, i-Pr2NEt, and HOBt to give amide 105 in 67%
yield. The olefinic amide 105 was converted, in a conventional manner, to carbox-
ylic acid 106, the global deprotection of which provided AI-77-B (1).

3 Bacilosarcins A–C

Bacilosarcins A (2) and B (3) were first discovered in the culture broth of the
bacterium Bacillus subtilis TP-B0611 isolated from intestinal contents of the sardine
Sardinops melanostica by Igarashi and coworkers in 2008 [39]. Since the first
isolation by the Igarashi group, other three groups reported the isolation of
bacirosarcins including bacirosarcin C (4) produced by Bacillus subtilis B1779
isolated from a sediment sample collected in the Red sea [40–42]. While no
significant biological activity of bacilosarcin C has been reported so far, bacilosarcin
A was shown to exhibit potent plant growth inhibitory activity against barnyard
millets comparable to that of herbimycin A (an ansamycin antibiotic with potent
herbicidal activity), and bacilosarcin B was revealed to have cytotoxic and antimi-
crobial activities as well as a weak herbicidal activity. From a structural viewpoint,
bacilosarcins are characterized by the unique heterocyclic ring systems embedded in
the acid segment. In particular, the 3-oxa-6,9-diazabicyclo[3.3.1]nonane ring system
incorporated in bacilosarcin A was totally unprecedented both in natural and syn-
thetic compounds. In this section, our first total synthesis of bacilosarcins A–C (2–4)
exploiting thermodynamic control strategies is presented together with a new syn-
thesis of AI-77-B (1) [43].
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3.1 Enomoto–Kuwahara’s Total Synthesis of Bacilosarcins
A–C

As shown in Scheme 8, our total synthesis of bacilosarcins A (2) and B (3)
commenced with the conversion of known epoxy alcohol 107, obtainable by the

Scheme 8 Enomoto–Kuwahara’s total synthesis of bacilosarcins A and B
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Sharpless kinetic resolution of 5-methyl-1-hexen-3-ol [43], into azido epoxide 108
with inversion of configuration. The epoxide 108 was allowed to react in the
presence of BF3�OEt2 with the organolithium species, generated by treating 109
with n-BuLi, to give 110 [44–46]. Lactonization of 110 with CSA and subsequent
catalytic hydrogenation of the azido functionality provided the amine segment 70 of
96% enantiomeric excess (ee) in 27% overall yield from 107 through four steps.

Our acid segment 111 was synthesized by a six-step sequence beginning with
Córdova’s asymmetric epoxidation of conjugated aldehyde 112 mediated by L-
proline derivative 113 [47]. The Horner–Wadsworth–Emmons olefination of the
resulting epoxy aldehyde 114 (97% ee) under Ando’s conditions afforded a mixture
of epoxy diester 115 and its E-isomer in a ratio of 7:1 [48]. Exposure of the mixture
to TFA brought about intramolecular epoxide ring-opening to afford lactone 116 in
75% yield. Conjugate addition of azido anion to 116 was effected in aqueous acetic
acid, furnishing a 5:1 mixture of 117 and its C10´ epimer in an acceptable yield of
51% (71% based on recovered starting material). Reduction of the azido group of
117 by PtO2-catalyzed hydrogenation in the presence of Boc2O yielded 118. Finally,
hydrogenolytic removal of the benzyl group delivered the acid segment 111 in 20%
overall yield from 112 in a concise six-step sequence.

Condensation of 111 with an equimolar amount of 70 using EDCI�HCl in the
presence of DMAP and HOBt provided 119 in 62% yield, the treatment of which
with BBr3 in the presence of anisole induced unmasking of the methyl-protected
phenolic hydroxy and Boc-protected amino groups, providing amicoumacin C (33).
Ammonolysis of the five-membered lactone ring of 33 gave amicoumacin A (120),
which was immediately employed in the next step due to its instability. The
heterobicyclic ring system in bacilosarcin A (2) was best installed by mixing crude
120 with 2,3-butanedione (121) and NH4Cl in CH3CN/MeOH containing a small
amount of water, thus affording bacilosarcin A (2) in 57% yield as a single as well as
the most thermodynamically stable stereoisomer. A total synthesis of AI-77-B (1)
was also achieved by hydrolysis of 33 by following the reported procedure [15].

Having completed the total synthesis of bacilosarcin A (2), we turned our
attention to the transformation of amicoumacin C (33) into bacilosarcin B (3). For
the installation of a four-carbon unit at the amino group of 33, we utilized the
Amadori reaction. Thus, 33 was treated with 3-hydroxy-2-butanone (122) in the
presence of MgSO4 to furnish a 3:2 epimeric mixture of 123 and 140-epi-123 in 72%
yield. Although the mixture was inseparable, we envisaged that both the epimers
could be stereoconvergently transformed to 3 via epimerization at C14´ since the
formation of 140-epi-3 seemed to be difficult due to steric repulsion between C10´
carbamoyl methyl and C14´ methyl groups. As expected, 3 was obtained in an
acceptable yield of 39% by ammonolysis of the mixture, while 140-epi-3 was not
observed at all. An improved transformation of 33 into 3 was realized by
diastereoselective reductive amination of 33 with 2,3-butanedione (121) followed
by ammonolysis of the resulting mixture of 123 and 140-epi-123 (obtained as a 9:1
mixture in 70% yield from 33), thus furnishing 3 in 59% yield [7]. On the other hand,
hydrolysis of the mixture of 123 and 140-epi-123 with aqueous NaOH (0.02 M)
afforded bacilosarcin C (4) in 42% yield [49].
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4 PM-94148 and Y-05460M-A

PM-94128 (5), an antitumor aminoisocoumarin, was isolated from the culture broth
of the marine bacterium Bacillus sp. PhM-PHD in 1996 by Cañedo and coworkers
[50]. On the other hand, Y-05460M-A (6), a one-carbon lower homologue of
PM-94128 exhibiting antimicrobial activity and cytotoxicity, was first isolated in
1992 by Sato and coworkers from the culture broth Bacillus sp. Y-05460M of soil
origin, and in 2013 by Kalinovskaya’s group from Paenibacillus profundus
sp. isolated from a deep sea sediment [51, 52]. The structures of these natural
products were originally proposed as their planar structures, and neither the absolute
nor the relative configurations of PM-94128 and Y-05460M-A have been elucidated
until Py–Valleé’s synthesis of 5 and our synthesis of 6, respectively [53, 54].

4.1 Py–Valleé’s Total Synthesis of PM-94128

The first synthesis and stereochemical elucidation of PM-94128 was accomplished
in 2003 by the Py–Valleé group through their highly diastereoselective approach
(Scheme 9) [53]. Since PM-94128 and its related compound AI-77-B were isolated
from bacteria of the same genus, they assumed that its absolute stereochemistry
would be shown as 5.

Their synthesis of 5 began with the preparation of chiral auxiliary 124 from (R)-
valinol (125) by a four-step conversion involving oxidation of the imine generated
by treating 126 with p-methoxybenzaldehyde followed by treatment of the resultant

Scheme 9 Py–Valleé’s total synthesis of PM-94128
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oxime with NH2OH. After condensation of 124 with isovaleraldehyde, the resulting
nitrone 127 was allowed to react with tert-butyl lithiopropiolate to give 128 in 78%
yield as a single diastereomer. In order to circumvent formation of a nitrone in a
subsequent oxidation step, the hydroxylamine 128 was transformed by a three-step
sequence to oxazinone 129. Diastereoselective dihydroxylation of 129 was realized
by its exposure to RuCl3�3H2O in the presence of NaIO4 for a very short time,
furnishing the corresponding diol in 83% yield as a single diastereomer, whose diol
moiety was then protected as its acetonide. Coupling of the resultant 130 with 3.5
equivalent of 10�HCl, prepared according to Kotsuki’s procedure [24], was
conducted under Ikegami’s conditions to afford 131 in 62% yield [55]. After
deprotection of the Bn group of 131 accompanied by concomitant reduction of the
hydroxylamine moiety, the chiral auxiliary of the resulting amide 132 was removed
by oxidative cleavage using Pb(OAc)4 to yield the corresponding primary amine.
Finally, deprotection of the acetonide moiety with methanolic HCl followed by
adjustment of pH provided 5, whose spectral data and specific rotation were identical
with those of natural PM-94148.

4.2 Enomoto–Kuwahara’s Total Synthesis of PM-94128
and Y-05460M-A

In 2009, we achieved a concise synthesis of PM-94128 and Y-05460M-A (Scheme
10) [54].

The synthesis commenced with conversion of known β-hydroxy lactam 133,
which was readily available from N-Boc-L-leucine in ca. 70% yield by a three-step
sequence [56, 57], into 134 via a corresponding mesylate intermediate.

Scheme 10 Enomoto–Kuwahara’s total synthesis of PM-94128 and Y-05460M-A
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Dihydroxylation of 134 with OsO4 and NMO provided 135 as a single diastereomer,
whose diol moiety was then protected as its acetonide. The resulting lactam 136 was
hydrolyzed with aqueous LiOH in the presence of a catalytic amount of H2O2 to give
the acid segment 137. Condensation of 137 with the known amine segment 70�HCl,
prepared by our procedure [43], was effected by employing HBTU and Et3N to
afford 138 in 60% yield from 136. Treatment of 138 with BBr3 induced deprotection
of all the protecting groups to furnish PM-94128 (5). Thus, the enantioselective total
synthesis of 5 was accomplished in 20% overall yield from 133 in the concise
six-step sequence.

Having completed the total synthesis of 5, we turned our attention to the stereo-
chemical elucidation of Y-05460M-A (6) through synthesis. From the structural
similarity between PM-94128 (5) and Y-05460M-A (6) as well as the fact that both
the natural products were produced by the same genus of bacteria, we presumed that
the absolute stereochemistry of Y-05460M-A would be represented by 6. Thus, L-
valine-derived hydroxy lactam 139was transformed to 6 by following essentially the
same set of the reactions as employed for the synthesis of 5. While the NMR spectra
of 6 disagreed with those of natural Y-05460M-A, the NMR spectra of its hydro-
chloride salt were identical with those of the natural product. Although we could not
verify that the NMR spectra of the natural product had actually been recorded as its
hydrochloride salt due to the unavailability of the natural sample, the complete
agreement in the NMR spectra between 6�HCl and natural Y-05460M-A, coupled
with the stereochemical uniformity of this class of natural product, led us to the
conclusion that the stereochemistry of natural Y-05460M-A should be depicted as 6.

5 Conclusion

Herein, the total syntheses of AI-77-B (1), bacilosarcins A–C (2–4), PM-94128 (5),
and Y-05460M-A (6) are summarized. Since the discovery of amicoumacin A (120),
the first reported amicoumacin, in 1981 [58], new congeners of the amicoumacin
family of natural products have continually been isolated to date. Hetiamacins A–F
and damxungmacins A and B are the representative members of the recently isolated
amicoumacins [59–62]. Synthetic studies on this family of natural products, such as
our improved synthesis of amicoumacin C [63], Sun’s total synthesis of hetiamacin
A [64], and our unified total synthesis of hetiamacins A–D [65], have also been
reported. Furthermore, some of amicoumacins have been revealed to exhibit addi-
tional biological activities such as antiplasmodial activity of bacilosarcin A (2) and
quorum-sensing inhibitory activity of AI-77-B (1) [41, 66]. We hope that the
synthetic studies of the amicoumacin family of natural products will contribute to
the elucidation of their SARs and ultimately to the development of novel medicines
and agrochemicals.
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Abstract Marine cyanobacteria have been known as prolific producers of secondary
metabolites that have intriguing structures and remarkable biological activities. In fact,
some of them have been regarded as promising candidates for drugs and have attracted
attention from pharmaceutical companies. For the last 14 years, our group has
investigated the secondary metabolites of marine cyanobacteria collected in Japanese
coastal areas and has discovered more than twenty types of new natural products from
them. In addition, we have evaluated the biological activities of these compounds and
have clarified the mode of action of some of them. Also, we have achieved the total
syntheses of several of these compounds. In this review, we summarize our efforts
regarding the novel natural products that we have discovered so far.

Keywords Biological activity · Marine cyanobacteria · Marine natural products ·
Structure elucidation · Total synthesis

1 Introduction

The chemical studies of bioactive natural products are important not only in the field
of chemistry but also in a wide range of related fields such as medicinal and
pharmaceutical sciences. Marine organisms such as microorganisms, algae, sponges,
tunicates, and mollusks have attracted considerable attention as a rich source of new
bioactive substances, and a large number of bioactive substances have been found
from them [1]. Among marine organisms, marine cyanobacteria have been consid-
ered as a treasure trove of bioactive substances. Cyanobacteria (sometimes called
blue-green algae) are a group of bacteria that perform oxygen-producing photosyn-
thesis. They are very old organisms that have existed on Earth for about 3 billion
years. They have been greatly involved in the formation of the Earth’s atmosphere,
the evolution of life, and the supply of organic substances on a global scale. The
secondary metabolites produced by cyanobacteria are often peptides or peptide-
polyketide hybrids, and many of the peptides are highly N-methylated. In this
review, we describe that our studies on isolation, structure determination, total
syntheses, and biological activities of natural products isolated from marine
cyanobacteria collected mainly at Okinawa and Amami islands, semitropical area
of southern end of Japan. Several excellent reviews of bioactive compounds from
marine cyanobacteria from other areas have been published [2–4].

2 Polyketides and Macrolides

2.1 Biselyngbyasides

2.1.1 Isolation and Structure

Biselyngbyaside (BLS, 1) (Fig. 1) is an 18-membered macrolide glycoside with
skipped and conjugated dienes isolated from a marine cyanobacterium Lyngbya
sp. collected at Bise in main island of Okinawa [5]. The gross structure of BLS (1)
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was elucidated on the basis of detailed spectral (2D NMR and HRMS) analyses. The
absolute stereostructure of BLS (1) was determined by NMR analyses (NOESY
experiments and coupling constants), application of a modified Mosher method to
the derived secondary alcohols, and the asymmetric synthesis of the possible
diastereomers of the fragment derived from BLS (1).

Biselyngbyolides A (BLLA, 2) [6], B (BLLB, 3) [7], and C (4) [8] without sugar
moiety and biselyngbyasides B (5), C (6), D (7) [9], E (8) and F (9) [8] (Fig. 1) are
analogs of BLS (1) isolated from a marine cyanobacterium collected at
Tokunoshima Island, one of Amami islands in Kagoshima Prefecture, or Ishigaki
Island in Okinawa Prefecture. Their structures were determined by spectral analyses
including their CD spectra.

Growth inhibitory activities against human cancer cells of BLSs are shown in
Table 1. Aglycone type analogs, BLLA (2), BLLB (3), and BLLC (4), exhibit
particularly potent activity. On the other hand, biselyngbyaside C (6) whose conju-
gated diene has been oxidatively modified is inactive. Therefore, the conjugated
diene of BLSs is important for the potent activity, and the sugar moiety decreases the
activity. BLSs induce apoptosis toward cancer cells via endoplasmic reticulum
(ER) stress. The target biomolecule of BLS is sarco/endoplasmic reticulum
(SR/ER) Ca2+-ATPases (SERCA), the calcium pump responsible for establishing
the Ca2+ concentration gradient across the SR/ER membrane. BLSs are high affinity
(Ki ca 10 nM) inhibitors of SERCA with a unique binding mode (Table 1) [10]. The
crystal structures of SERCA in complex with BLS and BLLB have been determined.
The SERCA-type calcium pumps are essential membrane proteins that control
various cellular functions, and therefore are conserved in a wide range of organisms.
A SERCA ortholog of the malaria parasite, PfATP6, has attracted attention as a
malarial drug target.

Table 1 Growth inhibitory activities against human cancer cells and SERCA inhibitory activities
of BLSs

Compounds

IC50 (μM) Ki (nM)

HeLa cells HL60 cells SERCA1a

Biselyngbyaside (1) 0.30a 0.057a 19b

Biselyngbyolide A (2) 0.039c 0.012c 9b

Biselyngbyolide B (3) 0.049a 0.030a 17b

Biselyngbyolide C (4) 0.046a 0.024a 18,000b

Biselyngbyaside B (5) 6.5c 0.040c ndd

Biselyngbyaside C (6) >10c ndd ndd

Biselyngbyaside D (7) >1.0c ndd ndd

Biselyngbyaside E (8) 0.19a 0.071a ndd

Biselyngbyaside F (9) 3.1a 0.66a ndd

aRef. [8]
bRef. [10]
cRef. [9]
dNot determined
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Biselyngbyaside inhibited both early and late stage osteoclast differentiation in
RAW264 cells and decreased the cell viability of mature osteoclasts, but had no
effect on the viability of undifferentiated RAW264 cells [11]. Therefore, BLS may
be useful for the prevention of bone lytic diseases such as osteoporosis.

The author’s group achieved total syntheses of BLLA (2) [12], BLLB (3) [13],
and BLS (1) [14]. Their 18-membered rings were constructed by intramolecular
Stille coupling reactions. Total synthesis of BLLB (3) was also achieved by
Goswami [15] and Maier [16] groups. Goswami group recently achieved total
syntheses of BLLA and BLLC [17]. Based on the co-crystal structures of SERCA
with BLS and BLLB, several artificial analogs of BLLB were designed and synthe-
sized, and their biological activities against malarial parasites were evaluated [18].

2.2 Koshikalide

Koshikalide (10) (Fig. 2) is a 14-membered macrolide isolated from a marine
cyanobacterium Lyngbya sp. collected at Koshika, Shima City in Mie Prefecture
[19]. Koshikalide (10) exhibited weak cytotoxicity against HeLa S3 cells. The
structural features of 10 are two trisubstituted olefins sequenced as a skipped-form.
The gross structure of koshikalide 10 was elucidated by spectral (2D NMR and
HRMS) analyses. The relative stereostructure of 10 was determined by NOESY
experiments and by analyses of vicinal 1H–1H coupling constants. Total synthesis of
koshikalide (10) was achieved by the author’s group, and the absolute stereochem-
istry of 10 was determined [20]. Synthetic study of 10 has been carried out by Babu
and Rao [21].

Fig. 2 The structures of koshikalide and leptolyngbyolides (highly probable stereochemistry is
shown for a, b, and d)
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2.3 Leptolyngbyolides

Leptolyngbyolides A-D (11–14) (Fig. 2) are 22-membered macrolides isolated from
a marine cyanobacterium Leptolyngbya sp. collected on the coast of Itoman City,
Okinawa Prefecture [22]. Leptolyngbyolides exhibit potent growth inhibition activ-
ities against HeLa S3 cells and induce apoptosis to the cancer cells. The target
molecule of leptolyngbyolides is acitin, a cytoskeleton protein: leptolyngbyolides
induce depolymerization of filamentous actin (F-actin). The gross structures of
leptolyngbyolides were determined based on spectral (2D NMR and HRMS) ana-
lyses. The relative configurations of leptolyngbyolides were partially determined by
NOESY experiments. The authors assumed that leptolyngbyolides had a relative
stereochemistry identical to that of lobophorolide [23], a structurally closely related
compound isolated from the sea alga Lobophora variegata: their NOESY data did
not contradict this assumption. To verify the predicted stereochemistry, asymmetric
total synthesis of leptolyngbyolide C was achieved by Shibasaki and co-workers. A
key reaction to construct the 22-membered lactone was Yamaguchi lactonization
reaction. All the spectral data of the synthetic leptolyngbyolide C were identical to
those of the natural product to determine the absolute configuration of
leptolyngbyolide C as shown in formula 13.

2.4 Kanamienamide

Kanamienamide (15) (Fig. 3) is a hybrid of polyketide and amino acid with an
11-membered ring isolated from the marine cyanobacterium Moorea bouillonii
collected at Kanami on Tokunoshima Island and is the first discovered natural
product that contains an N-Me-enamide group adjacent to an enol ether moiety
[24]. Its gross structure was elucidated by spectral analyses and the relative
stereostructure was determined based on NOESY experiments and by an analysis
of vicinal 1H–1H coupling constants. The absolute configuration of N-Me-Leu
obtained from acid hydrolysate of 15 was determined to be L by chiral HPLC
analyses, therefore the absolute stereostructure of kanamienamide was determined
as shown in formula 15. The first total synthesis of 15 has been achieved by He and

Fig. 3 The structures of kanamienamide and hoshinolactam
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co-workers [25]. The author’s group has also achieved total synthesis of 15 and
evaluated biological activities [26], this clarified that kanamienamide was not an
apoptosis-like cell death inducer, as reported in the isolation paper [24], and revealed
its real biological activity as a necrosis-like cell death inducer. A formal total
synthesis of 15 has been accomplished by Ye and co-workers [27].

2.5 Hoshinolactam

Hoshinolactam (16) (Fig. 3) is an antitrypanosomal lactam isolated from a marine
cyanobacterium morphologically classified into the genus Oscillatoria, collected at
the coast near Hoshino on Ishigaki Island, Okinawa [28]. Structural feature of 16 is
possession of both a cyclopropane ring and a γ-lactam ring. The gross structure of 16
was elucidated by spectral analyses and the relative configuration of cyclopropane
ring was determined based on analyses of the coupling constants and NOESY
correlations. The absolute configurations of three stereocenters on the γ-lactam
ring were determined based on a combination of derivatization reaction, a modified
Mosher method, and synthetic means. To clarify the absolute configuration of the
cyclopropane moiety, the authors synthesized two possible diastereomers of 16 and
compared their 1H NMR spectra and specific rotations with those of natural 16
[28]. Thus, the absolute stereochemistry was determined as shown in formula 16.
The total synthesis of 16 has also been achieved by Colobert and co-workers [29].

2.6 Yoshinone A

Yoshinone A (17) and related analogs yoshinones B1 (18) and B2 (19) (Fig. 4) were
isolated from the marine cyanobacterium Leptolyngbya sp. collected at Ishigaki
island, Okinawa [30]. Yoshinones are polyketides with a γ-pyrone ring and are
structurally similar to kalkipyrone (20). The gross structures of yoshinones were

Fig. 4 The structures of yoshinones, kalkipyrone, and caldorin
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determined based on spectral analyses. Yoshinone A (17) inhibited adipogenic
differentiation of 3T3-L1 cells, but 18 and 19 did not show such activity.
Kalkipyrone (20) exhibited anti-obesity effects for in vivo animal experiments
using mice fed with a high-fat diet [31]. The author’s group has achieved total
synthesis of 17 and its diastereomer to determine absolute stereostructure of
yoshinone A [32].

2.7 Caldorin

Caldorin (21) (Fig. 4) is a polyketide with a cis-fused decalin ring scaffold, isolated
from the marine cyanobacterium Caldora penicillate [33]. The gross structure and
relative configuration of 21were elucidated by spectroscopic analyses. Caldorin (21)
inhibited both sterol O-acyltransferase (SOAT) activity and osteoblast differentia-
tion without cytotoxicity against HeLa or HL60 cells, but the activities are moderate
or weak.

3 Linear Peptides with Heterocycles

3.1 Bisebromoamides

Bisebromoamide (BBA, 22) (Fig. 5) was isolated from the marine cyanobacterium
Lyngbya sp. collected at Bise in Okinawa Prefecture [34]. Structural feature of BBA
(22) is possession of a 2-substituted 4-methylthiazoline (Tzn) fused to a
4-methylproline, N-methyl-3-bromotyrosine, and 2-(1-oxopropyl)pyrrolidine
(Opp) residues, and a high degree of D-amino acids and N-methylated amino
acids. The gross structure was elucidated by spectral analyses and the absolute
stereostructure of 22 was determined by chemical degradation followed by chiral
HPLC analyses. The absolute structure of 22 has been revised based on the first total
synthesis of 22 and the other diastereomer concerning Tzn moiety by Ye and
co-workers [35].

Fig. 5 The structures of bisebromoamides and biseokeaniamides
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Bisebromoamide (22) exhibited potent cytotoxicity against HeLa S3 cells with an
IC50 value of 0.04 μg/mL and potent protein kinase inhibition: the phosphorylation
of extracellular signal regulated protein kinase (ERK) in NRK cells by platelet-
derived growth factor (PDGF) stimulation was selectively inhibited by treatment
with 10–0.1 μM of BBA (22) [34]. Bisebromoamide (22) suppresses renal cell
carcinoma (RCC) proliferation and potentiates apoptosis by inhibiting both the
Raf/MEK/ERK and the PI3K/Akt/mTOR pathways [36]. The target biomolecule
of BBA (22) is actin: Bisebromoamide stabilized actin filaments (F-actin), and
inhibited depolymerization of F-actin. This is the first example of a linear peptide
actin-targeting molecule [37].

Norbisebromoamide (23) is an analog of BBA, isolated from the same marine
cyanobacteria Lyngbya sp. [38]. The structure–activity relationships (SARs) of BBA
(22) were investigated with the use of natural and synthetic analogs [38]. Ma and
co-workers achieved the total synthesis of BBA and related analogs and investigated
SARs: the configuration of alanine residue is important for potent cytotoxicity of
BBA (22) [39]. Hulme and co-workers synthesized thiazole analogs of BBA (22)
and evaluated their cytotoxicities: N-methyl-3-bromotyrosine and N-terminal
pivalamide are required for potent cytotoxicity of BBA (22) [40].

3.2 Biseokeaniamides

Biseokeaniamides A (24), B (25), and C (26) (Fig. 5) are linear peptides possessing a
terminal thiazole, isolated from an Okeania sp. marine cyanobacterium collected at
Bise, Okinawa, Japan [41]. Their structures were established using a combination of
spectroscopic analyses, degradation reactions, and HPLC analyses.
Biseokeaniamide B (25) showed moderate cytotoxicity against HeLa cells, but the
activities of biseokeaniamides A (24) and C (26) were much lower than that of
biseokeaniamide B (25). Biseokeaniamides A (24), B (25), and C (26) inhibited
sterol O-acyltransferase (SOAT), not only at an enzyme level but also at a cellular
level. Ohno, Matsuno, and co-workers identified biseokeanidemide A (24) as a
selective inhibitor of lipopolysaccharides (LPS) signal transduction, a potential
anti-inflammatory agent [42].

4 Linear Peptides and Depsipeptides

4.1 Maedamide

Maedamide (27) (Fig. 6) is a linear depsipeptide with an unusual γ-amino acid,
4-amino-3-hydroxy-5-phenylpentanoic acid, isolated from a marine cyanobacterial
assemblage that mostly consisted of Lyngbya sp. collected at Cape Maeda, Okinawa
[43]. Its structure was elucidated by spectroscopic analyses and chiral HPLC

Bioactive Substances from Marine Cyanobacteria 285



F
ig
.6

T
he

st
ru
ct
ur
es

of
m
ed
am

id
e,
iz
en
am

id
es
,a
nd

ih
ey
am

id
es

286 K. Suenaga and A. Iwasaki



analyses of hydrolysis products of 27. The first total synthesis of 27 was achieved by
the author’s group, and the absolute configuration of 27 has been revised
[44]. Maedamide (27) exhibited strong protease-inhibitory activity selectively
against chymotrypsin and inhibited the growth of HeLa cells and HL60 cells [43].

4.2 Izenamides

Izenamides A (28), B (29), and C (30) (Fig. 6) were isolated from a taxonomically
independent cyanobacterium collected at Izena Island, Okinawa [45]. Izenamides A
and B contain 4-amino-3-hydroxy-6-methylheptanoic acid called statin, whereas
izenamide C does not. The structures of 28–30 were elucidated by a combination
of spectroscopic analyses and degradation/derivatization reactions. Izenamides A
and B inhibited the activity of cathepsin D, an aspartic peptidase, without exhibiting
cytotoxicity against HeLa, HL60, or MCF-7 cells. Total syntheses of izenamides A,
B, and C were achieved by Lim [46].

4.3 Iheyamides

Iheyamide A (31) (Fig. 6) is a linear peptide isolated from a marine Dapis
sp. cyanobacterium collected at Iheya Island, Okinawa [47]. Iheyamide A (31) is
the first natural product that has both an N,N-dimethylphenylalanine and an unusual
isopropyl-O-Me-pyrrolinone (iPr-O-Me-pyr) moieties at N- and C- terminus, respec-
tively. Iheyamides B (32) and C (33), related amino acid analogs of 31, were isolated
from the same cyanobacterium together with 31 [47]. Their structures were eluci-
dated by spectroscopic analyses and degradation reactions. Iheyamide A (31)
showed moderate antitrypanosomal activities against Trypanosoma brucei
rhodesiense and Trypanosoma brucei brucei without significant cytotoxicity against
normal human cells, but the other two analogs, iheyamides B (32) and C (33), which
lack iPr-O-Me-pyr, did not. Therefore, the iPr-O-Me-pyr moiety of 31was necessary
for the antitrypanosomal activity.

5 Lipopeptides

5.1 Kurahynes

Kurahyne (34) and kurahyne B (35) (Fig. 7) are terminal acetylene-containing
lipopeptides with a ketone moiety isolated from a cyanobacterial assemblage that
mostly consisted of Lyngbya sp. collected at Kuraha, Okinawa [48, 49]. Their gross
structures were elucidated based on spectroscopic analyses, and the absolute
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configuration of 34 was determined by chiral HPLC analyses of acid hydrolysate of
34. The author’s group achieved total syntheses of kurahyne (34) and kurahyne B
(35) and confirmed their absolute stereostructures [49]. Kurahynes exhibited growth
inhibitory activities against HeLa and HL60 cells and induced apoptosis and
ER-stress in HeLa cells. The intracellular target molecule of 34 was identified as
SERCA [50].

5.2 Jahanyne Family

Jahanyne (36) (Fig. 7) was isolated from the marine cyanobacterium Lyngbya
sp. collected at the coast near Jahana, Okinawa [51]. Structural features are a
terminal acetylene, a 2-(1-oxoethyl)pyrrolidine, and five N-methyl amides. The
absolute stereostructure of 36 was determined based on a combination of chiral
HPLC analyses, spectroscopic analyses, and derivatization reactions. Jahanyne (36)
inhibited the growth of both HeLa cells and HL60 cells and induced apoptosis in
HeLa cells. Total synthesis of 36 was achieved by Brimble and co-workers for the
first time [52], and also by the author’s group [53] and Wang, Chen, and co-workers
[54]. Chandrasekhar and co-workers synthesized desmethyl jahanyne and related
analogs and deduced from biological experiments using the synthetic analogs that
the target molecule of 36 had been Bcl-2, antiapoptotic protein [55]. Wang, Chen,
and co-workers designed and synthesized artificial analogs of 36 and showed that
jahanyne and its analogs could induce G0/G1 cell cycle arrest in H820 cells
[56]. Two natural jahanyne analogs, jahanene (37) and jahanane (38), were isolated
from a marine cyanobacterium Okeania sp. [53]. Their structures were determined
by spectral analyses and confirmed by total syntheses of 37 and 38. It has been
clarified that the degree of unsaturation at the terminus of the fatty acid moiety
affects the growth inhibitory activity against human cancer cells.

5.3 Hoshinoamides

Hoshinoamides A (39) and B (40) (Fig. 7) are acyclic lipopeptides isolated from the
marine cyanobacterium Caldora penicillate, and possess an unusual long-chain
amino acid moiety and a hydroxyphenylbutanoic acid moiety [57]. Their structures
were elucidated by spectroscopic analyses and degradation reactions.
Hoshinoamides A (39) and B (40) did not inhibit the growth of HeLa cells, but
inhibited the in vitro growth of the malarial parasite Plasmodium falciparum.
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5.4 Minnamide A

Minnamide A (41) (Fig. 7) is a lipopeptide that contains a fatty acid with a repeating
structure consisting of hydroxy and proposed β-branched methyl groups isolated
from the marine cyanobacterium Okeania hirsuta collected at Minna Island, Oki-
nawa [58]. The gross structure of 41 was elucidated by spectral analyses, and the
absolute stereochemistry was determined based on a combination of chiral HPLC
analyses, a modified Mosher method, analyses of vicinal coupling constants
and NOE experiments for the derived cyclic ethers, chemical degradation reactions,
and synthetic methods. Minnamide A (41) inhibited the growth of HeLa cells and
induced necrosis-like regulated cell death, which may involve the copper-mediated
accumulation of reactive oxygen species (ROS) [58].

5.5 Mabuniamide

Mabuniamide (42) (Fig. 7) was isolated from anOkeania sp. marine cyanobacterium
collected from the coast of Odo, in Okinawa [59]. The absolute configuration of 42
was determined by spectral analyses and Marfey’s analyses of the acid hydrolysate
of 42 and confirmed by total synthesis. Mabuniamide (42) stimulated glucose uptake
in cultured rat L6 myotubes in a dose-dependent and insulin-independent manner
and exhibited moderate antimalarial activity.

5.6 Ikoamide

Ikoamide (43) (Fig. 7) is a highly N-methylated lipopeptide possessing a
3,5-dimethoxyoctanoic acid moiety isolated from an Okeania sp. [60] marine cya-
nobacterium collected at Iko-pier, Kuroshima Island, Okinawa. Its absolute config-
uration was clarified based on a combination of spectroscopic analyses, chiral- phase
HPLC analyses, derivatization reactions, and synthetic means. Ikoamide (43)
showed potent and selective antimalarial activity against the malarial parasite Plas-
modium falciparum 3D7 clone without cytotoxicity.

6 Cyclic Peptides and Depsipeptides

6.1 Kurahamide

Kurahamide (44) (Fig. 8), an analog of dolastatin 13, was isolated from a marine
cyanobacterial assemblage, consisting mostly of Lyngbya sp. collected at Kuraha,
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Okinawa [61]. The absolute configuration of 44 was established by spectroscopic
and chiral HPLC analyses of acid hydrolysates. Kurahamide (44) exhibited strong
protease-inhibitory activity against elastase and chymotrypsin and the growth inhib-
itory activities of HeLa and HL60 cells.

6.2 Janadolide

Janadolide (45) (Fig. 8) is a cyclic polyketide-peptide hybrid possessing a tert-butyl
group, isolated from an Okeania sp. marine cyanobacterium collected at the coast
near Janado, Okinawa [62]. The gross structure of 45 was elucidated by spectro-
scopic analyses, and the absolute configuration of the peptide moiety was deter-
mined by chiral-phase HPLC and Marfey’s analyses of the acid hydrolysate from 45.
The absolute configuration of the polyketide moiety was elucidated based on a
combination of degradation reactions and spectroscopic analyses including applica-
tion of the PGME method to the derived carboxylic acid. Total syntheses of 45 were
achieved by the author’s group [63] and Payne group [64]. Reddy and co-workers
reported synthesis of des-tert-butyl Janadolide [65].

6.3 Urumamide

Urumamide (46) (Fig. 8) is a cyclodepsipeptide with a β-amino acid, 2-methyl-3-
aminopentanoic acid, isolated from a marine cyanobacterium Okeania sp. collected
at Ikei Island, Okinawa [66]. The structure of 46 was established by spectroscopic
analyses, Marfey’s method and chiral HPLC analyses of acid hydrolysates.
Urumamide 46 inhibited chymotrypsin, a kind of serine protease, and exhibited
weak growth inhibitory activity against human cancer cells.

6.4 Kohamamides

Kohamamides A, B, and C (47–49) (Fig. 8), cyclic depsipeptides that belong to the
kulolide superfamily, were isolated from an Okeania sp. marine cyanobacterium
collected at Kohama Island, Okinawa [67]. Their structures were elucidated by
spectroscopic analyses, degradation reactions, and chemical interconversions.
Kohamamides exhibited moderate cytotoxicity against HeLa and HL60 cells.
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6.5 Croissamide

Croissamide (50) (Fig. 8) is a proline-rich cyclic peptide that contains an N-
prenylated tryptophan, isolated from a marine cyanobacterium Symploca
sp. collected at Minna Island (called “croissant island” due to its crescent shape),
Okinawa [68]. The structure of 50 was determined by spectroscopic analyses and
chiral HPLC analyses of acid hydrolysates.

7 Conclusion

This review has summarized new bioactive substances found by the author’s group.
We isolated a variety of new bioactive substances from the marine cyanobacteria
collected at Okinawa and Amami islands, and determined their chemical structures.
Some compounds such as biselyngbyaside (1) and its analogs, bisebromoamide (22),
jahanyne (36), and minnamide A (41) exhibit potent biological activities and possess
unusual chemical structures. In most cases, these natural products were obtained in
trace amounts from the marine cyanobacteria. We achieved total syntheses of
16 natural products and provided ample amounts for elucidation of biological
activities. Target biomolecules and/or mechanism of biological activities have
been elucidated for some compounds.
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Abstract Marine sponges are considered as an untapped reservoir of biologically
active natural compounds exhibiting numerous interesting and potentially useful
pharmacological activities, including antimicrobial, antifungal, cytotoxic, anti-
inflammatory, and immunostimulatory activities. One class of such compounds is
the cyclic depsipeptides, which are characterized by the incorporation of at least one
ester linkage into their structures. Callipeltin A and its 14 analogs, neamphamide A,
papuamides A and B, pipecolidepsin A and 10 homophymines are cyclic
depsipeptides isolated from marine sponges, have structurally unique features incor-
porating several modified amino acid residues, and are well known for their potent

R. A. Abdelhamid
Department of Pharmacognosy, Faculty of Pharmacy, Al-Azhar University, Assuit, Egypt

Graduate School of Science and Engineering, Yamagata University, Yonezawa, Japan
e-mail: reda.ahmed@azhar.edu.eg

H. Konno (*)
Graduate School of Science and Engineering, Yamagata University, Yonezawa, Japan
e-mail: konno@yz.yamagata-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/7081_2020_47&domain=pdf
https://doi.org/10.1007/7081_2020_47#DOI
mailto:reda.ahmed@azhar.edu.eg
mailto:konno@yz.yamagata-u.ac.jp


HIV-inhibitory activity. A variety of synthetic studies have been undertaken, to
elucidate the motifs essential for biological activity and meet the challenge posted by
their synthesis. In this chapter, recent progress in the isolation and synthesis of the
callipeltins will be reviewed.
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1 Introduction

Depsipeptides are a class of peptides incorporating both amide and ester bonds, and
are found in many marine organisms including bacteria, mollusks, and tunicates.
There are two types of depsipeptides: linear and cyclic depsipeptides [1]. Cyclic
depsipeptides (CDPs), also known as “cyclodepsipeptides or peptolides” are
cyclooligomers comprising a core ring constructed from amino acids and at least
one hydroxy acid such that its constituent residues are joined by amide and at least
one ester (lactone) bonds. CDPs are thus an extraordinarily diverse class of natural
products [2] differing in the structures of both their ring and side chains, and
incorporating both natural and unnatural amino acid building blocks [3, 4]. Cyclic
tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, deca-, and trideca CDPs are all known,
so classified based on the total number of amino and hydroxy acids [4].

Marine organism-derived cyclic depsipeptides are potential sources of biologi-
cally active lead compounds, exhibiting anti-HIV, antifungal, anti-inflammatory,
and cytotoxic activities [5]. Natural product researchers have focused on the isola-
tion and identification of bioactive cyclic peptides from sponges [6], and synthetic
chemists have undertaken stereostructural determination and synthetic studies.
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2 Isolation of Cyclic Depsipeptides

2.1 Distribution of Cyclic Depsipeptides in Marine Sponges

Marine sponges are considered as abundant source of bioactive peptides, particularly
cyclic peptides that are distributed in many sponge genera as Dysidia, Callipelta,
Discodermia, Phakellia, Stylotella, Stylissa, and Theonella. Table 1 listed a selection
of bioactive cyclic depsipeptide and their corresponding natural source [6–8].

2.2 Isolation and Structural Analysis of Callipeltins

Callipeltins are a large group of cyclodepsipeptides characterized by the presence of
the unusual Me2Gln residue, initially isolated from the marine sponge Callipelta sp.,
and subsequently found in other species such as Latrunculia sp. [32]. There are
linear and cyclic callipeltins: examples of the latter are jaspamide, geodiamolide H,
neamphamide, callipeltins, papuamides, mirabamides, stellettapentins, and
stellatolides; and all have demonstrated a wide range of biological activities includ-
ing antifungal and antiviral activity, cytotoxicity against several human tumor cell
lines, and the ability to regulate the contraction of myocardial cells [1, 5, 21,
24]. Many of these compounds have been isolated, characterized, synthesized, and
used for the synthesis of analogs, for the optimization of their activities. Callipeltins
B (3) – M (4) are believed to be degradative products of callipeltin A (1) [1].

Callipeltin A (1) (Fig. 1) (C68H116N18O20) was the first callipeltin to be isolated
from the sponges Callipelta and Latrunculia sp. [1, 9, 35–37]. It is a macrocyclic
depsipeptide, incorporating numerous nonribosomal amino acids, a unique N-termi-
nal aliphatic hydroxy acid moiety and three unusual amino acid residues:
(2R,3R,4S)-4-amino-7-guanidino-2,3-dihydroxyheptanoic acid (AGDHE, 5),
(3S,4R)-3,4-dimethyl-L-glutamine (Me2Gln, 6), and β-methoxytyrosine (-
β-MeOTyr, 7) in addition to four amino acids present in their L configuration
(Ala, Leu, and two Thr residues); one D-Arg; two N-methyl amino acids, N-
MeAla and N-MeGln [1, 38]. Callipeltin A (1) has anti-HIV and antifungal activity,
is cytotoxic to several human carcinoma cell lines, and is also a potent selective
inhibitor of Na+/Ca2+ exchange, exhibiting a positive inotropic-effect in the left atria
of the Guinea pig [1, 32, 39].

The neamphamides B-D and callipeltins N (8) and O (9) are closely related to
callipeltin A (1), having identically sized lactone rings, and incorporating both
β-MeOTyr (7) and AGDHE (5) residues. The papuamides, mirabamides,
stellatolides, and stellettapeptins are also related to callipeltin A (1) but lack an
AGDHE (5) residue and incorporate the dipeptide Thr-dAbu also found in
homophymines, theopapuamides, and some other related peptides [24] (Fig. 1).

Callipeltin B (3)was isolated from Callipelta sp. and Latrunculia sp. Its structure
incorporates one residue each of N-methylalanine (MeAla), β-MeOTyr (7),
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N-MeGln, Leu, D-Arg, and two residues of D-alloThr, in addition to one residue of
3,4-dimethylpyroglutamic acid (Me2pyroGlu, 10), which replaces the AGDHE (5),
Ala and Me2Gln (6) residues in callipeltin A (1) (Scheme 1) [33]. Callipeltin B (3)
was cytotoxic to human bronchopulmonary non-small cell lung carcinoma NSCLC-
N6 (IC50 ¼ 1.3 μg/mL), murine leukemia P388 (IC50 < 3.3 μg/mL), and human
melanoma M96 cells (IC50 < 3.3 μg/mL) [32, 35, 37, 40], and inhibited Na+/Ca2+

Table 1 Sources of sponge cyclic depsipeptides and their biological activities

Compound Source organism Bioactivity Ref.

Arenstatin A Dysidea arenaria Anticancer

Callipeltin A Callipelta sp. Antiviral [9]

Celebesides Siliquariaspongia
mirabilis

Antiviral [10]

Discodermins A-H Discodermia sp. Anticancer [6]

Geodiamolide H Geodia corticostylifera Anticancer [11]

Gunungamide A Discodermia sp. Anticancer [12]

Homophymines
B-E

Homophymia sp. Anticancer [13]

Homophymines
A1-E1

Homophymia sp. Anticancer [13]

Halileptins Haliclona sp., Leiosella
cf. arenifibrosa

Anti-inflammatory [14]

Jaspamide Jaspis and
Hemiastrella genus

Insecticidal, antimicrobial,
antiplasmodial, anticancer,
antiparasitic

[15]

Microspinosamide Geodia (Sidonops)
microspinosa

Antiviral [16]

Mirabamides A-D Siliquariaspongia
mirabilis

Antiviral [17]

Mirabamides E-H Stelletta clavosa Antiviral [17]

Neamphamide A Neamphius huxleyi Antiviral [15]

Papuamides A and
B

Theonella mirabilis and
Theonella swinhoei

Antiviral [18]

Theopapuamide B Siliquariaspongia
mirabilis

Antiviral [19]

Neamphamides Neamphius huxleyi Anticancer [20, 21]

Pipecolidepsins A
and B

Homophymia lamellosa Anticancer [22]

Stylissatins A-D Stylissa massa Anticancer [7, 23]

Stellatolide H Discodermia sp. Anticancer [24]

Stellettapeptin B, Discodermia sp. Antiviral [24]

Swinhopeptolides
A and B

Theonella swinhoei Anticancer [5]

Nagahamide A Theonella swinhoei Antibacterial [25]

Theonellapeptolides Theonella sp. Immunosuppressive, antimicrobial [26, 27]

Keramamides A-N Theonella sp. Anticancer [28–31]
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exchange. However, callipeltin B (3) did not exhibit significant anti-HIV activity.
Comparison of the structures of callipeltin A (1) (which does exhibit anti-HIV
activity) and callipeltin B (3) led to the conclusion that the N-terminal side chain
of callipeltin A (1) (which is not present in callipeltin B (3)) is important for this
antiviral activity [41].

Callipeltin C (11) is an acyclic callipeltin (Fig. 2), obtained from Latrunculia
sp. and having the same amino acid configurations as callipeltin A (1)
[42]. Callipeltin C (11) showed antifungal activity against Fusarium oxysporum,
Helminthosporium sativum, Phytophthora hevea, and Candida albicans [37, 40,
43]. Callipeltin C (11) was significantly less cytotoxic to human cancer cell lines
than callipeltin A (1) and callipeltin B (3), suggesting the presence of the macrocy-
clic ring to be critical for this bioactivity [33].

Callipeltin D (12) (C32H60N8O11) is an acyclic peptide (Fig. 2) obtained from
Latrunculia sp. [37]. By comparison of its 1H NMR spectra with that of callipeltin A
(1), it was shown to be a truncated open-chain derivative incorporating one residue
each of Ala, D-alloThr; two nonproteinogenic amino acids, AGDHE (5) and Me2Gln
(6); and the fatty acid (2R,3R,4R)-3-hydroxy-2,4,6-trimethylheptanoic acid
(TMHEA, 13) [37, 41].

Callipeltin E (14) (C36H61N10O11) (Fig. 2) is a truncated, acyclic hexapeptide
derivative of callipeltin A (1) isolated from Latrunculia sp., and incorporating
unique nonproteinogenic amino acids such as D-alloThr, D-Arg, Leu, MeGln,
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MeAla, and β-MeOTyr (7) in addition to AGDHE (5) and TMHEA (13) [1, 32,
39]. 1D and 2D NMR analyses revealed the presence of six amino acid residues
which are also present in callipeltin A (1) [37] (Fig. 2).

Callipeltin F (15) (C42H79N13O14) was isolated as colorless amorphous solid.
Structurally it is similar to callipeltin C (11), though incorporating one residue each
of Ala, D-Arg, Me2Gln (6), AGDHE (5), TMHEA (13), and of two residues of
D-alloThr [43] (Fig. 3).
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Callipeltin G (16) (C54H100N16O17) is structurally similar to callipeltin F (15),
though incorporating an additional residue of Leu and N-MeGln (Scheme 1). The
sequencing of these units was confirmed by analysis of ESIMS/MS fragmentation
peaks [43].

Callipeltin H (17) (C68H116N18O20) is structurally similar to callipeltin C (11)
and their NMR spectra were consistent, except for the presence of signals confirmed
by TOCSY and HMBC data to correspond to one dAbu (Fig. 3). The geometry of the
dAbu unit was determined to be Z by comparison of NMR data with that of the two
geometrical isomers of the dAbu unit [43].

Callipeltin I (18) (C42H77N13O13) differs from callipeltin F (15) (Fig. 3) by one
water molecules. ESIMS/MS fragmentation peaks confirmed the sequencing of the
amino acid units. The presence of a dAbu unit was confirmed by the 1H NMR
spectrum and analysis of ESIMS/MS fragmentation peaks the sequencing of the
amino acid units [43].

Callipeltin J (19) (C31H58N8O11) is similar to callipeltin D (12). Callipeltin J (19)
incorporates a 3-methylglutamine (3-MeGln, 20) residue, not previously found in
other callipeltin derivatives. The amino acid sequence and placement of acyl sub-
stituent were assigned based on the analysis of the ESIMS/MS fragmentation
pattern. The order of four amino acid residues in callipeltin J (19) is the same as
that of callipeltin D (12) (Scheme 1), with 3-MeGln (20) in callipeltin J (19)
replacing the Me2Gln (6) in callipeltin D (12) [34].

Callipeltin K (21) (C67H116N18O21) is similar to callipeltin C (11) except for the
presence of 3-MeGln (20) in the place of the Me2Gln (6) in callipeltin C (11) [34]
(Fig. 4). Callipeltins F (15) -K (21) were all isolated from Latrunculia sp. and
Callipelta sp. and exhibited antifungal activities against Candida at MIC value of
~10�4 M [32].

Callipeltin L (22) (C66H112N18O20) was obtained from Latrunculia sp. [32],
which showed the presence of the same residues as callipeltin C (11) other than a
modification of the C-terminus moiety (N-MeGln-Tyr-N-MeAla) in callipeltin L
(22) with displacement of the methoxy group at Cβ of the β-MeOTyr (7) in
callipeltin C (11) by the carboxy group of N-MeAla C-terminus [34] (Scheme 1).

Callipeltin M (4) (C47H77N12O15) differs from callipeltin B (3) by 18 mass units,
suggesting them to be the cyclic and acyclic forms of the same compound. NMR
analysis confirmed that callipeltin M (4) is indeed the acylic form of callipeltin B (3)
[34] (Scheme 1).

Callipeltin N (8) showed a molecular ion at m/z 766.4563 [M + 2H]2+ in the
HRESIMS spectrum, corresponding to the molecular formula C70H120N18O20. The
sequence of amino acids in callipeltin N (8) (Fig. 5) was determined by HMBC
correlations and was found to be consistent with those in callipeltin A (1) with the
exception of N-MeAla which has been replaced by homoproline (Pip) [32, 42]
(Scheme 1).

Callipeltin O (9) showed the doubly charged molecular ion at m/z 759.4392
[M + 2H]2+ in the HRESIMS spectrum corresponding to the molecular formula
C69H118N18O20. The initial structure (Fig. 5) was determined by extensive analysis
of both 1D and 2D NMR data and was consistent with that of callipeltin N (8) except
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for the presence of 3-MeGln (20) instead of Me2Gln (6) in callipeltin N (8) [32, 42]
(Scheme 1). Callipeltin N (8) was isolated as a white amorphous solid from the
Asteropus sp. and exhibited significant cytotoxicity against cancer cell lines A2058,
HT-29, and MCF-7 and nonmalignant MRC-5 fibroblast cells at an IC50 value of
0.16 μM [32, 42]. The potent biological activity of both callipeltins N (8) and O (9)
reflects the significance of the macrocyclization and amino acid composition in
biological activity [32, 42].

Callipeltins P (23) (C70H122O21N18) andQ (2) (C69H120O21N18) are both acyclic
callipeltins obtained from the Asteropus sp., and showed doubly charged molecular
ion at m/z 775.4505 [M + 2H]2+ and m/z 768.4437 [M + 2H]2+, respectively. The
molecular formulae of callipeltins P (23) and Q (2) (Fig. 5) show an additional
18 mass units and one reduced (by one) unsaturation number, compared to
callipeltins N (8) and Q (2), confirming these are the acyclic (linear) forms of
callipeltins N (8) and O (9), respectively [32, 42] (Scheme 1).

3 Preparation of Unusual Amino Acids

3.1 Preparation of β-MeOTyr and Determination of Absolute
Structure

The unspecified stereostructure of the β-MeOTyr (7) moiety in the initial studies of
callipeltin A (1) [9] prompted the synthesis of all four of its possible stereoisomers
by five groups (Hamada’s [44], Joullie’s [45], D’Auria’s [46], Lipton’s [47], and our
[48] group) independently. Hamada and Joullie both undertook the stereoselective
addition of aryl metal reagents to serine aldehyde equivalents (24) and Garner’s
aldehyde, followed by methylation. Joullie accessed 25 using Lajoie’s protocol to
protect the ester group [49] and Hamada used the popular synthon Garner’s aldehyde
to give 26 [50–52]. One drawback common to both methods was the sheer length of
the synthetic sequences, which started from L- and D-serine (Scheme 2).

In contrast, D’Auria’s group employed hν-assisted bromination of D-and L-tyro-
sine derivative (27) for the synthesis of intermediates as diastereo-mixtures. The
stereochemistry of β-MeOTyr (7) in callipeltin A (1) [9] was estimated to be 2R,3R
by a comparison of oxidative degradation product (28) obtained from callipeltin A
(1) and four separately synthesized β-MeOTyr derivative (29). Based on this assign-
ment, Lipton et al. reported the solid phase peptide synthesis of callipeltin E (14)
[37] and a cyclized peptide, callipeltin B (3) [33]. Using 30, obtained from
cinnamate, the stereostructure of the β-MeOTyr (7) moiety in callipeltin B (3) and
callipeltin E (14) was confirmed to be identical with that in callipeltin A (1). Konno
et al. reported a simple synthesis of all four stereoisomers of the protected β-MeOTyr
(31) through Sharpless asymmetric aminohydroxylation or dihydroxylation [53]. In
addition, Konno et al. synthesized each stereoisomer of the tripeptide derivatives
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(32) and determined the absolute configuration of β-MeOTyr (7) in the callipeltins to
be 2R,3R by NMR analysis (Scheme 3).

3.2 Preparation of 3-MeGln and Me2pyroGln

Preparation of 3-MeGln was independently reported by Inoue and Konno. Inoue
started from 2-hydroxypinan-3-one (33), the Gly-Schiff base of which underwent a
Michael addition reaction with ethyl crotonate to give (2S,3S)-Fmoc-3-MeGln (34)
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via the pyroGlu derivative (35) [54]. The diastereomeric ratio associated with the
Michael addition reaction was low (12%, 75% chemical yield). Konno applied
Schiff base Ni(II)-complex methodology [55–57] to the synthesis of Fmoc-3-
MeGln (34). After the coupling of Gly with Ni(II) with (S)-Cl3-BPB.HCl (36),
Michael addition of chiral Gly-Ni(II) Schiff base with two different crotonates was
conducted to obtain desired adducts (38) and (39) in diastereomeric excesses of
80–88%, respectively. After the removal of Ni(II) complex with acid, Fmoc-3-
MeGln (34) and Fmoc-3-MeGln(Xan) (40) were obtained [58] (Scheme 4).

Syntheses of the protected Me2Gln derivative (43) and Fmoc-3-MeGln(Xan) (40)
were first reported by the Joullie group [59]. Me2Gln (43) was obtained via an
asymmetric Michael addition with the chiral auxiliary (+)-camphorsultam (41)
developed by Capet [60]. Installation of the α-amino group was accomplished by
electrophilic azidation, and 42 was obtained after reduction with SnCl2 and Boc
protection. Hydrolysis of the chiral auxiliary with LiOH provided the protected
Me2Gln (43). In contrast, Hamada’s group chose Thottathil’s synthon (44)
[61, 62] as the starting material for Me2pyroGlu (45) in 6 steps [63], including a
diastereo-controlled dimethylation reaction.

Lipton et al. obtained Me2pyroGlu (46) in 9 steps from L-pyroGlu via cuprate
addition and alkylation of the unsaturated lactam [64, 65], followed by the kinetic
epimerization of the methyl substituent. Me2Gln (47) was obtained from 46 by a
pyrrolidone ring opening reaction in the presence of Eu(OTf)3 without epimerization
(Scheme 5).
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(2S,3S,4R)-Me2pyroGlu (10) synthesized by the Lipton and Hamada groups, the
Konno group synthesized all four diastereoisomers of Me2pyroGlu (10). Thottathil’s
synthon (44) was selected as the starting material for the synthesis (2S,3S,4S)- and
(2S,3S,4R)-10, the other diastereomers of 10 were prepared from Garner’s aldehyde.
Diastereoselective hydrogenation of the E-olefin proceeded via the N-inside con-
former to give desired compound. The 1H NMR spectra of (2S,3S,4R)-10 exhibited
only a small coupling constant between H-2 and H-3-protons at JH2,H3 ¼ 3.2 Hz and
other three isomers had similar coupling constants of JH2,H3 ¼ 7.8–8.7 Hz. Com-
parison of this data with that of natural Me2Gln (6) (JH2,H3 ¼ 3.0 Hz) confirmed its
stereochemistry [66, 67] (Scheme 6).
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3.3 Preparation of AGDHE

Synthesis of AGDHE derivative (48) was reported by the Lipton group starting from
L-Orn; as a result, the stereochemistry of the natural form of AGDHE (5) was
conducted to be 2R,3R,4S. Orn is a reasonable intermediate from derivatives fre-
quently cyclize to the unreactive cyclic aminal and therefore it is difficult to control
several reactions. To block the cyclic form, two protecting groups, Z and Boc, were
used to protect amino group in Orn side chain. The Boc-L-Orn(Boc,Z) (49) was
transformed to Z-alkene (50) in 81% yield over six steps, dihydroxylation of which
proceeded smoothly with catalytic OsO4 to give diol (51) in 98% yield as a single
diastereomer. The desired compound 48 was obtained in five steps from 51 [68].

The Konno group’s synthesis of AGDHE derivative (52) started from Z-L-Glu-
OBn (53), which was converted into Z-alkane (54) in a five-step sequence in 17%
overall yield. After dihydroxylation with catalytic OsO4, acetonide formation, and
deprotection of the TBS group, guanidination under Mitsunobu conditions yielded
55. Finally, sequential hydrogenolysis of the Z and Bn groups and Fmoc formation
of the corresponding amino functionality gave the Fmoc-AGDHE derivative (52)
[69]. In a second generation synthesis, Fmoc-L-Glu(tBu) was used as a starting
material, and Fmoc-AGDHE derivative (52) was obtained via similar protocols
[70, 71] (Scheme 7).
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3.4 Synthesis of TMHEA and Determination of Absolute
Structure

The absolute configuration of TMHEA (13) was initially concluded to be 2R,3R,4S
based on its 1H NMR data collected after its isolation. However, the D’Auria group
revised it to be 2R,3R,4R by comparison with the NMR spectra of isolated TMHEA
(13) and those of a synthetic sample, obtained using Brown’s crotylboration
[72]. This stereochemical assignment was confirmed by the Lipton group, who
prepared all four diastereoisomers of TMHEA (13) using a Myers alkylation of
ephedrine, and Brown’s crotylboration [73].

Tokairin and Konno synthesized a selection of analogues of TMHEA (13) using a
2-methyl-1,3-propanediol derivative as the symmetric building block. (R)-56 was
prepared by an enantioselective enzymatic approach. The two adjacent stereocenters
at C-3 and C-4 of the homoallyllic alcohol were established by crotylboration of the
aldehyde derived from alcohol (56) with a chiral borate derived from diisopropyl
tartrate to give the homoallyllic alcohol (2R,3R,4R)-57 in a diastereomeric excess of
75%. The isopropyl unit was introduced by the oxidative cleavage and Wittig
reaction [74] (Scheme 8).

3.5 Synthesis of D-alloThr

D-alloThr derivative (60) was prepared from alcohol (58), obtained from L-serine in
24% overall yield (6 steps) according to a published procedure [52]. Protection of
the hydroxy group of 58 with MEMCl/iPr2NEt followed by deprotection of the
acetonide afforded the corresponding alcohol (59) in 59% yield. Oxidation of the
alcohol with Jones’ reagent followed by deprotection of the Boc group and the
reprotection with Fmoc afforded the desired Fmoc-D-alloThr (60) [66].
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An improved synthesis of the protected D-alloThr derivative was subsequently
described [75]. Epimerization of cheap L-Thr with catalytic salicylaldehyde afforded
a mixture of L-Thr and D-alloThr, separation of which gave D-alloThr in 96%
de. After the chemoselective deprotection of the t-butyl ester of Fmoc-D-alloThr
(tBu)-OtBu, the desired product Fmoc-D-alloThr(tBu) (60) was easily obtained [75].

In a third generation synthesis, (R)-36 and H-(S)-Thr(tBu)-OH were treated with
Ni(OAc)2

.4H2O and K2CO3 in MeOH at 50�C to afford D-alloThr complex 61 with
excellent yield and diastereoselectivity (92% yield, 90% de). Disassembly of major
diastereomer 61 with 4 M HCl in THF for 30 min gave a 1:1 mixture of D-alloThr
and D-alloThr(tBu) which was subjected to Fmoc protection followed by
deprotection of the residual tBu group, affording Fmoc-D-alloThr in 63% yield
over three steps [58] (Scheme 9).

4 Total Synthesis of Cyclic Depsipeptides

4.1 Total Synthesis of Callipeltin B and Its Analogues

Lipton et al. reported the solid phase total synthesis of callipeltin B (3) and revised its
chemical structure as a result [76]. The amino and hydroxy acid sequence was built
up starting from Tenta gel-based TG Sieber amide resin, anchored using the side
chain of MeGln. Benzyl and nitro groups were used for the side chain protections of
β-MeOTyr and D-Arg, given the lability of the β-MeOTyr residue under acidic
conditions. Cleavage from the resin was accomplished under mild acidic conditions.
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C-terminus [77]; in contrast, the synthesis of callipeltin B (3) started from β-MeOTyr
derivative (62) to avoid macrolactonization during the deprotection process (Scheme
10).

Kikuchi and Konno report the total syntheses of the cyclodepsipeptide callipeltin
B (3) and the linear octapeptide, callipeltin M (4). Both these syntheses commenced
with conventional Fmoc-SPPS starting from the C-terminus, using MEM, Pbf and
tBu protecting groups. Macrolactonization was accomplished between the D-alloThr
and MeAla residues. Although the synthesis of cyclic depsipeptide by
macrolactonization of the corresponding linear precursor peptide is generally diffi-
cult, it was assumed that the conformation of callipeltin M (4) in nature would be
similar to that of callipeltin B (3) and favoring the direct conversion of callipeltin M
(4) to callipeltin B (3). These approaches were used to prepare a variety of callipeltin
analogues for structure activity relationship studies pursuant to the development of
antitumor and/or anti-HIV agents [78] (Scheme 11).

In addition, the dimethoxy analogue of the cytotoxic, cyclic depsipeptide
callipeltin B (63) was synthesized to evaluate the role of its β-MeOTyr residue by
Lipton group [79]. The cytotoxicities of 63 and 3 were similar and methoxy group of
β-position of callipeltin B (3) does not affect the cytotoxicity. Kikuchi and Konno
synthesized the callipeltin B analogues containing D/L-Tyr residues using Fmoc-
SPPS. An alternative route of intramolecular amide bond formation with Tyr-Ala
was needed to avoid diketopiperadine formation. However, this strategy was not
effective to give natural callipeltin B (3). Methoxy group of β-MeOTyr residue was
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left to obtain α,β-unsaturated product [80] (Scheme 12). In the assay of synthetic
peptides, 64 had hardly exhibited the cytotoxicity.

5 Summary and Perspective

Marine organisms have yielded numerous cyclic depsipeptides (CDPs) with variable
chemical structures and incorporating unusual amino acid building blocks.
Callipeltins, one of the most intensively studied and synthesized classes of cyclic
depsipeptides, exhibit fascinating biological effects and have served as lead com-
pounds in drug discovery programs. The synthetic approaches to the callipeltins
described herein are expected to support these efforts.
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Abstract Marine natural products play a pivotal role in the discovery of structurally
novel and diverse compounds with the unique pharmacological profiles. The marine
C2-symmetrical macrodiolides belong to a relatively small group in marine natural
products, but most of them exhibit various different biological activities and possess
a fascinating structure. In this review, the total syntheses and the synthetic studies of
C2-asymmetrical macrodiolides, swinholide A, clavosolide A, cyanolide A,
marinomycin A will be discussed. All marine natural products shown here are
potential candidates for drug discovery and drug lead.

Keywords Macrodiolide · Marine natural product · Polyketide · Total synthesis

Abbreviations

15-C-5 15-Crown-5
Ac Acetyl
BAIB (Diacetoxyiodo)benzene
Bn Benzyl
Bpin Boronic acid pinacol ester
Bz Benzoyl
CDI Carbonyldiimidazole
c-Hex Cyclohexyl
cod 1,5-Cyclooctadienyl
Cp Cyclopentadienyl
CSA Camphorsulfonic acid
Cy Cyclohexyl
DACH-Phenyl Trost 1,2-Diaminocyclohexane-N,N0-bis

(2-diphenylphosphinobenzoyl)
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DEAD Diethyl azodicarboxylate
DIAD Diisopropyl azodicarboxylate
DIBAL-H Diisobutylaluminum hydride
diop 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis

(diphenylphosphino)butane
DIPT Diisopropyl tartrate
DMAP 4-(Dimethylamino)pyridine
DMF N,N-dimethylformamide
DMPI Dess–Martin periodinane
DMSO Dimethyl sulfoxide
DtBMP 2,6-Di-t-butyl-4-methylpyridine
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Me Methyl
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Red-Al Sodium bis(2-methoxyethoxy)aluminum hydride
SpiroSAP 7-[N-(1,3-dithian-2-yl)methylamino]-70-[bis(3,5-di-t-

butylphenyl)phosphino]-2,20,3,30-tetrahydro-
1,10-spirobindane

TBAF Tetra(n-butyl)ammonium fluoride
TBDPS t-butyldiphenylsilyl
TBHP t-butyl hydroperoxide
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TEMPO 2,2,6,6-Tetramethylpiperidine N-oxyl
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TFA Trifluoromethanesulfonic acid
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1 Introduction

Sponges, along with coelenterates, are one of the most abundant phylums of marine
organisms, with more than half a million species in the coral reefs. Most sponges
have a long life span and are rarely preyed upon by other organisms, thus they have
been thought to produce some defense materials as protection against predators
[1]. In this context, the biologically active substances from sponges have been
widely sought throughout the world and various substances of interest from the
perspective of pharmacological activity and high tumor activity have been discov-
ered as a consequence of broad monitoring. One of prominent representatives
isolated from sponge is a C2-symmetric macrodiolide family, which exhibits remark-
able biological activities.

The C2-symmetric macrodiolides belong to a relatively small group in natural
products, but most of them possess fascinating structures including a polyketide
backbone and exhibit various biological activities. In the 1960s, unusual
C2-symmetric dimeric macrolides such as elaiophylin 1 [2], pyrenophorin 2 [3, 4],
and vermiculine 3 [5] were discovered from terrestrial sources and later it was
revealed that the artistic dimeric macrodiolides such as aplasmomycin 4 [6, 7] also
appeared in marine organisms. In this review, the total syntheses and the synthetic
studies of marine C2-symmetric macrodiolides, which are potential candidates for
drug discovery and drug lead, will be discussed (Fig. 1).

2 Biogenetic Formation of Macrodiolide

The biochemical polyketide synthesis resembles the synthesis of fatty acid [8–
10]. Concerning to the biosynthesis of a polyketide chain in C2-symmetric
macrodiolides, the polyketide synthases (PKSs) catalyze the iterative
decarboxylative condensation of small carboxylic acids, concomitant specifically
programmed reduction and dehydration steps [11]. The fully processed linear poly-
ketide chain is bound to the acyl carrier protein (ACP) by a thioester through
a thioesterase-domain-mediated transesterification and concomitant cyclization
with a specific hydroxy group present in the polyketide backbone through the action
of a thioesterase and cyclase (TE) domain. The C2-symmetric dimer TE must
catalyze totally two acylation and two deacylation reactions to form the
macrodiolide. The dimerization process of either biosynthesis or chemical synthesis
is intriguing for the formation of C2-symmetric macrodiolides, and the biogenetic
research of macrodiolide formation has been flourished so far.
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3 Swinholide A

Swinholide A 5 is a natural product first reported in 1985 by Carnely and Kashman
as one of several antifungal isolates obtained from Theonella swinhoei, a sponge
which is yellowish-brown in color and reside in the Red Sea [12]. Their original
structural assignment for the intriguing agent was 22-membered macrolide 10, but
later Kitagawa and co-workers elucidated that the correct structure was a
C2-symmetrical dimeric compound of the original [13–16]. Eventually, the
established architecture of this natural product is a 44-membered macrodiolide
with 15 stereocenters, a trisubstituted tetrahydropyran ring, a disubstituted

Fig. 1 C2-symmetric macrodiolide natural products
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dihydropyran system and two isomerizable double bonds. Swinholide A displays
strong cytotoxic activity against a variety of human tumor cell lines (IC50 0.03 μg/
mL for L1210 cells, 0.04 μg/μL for KB cells) [17]. The cytotoxicity has been
attributed to its ability to dimerize actin and disrupt the actin cytoskeleton. Interest-
ingly, the structurally related compounds, preswinholide A 11, [18, 19] and the
40-membered dilactone misakinolide 6 [20] isolated from Okinawan sponge
Theonella swinhoei, do not serve filamentous actin like swinholide A. Based on
the fascinating biological action and a formidable structure and a need for additional
material supplies, swinholide A has been one of attractive target molecules. While
many groups attempted to synthesize this natural product, Paterson, Nicolaou, and
Krishche have accomplished the total synthesis of swinholide A 5 and Nakata has
achieved the synthesis of preswinholide A 11 [21–24]. Since there are some fine
reviews for the synthesis of swinholide A [25–27], the strategic points of three total
syntheses of swinholide A are briefly mentioned in this section (Fig. 2).

3.1 Paterson’s Total Synthesis of Swinholide A

In 1994, Paterson and the co-workers reported the first total synthesis of swinholide
A [28–39]. Their synthetic strategy for swinholide A is filled with the very essence of
aldol reaction. The Paterson’s total synthesis was based on the regioselective
dimerization of fully protected monomeric compound 12, which was prepared
with a convergent synthetic strategy from the two building blocks representing
C19-C32 segment (13) and C1-C15 segment (15) (Scheme 1). The segments were
efficiently prepared by various types of aldol reactions.

The aldol reaction of E-boron enolate 17, derived from ketone 16 with Cy2BCl
and Et3N, and aldehyde 18, provided 1,2-anti-2,4-anti aldol adduct 20 in 84% yield
through chair-like transition structure 19 (Scheme 2) [40, 41]. The reduction of

Fig. 2 Swinholide A and related compounds
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ketone 20 at C21 with Me4NBH(OAc)3 afforded the 1,3-anti diol [42, 43], which
was protected with a silylene and hydroborated to give compound 21. A further
4 step-sequence led to segment 13.

On the other hand, the preparation of segment 15 commenced with the asymmet-
ric aldol reaction of aldehyde 24 with boron enolate 23, derived from 22 with (+)-
Ipc2BCl, to provide chiral adduct 26 in 80% ee (Scheme 3) [44]. Compound 26 was
transformed into aldehyde 27 in 4 steps including Ferrier rearrangement
[45, 46]. Resulting aldehyde 27 was subjected to Mukaiyama aldol reaction with
28, affording a 4:1 ratio of the desired product 29 and C7 epimer [47]. Compound 29
was subjected to Horner–Wadsworth–Emmons reaction and further 3 steps
transformation yielded aldehyde 15, C1-C15 segment. The crotylboration of 15

Scheme 1 Strategy of Paterson’s total synthesis of swinholide A

Scheme 2 Synthesis of segment 13
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with Z-boron reagent 30 furnished compound 31 [48, 49], which was transformed
into 32 in 2 steps.

The resulting ketone was then treated with LiHMDS and TMSCl to generate an
enol silyl ether, which was subjected to Mukaiyama aldol with 13 leading 33 in an
excellent yield. The resulting 33 was transformed into fully protected monomeric
compound 12 in 2 steps, which was followed by removal of the siloxane at C21 and
C23 furnishing ester 34 (Scheme 4). The hydrolysis of 34 afforded the suitably
protected seco-acid 35. Paterson’s group attempted the direct dimerization of 35 to
form desired 44-membered macrodiolide by Yamaguchi’s method [50] and Keck’s
method [51]; however, a mixture of monomeric 22-membered macrolide linked at
C21 and 24-membered macrolide at C23 was generated and neither dimer nor trimer
product was observed. Thus the stepwise esterification reactions were explored. The
intermolecular esterification of 12 and 34 furnished a 2:1 mixture of dimeric
products acylated at C21 and C23. After further 3 steps, Yamaguchi esterification
led the desired macrodiolide and removal of the protective group provided
swinholide A.

3.2 Nicolaou’s Total Synthesis of Swinholide A

Nicolaou and co-workers achieved the second total synthesis of swinholide A based
on the convergent strategy involving the union of protected monomeric compounds

Scheme 3 Synthesis of segment 33
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derived from 36 (Scheme 5). Compound 36 was prepared from two segments 37 and
38, which were synthesized by taking advantage of ingenious aldol type couplings
[52–55].

Nicolaou’s total synthesis commenced with Ghosez cyclization [56] in which the
lithiation of sulfone 39was coupled with epoxide 40, followed by acidic treatment to
lead desired product 41 in excellent yield (Scheme 6). DIBAL-H reduction of 41 and
Hosomi–Sakurai reaction of the resulting hemiacetal furnished 42 [57, 58], which
was transformed into aldehyde 43 in 2 steps. The vinylogous Mukaiyama reaction of
43 and the silyl enol ether furnished a 5:1 ratio of the desired α-product 44 and its
epimer [59–62]. Conversion of 44 to compound 38 was carried out in 6 steps
including installation of dithiane.

On the other hand, the synthesis of another segment 37 began with
tetrahydropyran 45, which was derived from L-rhamnose (Scheme 7). The
titanium-mediated aldol reaction of ketone 45 and aldehyde 46 provided a 3:1
mixture of the desired 48 and its C21-epimer via titanium-mediated transition
structure 47. The resulting 48 was transformed into cyclic sulfonate 37 in 5 steps.
The coupling of 37 and dithiane fragment 38 was accomplished in 72% in 2 steps,
leading 49 [63–65]. Compound 49 was transformed into segment 36 in further
7 steps and hydrolysis of 36 and protection of the C23 alcohol furnished another
building block 50. The coupling of the two monomeric compounds, 36 and 50

Scheme 4 Accomplishment of total synthesis of swinholide A
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bearing differentiable protective groups on the alcohol functions was performed by
Yamaguchi method and removal of the protective groups led swinholide A.

3.3 Krische’s Total Synthesis of Swinholide A

Krishche reported the total synthesis of swinholide A in only 15 steps for the longest
linear sequence, which involves diverse hydrogen-mediated C–C bond formation
[66–69]. They have developed catalytic carbonyl reductive couplings induced via
hydrogenation or hydrogen auto-transfer. By virtue of the highly chemo- and

Me

Scheme 6 Synthesis of segment 38

Scheme 5 Strategy of Nicolaou’s total synthesis
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stereoselectivities of these reactions, enantioselective C–C bond formation can be
achieved in the absence of protecting group. In their strategy of total synthesis of 5,
swinholide A would be accessed through a direct macrodiolide formation by cross-
coupling of monomeric compound 51, which would be synthesized via Mukaiyama
aldol reaction of 52 and 53 (Scheme 8). Each polyketide 52 and 53 would be
prepared in high selectivity through their catalytic carbonyl reductive couplings.

Krische’s synthesis of segment 52 began with enantioselective preparation of 56
(Scheme 9). When alcohol 54 was exposed upon iridium-catalyst 55 and allyl
acetate, C-allylation proceeded to furnished homoallylic alcohol 55 in 93% ee
[70–72]. Cross metathesis of 56 with acrolein, followed by treatment of the resulting
enal with allyl trimethylsilane, resulted in allylation leading trans-2,6-disubstituted
pyran 57 with good diastereoselectivities [73–75]. Selective dihydroxylation of
terminal olefin in 57 and the cleavage of the resulting diol furnished aldehyde 58.
When aldehyde 58 was subjected to vinylogous Mukaiyama aldol with 28, a 5:1
mixture of desired aldehyde 59 and its epimer was generated, which is similar to
Paterson’s result. Resulting 59was then transformed into aldehyde 61 in 3 steps. The

Scheme 7 Accomplishment of synthesis of swinholide A
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hydrogen-mediated reductive aldol coupling of 61 and methyl vinyl ketone with
rhodium catalyst furnished 62 in 68% without hydrogenation of the other alkene and
subsequent methylation of 62 provided segment 52 [76, 77].

Scheme 8 Strategy of Krische’s total synthesis

Scheme 9 Preparation of segment 52
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On the other hand, exposure of (S)-1,3-butanediol 63 to iridium-catalyst 64 and
allyl acetate results in diastereo- and site-selective allylation to form 56 (Scheme 10).
The resulting homoallyl alcohol 65 was subjected to cross metathesis, followed by
palladium-catalyzed Tsuji–Trost cyclization and methylation afforded 67. The cross-
coupling of 2,6-trans-substituted pyran 67 and alkenylpyran 68 provided 69 [78].
Diimide reduction of the alkene in 69 [78], and Bernet–Vasella cleavage of iodoether
[79, 80], followed by functional group conversion in 3 steps to afford segment 53.
To merge segments 52 and 53, Mukaiyama aldol reaction was again employed.
Thus, segment 52 was transformed to the enol silyl ether and treated with 53 with
BF3�OEt2 to give 70. The syn selective reduction and removal of the TBS group gave
71. Exposure of 71 to the second generation Grubbs–Hoveyda catalyst provided
swinholide A in 25% yield along with hemiswinholide A in 43% yield.

4 Clavosolide A

In 1998, Fu and co-workers isolated clavosines A-C from the extract of the sponge
Myriastra clavosa collected from Palau [81]. Clavosine A is known to be a potent
cytotoxin and inhibitor of protein phosphatase 1 and 2A. Furthermore, Faulkner and
Rao isolated clavosolide A (7) and B-D (72–74) in trace quantities from the same

Scheme 10 Krische’s total synthesis of swinholide A
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species of marine sponge collected in the Philippines (Fig. 3) [82, 83]. The structure
initially proposed for clavosolide A was misassigned and later Will [84] and Lee [85]
independently revised the structure of clavosolide A by total synthesis. Clavosolide
A is C2-symmetric 16-membered macrodiolide with two trans-cyclopropyl units and
permethylated D-xylose moiety. On the other hand, Gerwick and co-workers iso-
lated C2-symmetric 16-membered macrodiolide, cyanolide A, from a collection of
Lyngbya bouillonii in Papua New Guinea in 2010 [86]. Cyanolide is structurally
closely related to clavosolides A-D. Clavosolides and cyanolide share a flat dimeric
macrocyclic skeleton that is decorated with xylose appendages, and possess the same
configurations for their stereocenters throughout the entire molecule. In this section,
ten total and formal syntheses of clavosolide A will be discussed [87].

4.1 Lee’s Total Synthesis of Clavosolide A

In 2006, Lee’s group reported the enantioselective synthesis of clavosolide A and the
determination of the absolute configuration of (+)-clavosolide A (Scheme 11)
[88]. The key steps of their synthesis of 7 were the formation of the tetrahydropyran
by intramolecular oxa-Michael reaction of hydroxyl unsaturated ester 83 and
stereoselective aldol of cyclopropylketone 78 and aldehyde 79. The starting material
75 was prepared from D-mannitol according to the literature [89]. Brown’s asym-
metric methallylation [90, 91] of 75 and protection of the alcohol with PMB group
afforded 76, which was transformed into ketone 78 in 4 steps. The aldol reaction of
the boron enolate of 78 and aldehyde 79 proceeded with 1,5-anti-selectivity to afford
80 in excellent yield. The reduction of 80 with Me4NB(OAc)3H, followed by
protection of the resulting diol, furnished 81. Aldehyde 82, derived from 81 in
2 steps, was subjected to Horner–Wadsworth–Emmons reaction to lead unsaturated
83. Treatment of 83 with NaH raised to oxa-Michael reaction to furnish

Fig. 3 Clavosolide A and related compounds

330 J. Ishihara



tetrahydropyran 84 in 82% yield [92–94]. Compound 84 was transformed into
protected seco-acid 85 in 3 steps. When 85 was exposed to 2,4,6-trichlorobenzoyl
chloride and Et3N with DMAP, the macrodiolide formation successfully proceeded
and subsequent removal of the TBS group provided 86. Schmidt glycosylation
[95, 96] of 86 with permethylated D-xylose derivative 87 [97] afforded clavosolide
A in 11% yield.

4.2 Willis’s Total Synthesis of Clavosolide A

At the almost same time of Lee’s works, Willis’s group independently completed the
synthesis of the proposed structure of clavosolide A and confirmed the proposed
structure was incorrect. In 2006, they also accomplished the total synthesis of the
revised structure of (�)-clavosolide A (Scheme 12) [98–100]. The key steps of their

Scheme 11 Lee’s total synthesis of clavosolide A
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synthesis are Prins reaction for the stereoselective formation of the tetrahydrofuran
core and introduction of the cyclopropyl side chain.

The Nokami crotyl-transfer reaction of the menthone-derived tertiary alcohol 89
and 3-benzyloxypropanal 88 stereoselectively afforded 90 in excellent yield
[101, 102], which was treated with methyl propiolate to afford enol ether 91.
When 91 was exposed to TFA, Prins cyclization proceeded and subsequent treat-
ment of the cyclization product with K2CO3 in MeOH led the desired
tetrahydropyran 92 [103, 104]. Compound 92 was transformed into aldehyde 93 in
3 steps, followed by Nozaki–Hiyama–Takai–Kishi coupling [105–110] with
bromopropene to afford a 1:1 mixture of secondary allylic alcohols 94 and 95.
Undesired 94 could be converted to 95 via Dess–Martin oxidation and NaBH4

reduction. The secondary alcohol of 95 was protected with a TBS group and the
subsequent Simmons–Smith cyclopropanation using Et2Zn and CH2ICl [111] pro-
vided a 4:1 mixture of diastereomers in favor of the required anti product due to the
bulkiness of the TBS group. Removal of the TBS group and hydrolysis of the methyl
ester gave protected monomer 96. Compound 96 was exposed to Yamaguchi
macrolactonization, followed by removal of the TIPS to furnish the desired dimeric
product 86. The glycosylation with thioglucoside using a modification of Nicolaou’s
glycosylation protocol [112, 113] provided clavosolide A.

Scheme 12 Willis’s total synthesis of clavosolide A
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4.3 Smith’s Total Synthesis of Clavosolide A

Smith and co-workers reported the total synthesis of clavosolide A, which involves
the Petasis–Ferrier union/rearrangement and one-pot esterification/lactonization
(Scheme 13) [114]. Their synthesis began with the construction of cyclopropyl
aldehyde 101. TiCl4-mediated Nagao acetate aldol reaction employing 98 and
crotonaldehyde gave allyl alcohol 99 [115]. Conversion of 99 into the corresponding
Weinreb amide and subsequent Simmons–Smith reaction [116] furnished syn-
cylclopropane as a single diastereoisomer, which was subjected to Mitsunobu
inversion leading product 100 [117]. Silylation of secondary alcohol of 100 and
DIBAL-H reduction afforded aldehyde 101.

On the other hand, Abiko–Masamune boron-mediated anti-aldol of 102 and 103
delivered alcohol 104 with excellent selectivity [118] and the removal of the chiral
auxiliary furnished hydroxy acid 105. Bissilylation of 105 followed by TMSOTf-
promoted condensation with aldehyde 101 furnished dioxanone 106 as a 7:1 mix-
ture. The Petasis–Tebbe methylenation of 106 afforded unstable enol product 107,
which was exposed to Me2AlCl and 4Å-MS to raise rearrangement to furnish
tetrahydropyranone 108 in 65% yield for 2 steps [119–122]. Compound 108 was
transformed into protected seco-acid 109 in 4 steps and Yamaguchi
macrolactonization of 109 and subsequent removal of benzyl ether furnished
macrodiolide 86. Same as Lee’s synthesis, the glycosylation of 86 with 87 provided
clavosolide A.

Scheme 13 Smith’s total synthesis of 7
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4.4 Chakraborty’s Total Synthesis of Clavosolide A

Chakraborty’s group also reported total synthesis of clavosolide A (Scheme 14)
[123–125]. The key points of their synthesis are the Schmidt glycosylation at an
early stage in the synthesis and the direct coupling of monomer bearing glycoside
121. Chakraborty’s synthesis began with 110, which was prepared by the Ti(III)-
mediated opening reaction of a trisubstituted 2,3-epoxy alcohol [126]. Oxidation of
110, followed by Wittig reaction and DIBAL-H reduction, gave allyl alcohol 111.

Scheme 14 Chakraborty’s total synthesis of 7
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Sharpless epoxidation of 111 and Red-Al reduction afforded syn-diol 112, which
was then subjected to silyl protection of the primary alcohol, mesylation of the
secondary alcohol, and acidic treatment to lead tetrahydropyran 113. The glycosyl-
ation of 113 with 87 was performed under Schmidt condition, which delivered a 1:1
mixture of 114 and 115. The undesired compound 114 could be converted to anomer
115 by exposure to HF�Py. Removal of TBPDS group and Swern oxidation gave
aldehyde, followed by nucleophilic addition of acetylide to furnish a 1:2 mixture of
116 and its epimer 117. Epimer 117was convertible to 116 via Mitsunobu inversion.
Red-Al reduction of 116 and subsequent cyclopropanation furnished syn-product
118 due to the directing effect of the secondary alcohol. The secondary alcohol was
then inverted to 119 via DMPI oxidation and LiAlH4 reduction. Compound 119 was
transformed to monomeric seco-acid 121 in further 8 steps. Finally, treatment of 121
with Yamaguchi protocol raised to macrodiolide formation to furnish clavosolide A
in 71% yield.

4.5 Jennings’s Formal Synthesis of Clavosolide A

Jennings and co-workers reported the formal synthesis of clavosolide A, which is
highlighted by one-pot oxocarbenium cation formation/reduction sequence (Scheme
16) [127]. Their synthesis commenced with aldol reaction of 122 and
crotonaldehyde developed by Phillips to afford product 123 [128]. Compound 123
was transformed into Weinreb amide 124 and subsequent cyclopropanation
furnished cyclopropane 125 with high selectivity [129, 130]. Mitsunobu inversion
of the secondary alcohol in 125 and treatment with Grignard reagent afforded 126.
The reduction of 126 under Prasad protocol generated the 1,3-syn-diol [131], which,
upon protection as its acetonide followed by ozonolysis, afforded aldehyde 127. The
boron-mediated Evans aldol of 127 with 128 furnished syn-aldol 129 [132,
133]. After protection of the secondary alcohol with a MOM group, exposure to
BuOLi, followed by acidic treatment, furnished lactone 130. The allylation of 130
with Grignard reagent gave hemiacetal 131, which underwent tandem
stereoselective oxocarbenium cation formation and reduction to afford 133.
Ozonolysis and oxidation generated 134, followed by Yamaguchi lactonization
and cleavage of MOM group provided macrodiolide aglycon 86.

4.6 Floreancig’s Total Synthesis of Clavosolide A

In the total synthesis by Floreancig and co-workers, the key steps involve an early-
stage Feringa asymmetric cyclopropanation reaction and tetrahydropyran formation
by oxidative C-H cleavage and subsequent electrophilic cyclization (Scheme 15)
[134]. They assumed that the oxidative C-H cleavage of cyclopropane-containing
molecules 136 would form oxocarbenium ion 137, which could be trapped to form
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tetrahydropyrans 138 under non-acidic conditions [135, 136]. Cyclopropane com-
pound 140 was prepared from by Feringa’s asymmetric 1,4-addition [137]. The
methyl ketone of 140 was converted to the terminal alkyne by Negishi’s method
[138], which, upon addition of paraformaldehyde and mesylation, furnished com-
pound 141. On the other hand, addition of 142 to aldehyde 143 under Marshall’s
conditions provided homopropargylic alcohol 144 with high diastereoselectivity
[139]. Etherification of 141 and 144 and ruthenium-mediated addition of AcOH
furnished compound 145 [140]. When 145 was exposed to DDQ, the oxidation of an
acetoxy-substituted allylic ether and simultaneous cyclization proceeded
stereoselectively to provide 146 as a single isomer. The reduction of 146, followed
by methanolysis of the enol acetate and glycosylation furnished 147. The sequential
3 step-conversion afforded 121, which underwent Yamaguchi lactonization to
furnish clavosolide A (Scheme 16).

Scheme 15 Jennings’s synthesis of 7
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4.7 Hong’s Total Synthesis of Clavosolide A

Hong and co-workers achieved the total synthesis of clavosolide A utilizing tandem
allylic oxidation/oxa-conjugate addition reaction as the key step (Scheme 17)
[141]. They prepared epoxide 150 from known allylic alcohol 148 by Smith’s
procedure [142]. The coupling of 150 and dithiane 151 afforded 152, which was
exposed to MnO2 and subsequent dimethyltriazolium iodide 153, DBU, and MnO2

to lead the desired tetrahydropyran 154 [143]. In this reaction, tandem allylic
oxidation and oxa-conjugate addition/oxidation proceeded in one-pot. Cleavage of
the dithiane, reduction of the resulting ketone, and glycosylation of 97 furnished a
3.8:1 mixture of 156 and its anomer. Simons–Smith reaction of 156 and removal of
the TIPS group afforded 157 as a single isomer, which was subjected to hydrolysis
and Shiina macrolactonization [144, 145] to provide clavosolide A.

Scheme 16 Floreancig’s total synthesis of 7
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4.8 Breit’s Total Synthesis of Clavosolide A

Standard construction of macrodiolide requires stoichiometric amount of a reagent
for the activation of the monomers. Breit’s group has developed a rhodium-catalyzed
atom-economical and regioselective addition of a carboxylic acid to an allene
(Scheme 18) [146, 147]. They applied this rhodium-catalyzed reaction to synthesis
of clavosolide A [148]. Treatment of known homoallenyl aldehyde 159 with
Nokami crotyl-transfer reagent 158 furnished chiral allenyl alcohol 160. Compound
160 was converted to the β-alkoxyacyclic acid ester, which was subjected to Prins
cyclization followed by hydrolysis to afford tetrahydropyran 161. The glycosylation
of 161 with 97 generated a 77:23 mixture of 162 and its anomer and subsequent
hydrolysis of 162 afforded allenyl acid 163. Exposure of 163 to [Rh(cod)Cl]2 and (R,
R)-diop furnished head-to-tail dimer 164 in 92:8 dr [149]. The cross metathesis of
164 with (Z )-2-butene, followed by Simmons–Smith reaction [150] provided
clavosolide A.

4.9 Aggarwal’s Total Synthesis of Clavosolide A

Lithiation–borylation has emerged as a powerful tool for the synthesis of chiral
boronic esters. Aggarwal’s group achieved the total synthesis of clavololide A [151],

Scheme 17 Hong’s total synthesis of 7
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employing their three-component allylboration–Prins reaction [152, 153]. Treatment
of allyl boronic ester with BuLi and TFAA generated boronic ester 165, which was
reacted with the first aldehyde to give intermediate 170 (Scheme 19). Following
solvent exchange to CH2Cl2, subsequent reaction with the second aldehyde in the
presence of TFA followed by base mediated hydrolysis furnished the hydroxy
tetrahydropyran 172. The allyl boration reaction would occur through more prefer-
ential Zimmerman–Traxler chair transition state 168 than 169 [154].

Scheme 18 Breit’s total synthesis of 7

Scheme 19 Aggarwal’s three-component allylboration/Prins cyclization
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Based on the key reaction, (R)-boronic ester 174 was prepared from ethanol in
two steps (Scheme 20). The three-component allylboration–Prins reaction of 174
with 3-(2,4,6-triisopropylbenzoyloxy)propanal furnished tetrahydropyran 175 in
high yield and good diastereoselectivity. For stereocontrolled glycosylation, xylose
derivative 176 was employed [155]. Thus, the glycosylation of 175 with 176 in the
presence of TMSOTf furnished the desired adduct, which was transformed into 177
in further 4 steps. Lithiation–borylation of 177 with 178 furnished 179. Removal of
TBS group and selective oxidation to the carboxylic acid and dimerization of
Yamaguchi’s conditions provided clavosolide A.

4.10 Krische’s Total Synthesis of Clavosolide A

Krische and co-workers reported the 7 step-synthesis of clavosolide A [156], which
involves asymmetric alcohol-mediated carbonyl allylation [157] (Scheme 21). The
bidirectional asymmetric allylation of 2-methyl-1,3-propanediol 180 [158] followed
by Fenton–Semmelhack alkoxypalladation–carbonylation of the resulting
C2-symmetric diol 181 furnished tetrahydropyran 182 [159]. The glycosylation of
182 with 87 catalyzed by BINOL phosphoric acid derivative (PA) displayed good
β-diastereoselectivity to afford product 183 [160]. DIBAL-H reduction followed by
nucleophilic addition of the chiral cyclopropyl lithium generated from 184 furnished
a 4:1 mixture of desired 185 and its epimer. Exposure of 185 to KMnO4/NaIO4

effected chemoselective alkene oxidative cleavage [161] to form carboxylic acid and
subsequent Yamaguchi macrolactonization furnished clavosolide A.

Scheme 20 Aggarwal’s total synthesis of clavosolide A
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5 Cyanolide A

Cyanolide A was isolated in 2010 from a collection of Lyngbya bouillonii in Papua
New Guinea by Gerwick and co-workers [86]. Cyanolide A (9) exhibits highly
potent molluscicidal activity against the snail vector Biomphalaria glabrata
(LC50 ¼ 1.2 μM) but shows only modest toxicity toward brine shrimp
(LC50 ¼ 10.8 μM). The structure of cyanolide A was elucidated through extensive
NMR spectroscopic analyses, showing it is closely related in structure to the
clavosolide family. Cyanolide A is a C2-symmetric macrodiolide consisting of a
central 20-membered macrocycle fused to two tetrahydropyran moieties, each bear-
ing a pendant xylose residue. Selected five syntheses will be discussed in this section
for want of space; however, several other syntheses have been reported [162–165].

5.1 Hong’s Total Synthesis of Cyanolide A

In 2010, Hong and co-workers reported the first total synthesis of cyanolide A
[166]. The Hong’s total synthesis was based on a tandem allylic oxidation/oxa-
Michael reaction promoted by the gem-disubstituent effect and dimerization by
Shiina method. This methodology was also employed for their total synthesis of
clavosolide A. (cf. Sect. 4.7).

The coupling of known epoxide 186 and dithiane 187 furnished 188, which was
subjected to the tandem allylic oxidation/oxa-Michael reaction in the presence of
153 to furnish tetrahydropyran 190 stereoselectively. The oxa-Michael reaction
proceeded through chair transition state 189, leading 1,3-syn-tetrahydropyran 190.
Compound 190 was transformed into protected seco-acid 193 in 4 steps, which was

Scheme 21 Krische’s total synthesis of clavosolide A
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exposed to MNBA and DMAP, leading macrodiolide 194. Cleavage of dithiane,
reduction of the resulting ketone, and glycosylation of 97 provided a mixture of
cyanolide A and its anomers (Scheme 22).

5.2 Reddy’s Synthesis of Cyanolide A Aglycon

Reddy and co-workers accomplished the formal synthesis of (�)-clavosolide A
[167], involving polyketide construction by Mukaiyama aldol reaction and
tetrahydropyran formation by oxa-Michael reaction. (�)-Pantolactone was
transformed into 196 in 6 steps and the following Mukaiyama aldol reaction of
196 and silyl enol ether 197 furnished 198 with high selectivity (>95% dr).
Compound 198 was then treated with catecholborane under Evans conditions to
raise 1,3-syn-reduction [168] and subsequent protection of the resulting diol afforded
199. Compound 199 was subjected to removal of the TBS group, Swern oxidation,
and Wittig reaction to furnish product 200. When 200 was exposed to PTS�H2O,
removal of the acetonide and subsequent oxa-Michael cyclization proceeded in
one-pot to afford tetrahydropyran 201 in high stereoselectivity. Hydrolysis of the

Scheme 22 Hong’s total synthesis of cyanolide A
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ethyl ester of 201, followed by Yamaguchi protocol and cleavage of the benzyl
group furnished cyanolide A aglycon 195 (Scheme 23).

5.3 Rychnovsky’s Synthesis of Cyanolide A Aglycon

Rychnovsky’s group has developed Prins dimerization/macrocyclization strategy to
form tetrahydropyran-containing macrodiolides [169]. Based on this method, they
completed the synthesis of cyanolide A aglycon utilizing Sakurai macrocyclization/
dimerization reaction without the use of protecting groups [170, 171]. Readily
available 202 was converted to the methyl ketone [172], from which enol triflate
203 was obtained in good yield. Kumada coupling and hydrolysis of the acetal
furnished aldehyde 204. The aldol reaction of 204 using Nagao’s auxiliary under
Sammakia’s conditions provided the aldol adduct as a single diastereomer [173],
which was then hydrolyzed to 205. Esterification of 205 with 206 under Yamaguchi
protocol afforded ester 207. When 207 was treated with TMSOTf, Sakurai
macrocyclization/dimerization reaction smoothly proceeded to furnish desired 208
in 78%. Oxidative cleavage of alkenes and subsequent diastereoselective reduction
afforded cyanolide A aglycon 195 (Scheme 24).

5.4 Bates’s Total Synthesis of Cyanolide A

Bates and co-workers reported synthesis of cyanolide A [174], which involves a
diastereoselective Barbier reaction, early-stage glycosylation, and intramolecular
oxa-Michael addition to form the THP ring. Nucleophilic addition of lithium
acetylide to epoxide 209, followed by Lindlar hydrogenation, afforded 210. Cross
metathesis of 210 with methyl acrylate furnished 211, which was transformed into
aldehyde 212 in 3 steps. Barbier reaction of 212 with prenyl bromide in the presence

Scheme 23 Reddy’s synthesis of cyanolide A aglycon
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of zinc [175] provided an 80:20 mixture of 213 and its epimer. Glycosylation of 213
with 214 afforded 215, which was transformed into 217 in 2 steps. Removal of the
benzylidene acetal and subsequent oxa-Michael reaction furnished 218 (Scheme 25).

Treatment of compound 218 with NaIO4�SiO2 yielded the seco-acid, which was
subjected to Shiina macrolactonization to provide cyanolide A.

Scheme 24 Rychnovsky’s synthesis of cyanolide A aglycon

Scheme 25 Bates’s total synthesis of cyanolide A
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5.5 Zhou’s Total Synthesis of Cyanolide A

Zhou’s group developed the highly diastereo- and enantioselective construction of
1,3-polyols via iridium-catalyzed asymmetric hydrogenation of β-alkyl-β-keto esters
[176]. They completed a formal total synthesis of cyanolide A based on this protocol
[177]. The enantioselective hydrogenation of β-keto ester 220 in the presence of Ir–
SpiroSAP ((R)-219) and t-BuOK proceeded under 100 atm of H2 delivered alcohol
221 in 98% yield with 98.5% ee. The protection of alcohol 221 with a MOM group,
followed by hydrolysis and Knoevenagel reaction furnished β-keto ester 222. The
iridium-catalyzed hydrogenation of compound 222 delivered alcohol 223 with high
diastereoselectivity. The resulting compound 223 was transformed to alcohol 226
through the iterative asymmetric hydrogenation. After installation of two methyl
groups, reduction/oxidation and Wittig reaction furnished unsaturated ester 227.
Methylation of alcohol of 227 and subsequent acidic treatment raised to
oxa-Michael reaction to afford tetrahydropyran 228. Hydrolysis and Shiina
macrolactonization, followed by removal of methyl group afforded cyanolide A
aglycon 195 (Scheme 26).

6 Marinomycin A

In 2006, Fenical and co-workers disclosed the isolation of marinomycins A–C from
the saline culture broth of a marine actinomycete, Marinospora strain CNQ-140,
which was cultured from a sediment sample collected deep off the coast of La Jolla

Scheme 26 Zhou’s total synthesis of cyanolide A

Synthesis of Marine C2-Symmetrical Macrodiolide Natural Products 345



in California [178]. These natural products possess novel 44-membered
C2-symmetrical polyene–polyol macrodiolide architectures. Marinomycins exhibit
potent antibiotic activity (MIC90 ¼ 0.1–0.6 μM) against methicillin-resistant Staph-
ylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecium
(VREF), and inhibit cancer cell proliferation in the National Cancer Institutes
60 cell-line panel (LC50 ¼ 0.2–2.7 μM) with excellent selectivity against six of the
eight melanoma cell lines. The significant biological properties and structural chal-
lenges have made the marinomycins attractive targets for synthesis.

It has been shown that marinomycin A photochemically isomerizes to
marinomycins B 229 and C 230. The isomerization ratio changed in favor of
marinomycin C 229, reaching a value of ca. 1.1:1:1.5 (8/229/230) after 2 h
[179]. Despite the promising bioactivity of many agents, the photo-instability of
the polyene motif would hamper their development as drug candidates. Evans found
that the SpEC encapsulation of the marinomycin A dramatically increases the half-
life of the polyene macrodiolide to the direct exposure to UV irradiation [180]. In
this chapter, three total synthesis of marinomycin A and one synthesis of its
monomeric compound will be discussed (Fig. 4).

6.1 Nicolaou’s Total Synthesis of Marinomycin A

First total synthesis of marinomycin A has been accomplished by Nicolaou and
co-workers [179, 181]. Their synthetic strategy involves Suzuki coupling of mono-
meric esters and the construction of chiral induction based on Brown’s asymmetric
allylation (Scheme 27). Based on this strategy, the macrodiolide framework of
marinomycin A could be retrosynthetically constructed by Suzuki coupling of
ester 231. The monomeric ester would be accessed by HWE reaction and Mitsunobu
reaction from phosphonate 232, aldehyde 233, and acid 234.

The synthesis of phosphonate 232 began with the coupling of alkyne 235 and
epoxide 236 (Scheme 28). The protection of alcohol 237 with a TBS group, removal

Fig. 4 Marinomycin family
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of the PMB group, and hydroalumination with Red-Al followed by iodination
furnished 238. The primary alcohol of 238 was protected as its TMS ether, and
Negishi coupling [182–184] of the vinyl iodide with Me2Zn in the presence of
palladium catalyst, followed by further 2 steps afforded product 239.

Compound 239 was transformed in 4 steps into the desired phosphonate 232. On
the other hand, treatment of 240 with (+)-(Ipc)2B-allyl raised Brown allylation to
produce 241 with excellent selectivity. The protection of the secondary alcohol with
a TES group and subsequent ozonolysis of the terminal alkene afforded aldehyde
242. Brown’s allylation of 242 and silyl protection furnished aldehyde 233.

The resulting aldehyde 233 was then subjected to HWE reaction with 232,
followed by Evans reduction and removal of the benzyl group to afford 243 (Scheme
29). The allyl alcohol was transformed into the terminal alkyne in 3 steps to lead 244.
The coupling reaction of 243 and 244 was performed under Mitsunobu reaction,

Scheme 27 Strategy of Nicolaou’s total synthesis of marinomycin A

Scheme 28 Nicolaou’s synthesis of marinomycin segment
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subsequent hydrolysis of the acetyl group, silylation of phenol by TIPS delivered
monomeric compound 245.

Nicolaou’s group initially attempted to directly merge monomers by Suzuki
coupling after hydroboration of the terminal alkyne of 245; however, only intramo-
lecular coupling proceeded to afford the corresponding 22-membered products.
Next, the stepwise approach was explored (Scheme 30). Hydroboration of 244 and
subsequent Suzuki coupling with 245 furnished 246. Mitsunobu reaction of 246with
234 and replacement of the acetyl group in the phenol by a TIPS group afforded 247.
Finally, hydroboration of 246, Suzuki coupling using a catalytic amount of Pd
(PPh3)4 and TlOEt [185], and removal of the silyl group provided marinomycin A.

Scheme 29 Nicolaou’s synthesis of marinomycin segment

Scheme 30 Nicolaou’s total synthesis of marinomycin
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6.2 Evans’s Total Synthesis of Marinomycin A

As mentioned in Sect. 2, the macrolide framework is constructed from the acyclic
polyketide bound to the acyl carrier protein (ACP) by a thioester, through a
thioesterase-domain-mediated transesterification and concomitant cyclization with
a specific hydroxy group present in the polyketide. Evans proposed that the salicy-
late serving as a molecular switch would play an important role for
macrolactonization involving an ACP thioester and thioesterase. Based on this
salicylate switch to modulate the reactivity of the ester, Evans’s group completed
the total synthesis of marinomycin A [186] (Scheme 31). In the synthetic strategy,
marinomycin A would be accessed from monomeric compound 248, syn-1,3-diox-
ane of which would provide a conformational lock to enforce the linear chain
conformation to suppress the intramolecular cyclization. Compound 248 would be
merged from three components, 249, 250, and 251 through cross-coupling and HWE
reaction.

Ring opening reaction of 252 with the lithium anion of 1,3-dithiane and subse-
quent protection of the resulting alkoxide with MOMCl furnished the mono-
substituted dithiane [187] (Scheme 32). The mono-substituted dithiane was lithiated
with BuLi and reacted with 253 to raise ring opening reaction/closure to lead the
corresponding epoxide. The epoxide thus obtained was reacted with
vinylmagnesium bromide in the presence of CuI to furnish 254 in good yield.
Compound 254 was transformed into product 249 in 4 steps through SmI2-mediated
stereoselective reduction under Keck condition [188]. On the other hand, Appel
iodination of 1-O-methyl-2-deoxy-D-ribose 256 and protection of the secondary
alcohol with a TES group afforded 257. Vasella fragmentation [79] of the primary
alkyl iodide with zinc and subsequent Wittig reaction afforded 258.

Scheme 31 Strategy of Evans’s total synthesis of marinomycin A
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Bismuth-mediated hemiacetal/oxa-conjugate addition of acetaldehyde to 258
furnished syn-1,3-dioxane 250 [189]. Cross metathesis of 250 and 259, followed
by HWE reaction afforded a mixture of E-product 261 and Z-product 262. Undesired
262 could be isomerized to 261 under 4-methoxybenzenethiol followed by the
oxidation. After DIBAL reduction of 261 and oxidation, the resulting aldehyde
was subjected to HWE reaction to deliver 263.

Removal of the silyl group and transesterification of the salicylic acid acetonide
with TMSEOH provided deactivated monomer 248 (Scheme 33). In accord with
their hypothesis, transesterification of 248 with 263 furnished compound 264.
Protection of 264 with a MOM group, removal of the TMSE, and treatment with
modified Mukaiyama salt furnished the 44-membered macrodiolide. Finally, global
deprotection of the resulting macrodiolide furnished marinomycin A.

6.3 Cossy’s Synthesis of Marinomycin A Monomer

Cossy’s group reported an efficient and highly convergent synthesis of the mono-
meric counterpart of marinomycin A [190, 191] (Scheme 34). The strategy involves
the chiral titanium complexes-mediated asymmetric allylation which they have
developed, highly stereo- and regio-selective cross metathesis, HWE olefination,
and Stille cross-coupling. In order to synthesize this molecule by dimerization of

Scheme 32 Evans’s total synthesis of marinomycin A
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esters, their efforts were concentrated toward the synthesis of monomeric counter-
part 265. Monomer 265 could be accessed by performing a palladium-catalyzed
cross-coupling of trienic vinyl metal 266 and vinyl iodide 267 for the formation of
the C13-C14 bond, and cross metathesis of alkene 268 with α,β-unsaturated 267 for
the construction of the C19-C20 bond.

For the preparation of trienic vinyl metal 266, phosphonate 271 was synthesized
by a 3-step sequence involving Stille coupling between aryl triflate 269 and
vinylstannane 270, bromination, and Arbuzov reaction (Scheme 35). HWE
olefination of 271 and 272 afforded trienic stannane 273. On the other hand,
3-butyn-1-ol was converted to 274 by regio- and stereo-selective carboalumination
employing Cp2ZrCl2/Me3Al [192, 193], followed by iodination and oxidation.
Treatment of 274 with Hafner–Duthaler complex (S,S)-275 [194–196] raised highly
enantioselective allylation and compound 276 was produced after protection of the
alcohol as a PMB-ether. Oxidative cleavage of the terminal alkene 276 gave

Scheme 33 Evans’s total synthesis of marinomycin

Scheme 34 Strategy of Cossy’s synthesis of marinomycin A monomer
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aldehyde 277, which was transformed to 278 in 3 steps. On the other hand,
(R)-β-hydroxybutyrate 279 was converted to 280 in good yield by a 5-step sequence
involving protection as a TBS ether, DIBAL reduction allyl titanation, and TES
protection. Oxidative cleavage of the terminal alkene afforded aldehyde 281, which
was treated again with (R,R)-275 to furnish 282 after silyl protection. Cross metath-
esis of 282with 278 delivered 283. Stereoselective reduction of 283, silyl protection,
and Pd-mediated coupling with 273 provided 284. Compound 284 was subjected to
methanolysis and subsequent protection of the resulting phenol as a TIPS ether,
which was followed by removal of the TES group to provide the monomeric
counterpart of marinomycin A 285.

Scheme 35 Cossy’s synthesis of marinomycin A monomer
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6.4 Hatakeyama’s Total Synthesis of Marinomycin A

Hatakeyama also completed the total synthesis of marinomycin A [197] (Scheme
36). Based on their conformational studies, the protected monomeric compound 286
was selected for dimerization. The molecular mechanical calculations suggested that
the intramolecular cyclization of 286 to the 22-membered macrolide was unlikely
because of the remote distance between the salicylic ester carbonyl and hydroxy
group (7.562 Å) in this molecule, whereas the formation of the corresponding
44-membered dimeric product looked favorable owing to the proximity of the
reaction sites (3.489 Å) between C1 and the oxygen atom at C25' of dimeric
compound 287. Monomeric compound 286 could be accessed from the merge of
dienyl bromide 288, alkyne 290, and epoxide 289 through Suzuki–Miyaura coupling
and alkyne–epoxide coupling. Both alkyne 290 and epoxide 289 would be delivered
from C7 building block 291.

Hatakeyama and co-workers have developed the preparation of enantiomerically
pure C7 building blocks with 1,2- and 1,3-anti-diol and 1,2- and 1,3-syn-diol
functionalities from σ-symmetrical dialkenyl carbinol 293 [198–202]. Dialkenyl
carbinol 293 was readily prepared by nucleophilic addition of the acetylyde

Scheme 36 Strategy of Hatakeyama’s total synthesis of marinomycin A
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generated from benzyl propargyl ether to methyl formate and subsequent Red-Al
reduction (Scheme 37). Katsuki–Sharpless asymmetric epoxidation of 293 furnished
epoxide 294 [203–205], which was followed by Mitsunobu inversion, Red-Al
reduction with concomitant loss of a benzyloxy group and acetonide formation to
provide compound 291. Reductive debenzylation of 291, followed by mesylation of
the resulting alcohol, LiAlH4 reduction and removal of the acetonide under acidic
conditions to afford 1,3-diol 297. According to Cardillo’s method [206, 207], 297
was lithiated and reacted with CO2 followed by I2 to provide iodocarbonate 298 as a
single diastereomer. Silylation and subsequent methanolysis gave the epoxy alcohol,
which was then protected as a BOM group to deliver epoxide 289.

On the other hand, Wacker oxidation of 291 and HWE olefination afford a 6:1
mixture of E- and Z-isomers of which was chromatographically separated. The
resulting E-isomer was subjected to DIBAL reduction, silylation, and debenzylation
with lithium naphthalenide to lead compound 299 in good yield. Swern oxidation
and Seyferth–Gilbert homologation by using the Ohira–Bestmann reagent [208–
210] provided alkyne 290.

With the required alkyne 290 and epoxide 289 in hand, the coupling of both
segments was next explored (Scheme 38). When the lithium acetylide generated
from 290 was reacted with 289 in the presence of BF3�OEt2, homopropargyl alcohol
300 was given in almost quantitative yield. Silylation of 299 with 1,1,3,3-
tetramethyldisilazane followed by intramolecular hydrosilylation with [Cp*Ru
(MeCN)3]PF6 furnished the dihydrooxasiline, which was directly subjected to AgF

Scheme 37 Hatakeyama’s total synthesis of marinomycin A
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to afford the E-alkene [211]. In this reaction, TBDPS ether was partially cleaved, and
thus the resulting primary alcohol was protected as a TBPDS group again. Protection
of the secondary alcohol as the corresponding TBS ether to furnish product 301.
Removal of the BOM group of 301 and Mitsunobu inversion of the C25 hydroxy
group afforded the 4-nitrobenzoate, which, upon selective desilylation and
methanolytic removal of the 4-nitrobenzoyl group, delivered diol 302. After
TEMPO oxidation, Takai olefination [212, 213] of the resulting aldehyde with
pinacol (dichloromethyl)boronate stereoselectively produced the E-boronate,
which was then coupled with segment 288 under Suzuki–Miyaura reaction condi-
tions to provide the monomeric hydroxy salicylate 286.

To complete the total synthesis, Hatakeyama’s group attempted the direct dimer-
ization of monomer 286 under various transesterification conditions. When the
reaction was conducted by adding NaHMDS, KHMDS, LHMDS, or LDA to a
THF solution of 286 at �10 �C, the desired 44-membered macrodiolide was
observed within 2 min but the desired product was yielded merely in 30%. However,
reverse slow addition of 286 to NaHMDS in THF at �10 �C dramatically improved
the dimerization reaction to furnish the desired macrodiolide in 71% yield. Treat-
ment of the resulting macrodiolide with aqueous HClO4 raised the removal of all of
the protecting groups to cleanly furnish marinomycin A (8) in 71% yield.

Scheme 38 Hatakeyama’s total synthesis of marinomycin A
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7 Conclusion

The synthetic studies on marine C2-symmetric macrodiolides have been described.
These molecules comprise numerous synthetically challenging natural products,
which attract the interest of synthetic organic chemists and biologists due to their
unusual architecture and potent biological properties. The structural features of
polyketides in C2-symmetric macrodiolide have played a key role in drafting the
synthetic chemistry and numerous outstanding synthetic methodologies were devel-
oped for the synthesis of macrodiolides. The synthesis of C2-symmetric
macrodiolides shown here would shed light on the synthetic chemistry of
polyketides, macrolides, and biofunctional middle molecules and lead to the devel-
opment for drug discovery and drug lead.
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Abstract (�)-Enigmazole A and its natural congeners, isolated from a Papua New
Guinean sponge Cinachyrella enigmatica, constitute a family of cytotoxic
phosphomacrolides. Due to the structural complexity and biological significance,
(�)-enigmazole A has been an intriguing target among the synthetic community.
This chapter summarizes total and formal syntheses of (�)-enigmazole A, indepen-
dently completed by five groups, with emphasis on strategies for constructing the
complex macrocyclic skeleton of the target.

Keywords Macrolides · Oxacycles · Synthetic strategies · Tandem reactions · Total
synthesis
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1 Introduction

Macrolides are the members of a large family of naturally occurring polyketides,
which have a macrolactone skeleton comprised of more than 12 atoms [1]. Histori-
cally, the macrolide class of natural products were first discovered in the 1950s as the
secondary metabolites of soil-derived actinomycete bacteria. As exemplified by
erythromycin and its structurally relevant 14-membered macrolides [2–4], macrolide
antibiotics are known to inhibit bacterial protein biosynthesis to exert their
antibacterial activity, and are widely used for the treatment of infectious diseases.
Moreover, there are known macrolide antibiotics that display additional biological
activities, including antimalarial, anticancer, and immunosuppressive activities.
From the 1980s, macrolide natural products were also identified from marine
organisms such as invertebrates and algae. Represented by bryostatins [5] and
halichondrins, [6] marine macrolides are structurally different from soil-derived
macrolides, and many of them show promising anticancer activity.

Despite their common structural characteristic as having a macrolactone skeleton
as the core structure, macrolide natural products have tremendous structural diver-
sity, owing to their ring size variation and stereochemical complexity. Furthermore,
the proven efficacy of classical macrolide antibiotics as chemotherapeutics renders
macrolide natural products a promising scaffold for drug development. As such, the
isolation, structure elucidation, total synthesis, and biological characterization of
macrolide natural products are continuously important subjects in organic chemistry
and related disciplines.

In 2010, Gustafson and co-workers from the National Cancer Institute (NCI)
reported the isolation, structural characterization, and biological activity of (�)-
enigmazole A (1, Fig. 1) and its natural congeners 2 and 3 [7]. These new macrolides
were isolated from a Papua New Guinean sponge Cinachyrella enigmatica. The
structures of 1–3 share a common structural motif characterized by an 18-membered
macrolactone embedded with a 2,6-cis-substituted tetrahydropyran ring and
substituted with a phosphate group at C5 position and an oxazole ring at C17
position. The planar structure of 1 was determined mainly by extensive 2D NMR
experiments. The configuration of the stereogenic centers in 1 was assigned on the
basis of careful derivatization/degradation experiments and spectroscopic analyses

Fig. 1 Structures of (�)-
enigmazole A (1) and its
natural congeners 2 and 3
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of the resultant products. The absolute configuration of the C2 position was deter-
mined by a phenylglycine methyl ester (PGME) analysis [8], and the relative
configuration of C2/C4 and C4/C5 was assigned through NOE experiments on a
δ-lactone derivative of 1, which was obtained via a dephosphorylation and a
subsequent intramolecular transesterification. The absolute configuration of C15
position was established by means of a modified Mosher analysis [9], and correlated
with C17 position via NOE experiments on a C15/C17 acetonide derivative. The
configuration of C7 and C9 stereogenic centers was assigned through conformation
analysis on the macrolactone skeleton of 1, based on 3JH,H values and NOE
enhancements observed in CD3OD and in DMSO-d6. The configurational assign-
ment of the macrolactone of 1 was supported by molecular modeling. The config-
uration of the C21/C22 double bond was shown to be Z by a NOESY experiment.
Finally, the absolute configuration of the C23 stereogenic center was determined by
cleavage of the C21/C22 double bond of 1 with RuCl3/NaIO4 followed by trapping
of the resultant 3-methoxy-2-butanone fragment with 2,4-dinitrophenylhydrazine,
and comparison of the CD spectrum of the derived hydrazone with that of authentic
reference. The structure assignment made by Gustafson et al. was finally confirmed
by the first total synthesis achieved by Molinski and co-workers (vide infra). (�)-
Enigmazole A (1) was shown to exhibit significant cytotoxic activity in the NCI-60
human cancer cell line panel, whilst no significant differential activity was observed
among the cell lines tested. Meanwhile, some side fractions of the extracts of
C. enigmatica showed selective cytotoxicity against cells expressing mutant c-Kit.
Activating mutations of the receptor tyrosine kinase c-Kit is frequently observed for
acute myelogenous leukemia and gastrointestinal stromal tumors, and is known to be
responsible for the proliferation and invasion of cancer cells [7]. It is expected that
(�)-enigmazole A (1) and its analogues provide a potential scaffold for the devel-
opment of new chemotherapeutics targeting the c-Kit signaling pathway.

Given the structural complexity and potent cytotoxic activity, (�)-enigmazole A
(1) has been an intriguing target of total synthesis. In 2010, Molinski and his
colleagues described the first total synthesis of 1 and confirmation of its absolute
configuration [10]. Later, the Smith [11, 12], Fürstner [13], and our groups [14]
disclosed their total syntheses of 1 based on completely different synthetic strategies.
Kadota et al. reported a formal synthesis of 1 by intercepting the Smith synthesis
[15]. This chapter will attempt to illustrate the creativity and intellectual challenges
of synthetic organic chemists toward the structural complexity of 1 and at the same
time the current limitation of synthetic efficiency in total synthesis of polyketide
macrolides.

2 Total Synthesis of (2)-Enigmazole A by Molinski

The Molinski group has accomplished the first total synthesis of (�)-enigmazole A
(1). As summarized in Scheme 1, their synthesis plan was to construct the
18-membered macrocycle of 1 via a site-selective macrolactonization of dihydroxy
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acid 4, which was expected to be available from aldehyde 5, diene 6, and phospho-
nium salt 7, by considering a hetero-Diels–Alder cycloaddition for elaborating the
2,6-cis-substituted tetrahydropyran ring and a Wittig olefination for forging the
C12/C13 bond.

The synthesis of phosphonium salt 7 commenced with oxidation of allylic alcohol
8, available in one step from propargyl alcohol [16], with MnO2 (82%) followed by
(+)-MIB-catalyzed enantioselective addition of dimethylzinc [17, 18] to give opti-
cally active allylic alcohol 9 in 60% yield with 93% e.e. (Scheme 2). After methyl-
ation, Negishi reaction [19, 20] with an oxazol-2-ylzincate derived from
2-iodooxazole derivative 10 [21] provided cross-coupled product 11 in 86% yield.
DIBALH reduction (89%) and asymmetric allylation with allylstannane 12 under
Corey’s conditions (13, BBr3, CH2Cl2, �78�C) [22, 23] led to homoallylic alcohol
14 in 88% yield with greater than 20:1 diastereoselectivity. Selective cleavage of the
exomethylene, Narasaka–Prasad 1,3-syn reduction [24] of the derived hydroxy
ketone, and subsequent acetalization gave rise to acetonide 15 with correct config-
uration at the C15 position. Additional routine three-step sequence provided phos-
phonium salt 7.

The synthesis of aldehyde 16, the coupling partner of 7, was achieved through a
hetero-Diels–Alder reaction of aldehyde 5 and diene 6, as illustrated in Scheme 3.
The synthesis started with dehydration of dicarboxylic acid 17 (prepared in three
steps from diethyl methylmalonate and methyl methacrylate) [25], methanolysis of
the resultant anhydride, and chemoselective borane reduction to deliver alcohol 18 in
71% overall yield. Swern oxidation of 18 (85%) followed by Roush asymmetric
allylation [26, 27] using chiral boronate 19 led to homoallylic alcohol 20 in 85%
yield with 9:1 diastereoselectivity. Silylation and ozonolysis led to aldehyde 5.
Because hetero-Diels–Alder cycloaddition of 5 with diene 6 under chiral catalysis

Scheme 1 Synthesis plan toward 1 by Molinski et al

Total Synthesis of (–)-Enigmazole A 365



[28] was unsuccessful, the Molinski group reacted 5 with 6 in the presence of
BF3•OEt2 to provide, after in situ protection of the derived ketone, methyl acetal
21a–21c in 81% yield as a mixture of three diastereomers. The desired 2,6-cis-
substituted isomer 21a was favored over 2,6-trans isomers 21b and 21c, although
the diastereoselectivity remained moderate. After separation of these isomers by
preparative HPLC, hydrogenolysis of the benzyl group and Swern oxidation of the
resultant alcohol afforded aldehyde 16.

Wittig reaction of 7 and 16 delivered Z-olefin 22 in 71% yield (Scheme 4).
Subsequent three-step sequence, including hydrogenation of the Z-olefin, gave
dihydroxy acid 4. However, site-selective macrolactonization of 4 under Yamaguchi
[29] or Shiina [30] conditions gave only complex, intractable mixtures of products,
whereas that under Keck conditions [31] turned out to favor 16-membered
macrolactone 23 as the major product. Intramolecular transesterification of 23 to
the corresponding 18-membered macrolactone with Ti(Oi-Pr)4 [32, 33] also failed.
This site-selectivity problem was eventually overcome by using dihydroxy carbox-
ylic acid 24 with Z-configured C12/C13 double bond. Thus, exposure of 24 to DCC,
DMAP, and DMAP•HCl in refluxing CHCl3, followed by in situ acetylation of the
unreacted hydroxy group, gave rise to 18-membered macrolactone 25 in 35% overall
yield from 22. Presumably, the conformational constraint arising from the Z-config-
ured C12/C13 double bond brought the C1 carboxylic acid and the C17 hydroxy
group into proximity to facilitate the site-selective macrolactonization.

The final stage of the total synthesis required the introduction of the C9
exomethylene group and the C5 phosphate group. Thus, site-selective hydrogenation

Scheme 2 Synthesis of phosphonium salt 7
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of the C12/C13 double bond and deprotection of the dimethyl acetal gave ketone 26,
whose exposure to Takai–Lombardo reagent (Zn, TiCl4, CH2Br2) [34] resulted in
exomethylene 27. Removal of the TBS group, phosphorylation (i-Pr2NP(OFm)2,
1H-tetrazole; then aq. H2O2) [35], and global deprotection (K2CO3, aq. MeOH)
furnished synthetic (�)-enigmazole A (1).

The Molinski synthesis of (�)-enigmazole A (1) proceeded in 23 longest linear
steps (0.14% overall yield) from propargyl alcohol. The present synthesis involved a
diastereoselective hetero-Diels–Alder cycloaddition for stereoselective synthesis of
the 2,6-cis-substituted tetrahydropyran moiety and a site-selective Keck
macrolactonization for crafting the macrocyclic skeleton as key transformations.

3 Total Synthesis of (2)-Enigmazole A by Smith

In 2015, the Smith group described the second total synthesis of (�)-enigmazole A
(1). Their synthetic strategy, summarized in Scheme 5, depended on a three-stage
Petasis–Ferrier union/rearrangement [36, 37] of aldehyde 28 and hydroxy acid 29 for
the construction of the tetrahydropyran ring of 1, and a Yamaguchi

Scheme 3 Synthesis of aldehyde 16
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macrolactonization [29] for the formation of the macrocyclic skeleton. Carboxylic
acid 29 should be available from dithiane 30 and epoxide 31. Dithiane 30 would be
obtainable from 2-chlorooxazole derivative 32 and iodoolefin 33 by means of a
Negishi reaction [19, 20]. The epoxide 31, in turn, would arise via a

Scheme 4 Total synthesis of (�)-enigmazole A (1) by Molinski et al
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three-component “Anion Relay Chemistry” (ARC) union [38–40] of known frag-
ments 34, 35, and 36.

The synthesis of epoxide 31 started from ARC union of known dithiane 35 [39]
and enantiopure epoxides 34 [40] and 36 [40] (Scheme 6). Deprotonation of 35 with
n-BuLi, coupling of the generated lithiated dithiane with epoxide 34, 1,4-Brook
rearrangement, and subsequent addition of the resultant dithiane anion to epoxide 36
furnished the tri-component adduct 37 in 90% yield. Raney nickel reduction of the
dithiane moiety and removal of the PMB group afforded 1,2-diol 39. Epoxide 31
was obtained from 39 by a Fraser–Reid protocol [41] in a quantitative yield.
Meanwhile, the synthesis of dithiane 30 commenced with commercially available
(R)-3-butyn-2-ol (40). Copper-catalyzed carbometallation/iodination [42], followed
by O-methylation, gave iodoolefin 33 in 77% yield for the two steps. Negishi cross-
coupling [19, 20] of 32 and 33 provided ester 11 in 80% yield. Reduction of the ester
with DIBALH, followed by dithioacetalization of the derived aldehyde provided
dithiane 30. Coupling of dithiane 30 and epoxide 31 required extensive optimization
experiments because competitive lithiation at the C23 position of 30 occurred easily.
The best result was obtained by deprotonation of 30 with n-BuLi (Et2O, �78�C)
followed by addition of epoxide 31 (�78 to 0�C, over 2 h), affording alcohol 41 in
77% yield. Removal of the dithioacetal [43] gave a β-hydroxy ketone (75%) and
Narasaka–Prasad reduction [24] of the liberated ketone gave 1,3-syn-diol 42 in 95%
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yield as a single diastereomer. Acetalization of 42 with p-methoxybenzylidene
dimethyl acetal and removal of the primary TBS group in a single flask afforded
43 in 88% yield. TEMPO/NaClO2-mediated oxidation, reductive opening of the p-
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methoxybenzylidene acetal, and removal of the secondary TBS group provided
carboxylic acid 29.

The synthesis of aldehyde 28 started from known iodide 44 [44], prepared in three
steps from commercially available (R)-Roche ester (Scheme 7). Myers asymmetric
alkylation/reduction sequence [45] of 44 led to alcohol 46 in 99% yield (two steps)
as a single diastereomer. Parikh–Doering oxidation and Brown asymmetric
allylation [46] gave homoallylic alcohol 47 in 91% yield (two steps) with greater
than 20:1 diastereoselectivity. After protection of 47 with TIPSOTf/2,6-lutidine,
sequential dihydroxylation of the terminal olefin and cleavage of the derived diol
provided aldehyde 28.

With aldehyde 28 and carboxylic acid 29 in hand, their three-stage Petasis–Ferrier
union/rearrangement was examined (Scheme 8). The union of 28 and 29 using
HMDS/TMSOTf [37] gave dioxanone 48 in less than 10% yield under anhydrous
conditions, and it was eventually found that traces of H2O were necessary to obtain
48 in a satisfactory yield. Petasis olefination under microwave irradiation conditions
provided enol ether 49 in 87% yield (cf. 40–50% yield under conventional heating
conditions). Unfortunately, Ferrier rearrangement of 49 using Me2AlCl did not
deliver the corresponding rearrangement product, tetrahydropyranone 50, in spite
of attempting various additives and quenching methods. This was presumably
because of Lewis acid-promoted intramolecular Michael fragmentation of the
tetrahydropyranone ring. Eventually, in situ Wittig methylenation of 50 was found
beneficial for overcoming this problem: after treatment of 49 with Me2AlCl in
CH2Cl2 at�78�C for 30 s, excess Ph3P¼CH2 was introduced to the reaction mixture
to transform 50 into 4-methylene tetrahydropyran 51. Under these conditions, 51
was isolated in 84% yield with >20:1 diastereoselectivity. Selective deprotection of
the TBDPS and TMS groups was achieved using KOH (84%). TEMPO-catalyzed
oxidation of the liberated primary alcohol provided carboxylic acid 52 (74%).
Macrolactonization of 52 under Yamaguchi conditions [29] afforded macrolactone
53 in 89% yield. Removal of the TIPS group was problematic due to competitive
intramolecular transesterification and required carefully controlled conditions using
HF•pyridine buffered with pyridine to deliver alcohol 54 in 70% yield. Installation

Scheme 7 Synthesis of aldehyde 28
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of the C5 phosphate [35] and deprotection of the PMB group gave bis
(9-fluorenylmethyl) phosphate 55 (61%, two steps). Finally, exposure of 55 to
Na2CO3/MeOH followed by acidification led to enigmazole A (1).

The Smith synthesis of (�)-enigmazole A (1) was achieved in 22 linear steps
(4.4% overall yield) from (R)-3-butyn-2-ol (40). This synthesis featured a three-stage
Petasis–Ferrier union/rearrangement of aldehyde 28 and carboxylic acid 29 for

CHO

OTIPS OTBDPS

Me Me

HO2C
OH

OH

O

N Me
Me

OMe HMDS then
28, TMSOTf

Cp2TiMe2, 2,6-lutidine
toluene/THF, 100 °C
microwave, 87%

O O

O

N Me
Me

OMe
OTIPS OTBDPS

MeMe
Me2AlCl, CH2Cl2
–78 °C

then Ph3P=CH2
84%, d.r. >20:1

1. KOH, 84%
2. TEMPO, NaClO
    NaClO2, 74%

O O

O O

N Me
Me

OMe
OTIPS OTBDPS

MeMe

O

X O

N Me
Me

OMe
OTIPS OTBDPS

MeMe

O

OH

O

N Me
Me

OMe
OTIPS

CO2H

MeMe

TCBCl, i-Pr2NEt
DMAP

O

O

O

N Me
Me

OMe
OPG O

MeMe

O

O

O

N Me
Me

OMe
O O

MeMe

1. i-Pr2NP(OFm)2
    1H-tetrazole
    then aq. H2O2

2. DDQ
61% (2 steps)

+

OH

P
O

FmO
FmO

Na2CO3
H2O, MeOH

28

29

48

50: X = O
51: X = CH2

49

52 53: PG = TIPS

54: PG = H

55

O

O

O

OH

MeMe

O
P
O

HO
HO

O

N Me
Me

OMe

H2O, CH2Cl2
–78 °C, 95%
d.r. >20:1

toluene, reflux
89%

then CF3CO2H
95%

OPMB
OPMB

OTMS

OPMB

OTMSOTMS

OPMB

OPMB OPMB

HF/py (1:6)
70%

1: (−)-enigmazole A

5

Scheme 8 Total synthesis of (�)-enigmazole A (1) by Smith et al

372 T. Sugai and H. Fuwa



assembly of advanced fragments with concomitant construction of the 4-methylene
tetrahydropyran ring of 1.

4 Total Synthesis of (2)-Enigmazole A by Fürstner

In 2016, the Fürstner group described the third total synthesis of (�)-enigmazole A
(1). The Fürstners synthetic strategy, summarized in Scheme 9, centered around a
gold-catalyzed [3,3]-sigmatropic rearrangement of propargylic acetate 58 and a
transannular hydroalkoxylation of the derived allenyl acetate 57 for a late-stage
construction the 4-methylene tetrahydropyran ring of 1. Propargylic acetate 58
should be available from diyne 59 via a ring-closing alkyne metathesis (RCAM)
[47, 48]. Diyne 59 was retrosynthetically divided into three fragments, carboxylic
acid 60, allylstannane 61, and aldehyde 62.
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The Fürstner synthesis started with DIBALH reduction of known ester 11
(prepared in three steps from (R)-3-butyn-2-ol), followed by Keck asymmetric
allylation [49], to give allylic alcohol 63 (Scheme 10). Boc protection and
IBr-mediated intramolecular cyclization [50] led to carbonate 65 in 54–73% yield.
Treatment of 65 with K2CO3/MeOH resulted in solvolysis of the carbonate and
spontaneous epoxide formation. Subsequent silylation of the remaining hydroxy
group provided epoxide 66. Copper-catalyzed epoxide opening of 66 with Grignard
reagent 67 led to alcohol 68 in 92% yield, which was converted to aldehyde 62 via a
two-step protecting group adjustment. Asymmetric allylation of aldehyde 62 with
allylstannane 61 under Corey’s conditions [22, 23] provided homoallylic alcohol 69
in 95% yield (d.r. >10:1). Troc protection followed by removal of the TBS group
gave alcohol 70.
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The synthesis of carboxylic acid 60 commenced with a two-step conversion of
commercially available (R)-3-bromo-2-methyl-1-propanol (71) to iodide 72
(Scheme 11). Myers asymmetric alkylation/reduction [45] of 72 led to alcohol 73
as a single diastereomer. TPAP oxidation and Corey–Fuchs alkyne synthesis [51] led
to alkyne 74. After removal of the TBS group, TPAP/NMO•H2O oxidation [52]
provided carboxylic acid 60.

Completion of the Fürstner synthesis of (�)-enigmazole A (1) is shown in
Scheme 12. Yamaguchi esterification [29] of alcohol 70 and carboxylic acid 60
led to diyne 59 in a quantitative yield. RCAM [47, 48] of diyne 59 using molybde-
num ate complex 75 in the presence of 4 Å MS and 5 Å MS [53, 54] in toluene
provided macrolactone 76 in 79% yield. Zn/AcOH-mediated deprotection of the
Troc group gave alcohol 58 (93%). [3,3]-Sigmatropic rearrangement of 58 and
concomitant transannular hydroalkoxylation of the derived allenyl acetate was
achieved by the action of (R)-77/AgSbF6 [55] in CH2Cl2 to afford 4-methylene
tetrahydropyran 56 in 91% yield. The success of this sequential process was found to
be dependent on the configuration of the C7 stereogenic center and the axial chirality
of the gold complex. After cleavage of the acetyl group (95%), the derived ketone
was reduced with NaBH4 to deliver alcohol 78 with approximately 2:1
diastereoselectivity (61% isolated yield). Phosphorylation of the resultant alcohol
via phosphoramidite coupling/oxidation [35] and removal of the TBDPS group
furnished enigmazole A (1).

The Fürstner synthesis of (�)-enigmazole A (1) was achieved in 23 linear steps
(3.3% overall yield) from (R)-3-butyn-2-ol. Highlights of this synthesis include a
ring-closing alkyne metathesis to construct the 18-membered macrocycle and a gold-
catalyzed [3,3]-sigmatropic rearrangement/transannular hydroalkoxylation for a
late-stage construction of the 4-methylene tetrahydropyran ring.
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5 Total Synthesis of (2)-Enigmazole A by Fuwa

In 2018, the Fuwa group reported the fourth total synthesis of (�)-enigmazole A (1).
The synthetic blueprint of the Fuwa synthesis of 1 is illustrated in Scheme 13. They
considered macrocyclic α,β-unsaturated ketone 80 as an advanced intermediate,
which has differentially protected C5 and C9 hydroxy groups as well as versatile
α,β-unsaturated ketone moiety that is amenable to selective functionalization at the
C13, C14, and C15 positions. Thus, structural diversification of the enigmazole
macrocycle should be possible from advanced intermediate 80. The macrocycle of
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80would be crafted through a gold-catalyzed propargylic benzoate rearrangement of
benzoate 81 [56] and a subsequent ring-closing metathesis [48]. Ester 81 should be
available from carboxylic acid 82 and alcohol 83. Carboxylic acid 82, in turn, was
traced back to dihydroxy olefin 84 by considering a tandem olefin cross-metathesis/
intramolecular oxa-Michael addition [57, 58]. Compound 84 should be obtainable
from dithiane 85 and epoxide 86.

The synthesis of carboxylic acid 82 started from oxidation of known alcohol 46
[11] (prepared in the Smith synthesis of 1 from (R)-Roche ester over five steps),
followed by dithioacetalization to give dithiane 85 (Scheme 14). Deprotonation of
85 with t-BuLi and coupling of the generated lithiated dithiane with epoxide 86
(HMPA, THF, �78 to �50�C) afforded alcohol 87 in 76% yield (88% based on
recovered 86). In this anion coupling, the stoichiometry of the reactants was criti-
cally important for clean reaction. Removal of the dithioacetal with NaClO2 [59],

Scheme 13 Synthetic blueprint toward (�)-enigmazole A (1) by Fuwa et al
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followed by Evans–Tishchenko reduction [60] (SmI2, PhCHO, THF, �10�C),
provided benzoate 88 quantitatively as a single stereoisomer with correct configu-
ration at C5. Reductive removal of the benzoate led to dihydroxy olefin 84. Olefin
cross-metathesis/intramolecular oxa-Michael addition [57, 58] of 84 was achieved
under co-catalysis of the second-generation Hoveyda–Grubbs (HG-II) complex [61]
and CSA in the presence of crotonaldehyde in DCE at room temperature to furnish
2,6-cis-substituted tetrahydropyran 89 in 77% yield with greater than 20:1
diastereoselectivity. This tandem reaction, originally described by Fuwa et al.,
enables a step-economical, easy access to complex tetrahydropyran derivatives. In
fact, it has been utilized in a number of total syntheses of complex natural products
[62]. Wittig methylenation of 89 followed by silylation gave a TBS ether, from
which the TBDPS group was selectively cleaved with TBAF/AcOH [63] to deliver
alcohol 90. A two-stage oxidation of 90 then afforded carboxylic acid 82.

Alcohol 83 was synthesized from known homoallylic alcohol 62 [13] (prepared
in the Fürstner synthesis of 1 over five steps from (R)-3-butyn-2-ol), as shown in
Scheme 15. Silylation of 62 followed by selective double bond cleavage gave
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aldehyde 92. Corey–Fuchs alkyne synthesis [51] via a dibromoolefin delivered
alkyne 93, which was deprotonated and trapped with CH3CHO to give propargylic
alcohol 94. Acylation of 94 with BzCl/pyridine and removal of the silyl group
afforded alcohol 83.

Completion of the total synthesis of (�)-enigmazole A (1) by the Fuwa group is
illustrated in Scheme 16. Esterification of carboxylic acid 82 and alcohol 83 under
Yamaguchi conditions [29] provided ester 81. Propargylic benzoate rearrangement
of 81 was achieved by the action of Nolan’s catalytic system, IPrAuCl/AgSbF6 [64],
in THF/H2O at 80�C under microwave irradiation to afford α,β-unsaturated ketone
95 in 82% yield as a single E-configured isomer. The success of this transformation
depended on proper choice of the carboxylate moiety. While the original publication
by Nolan et al. used propargylic acetates as substrates, model experiments by Fuwa
et al. showed that propargylic benzoates are superior alternative to the acetate
counterparts with respect to the reactivity and product yield. Ring-closing metathesis
of 95 was easily accomplished by its exposure to the second-generation Grubbs
(G-II) complex [65] in toluene at 40�C to deliver macrocyclic α,β-unsaturated
ketone 80 in 81% yield as a single E isomer. Site-selective hydrogenation of 80
under the influence of Wilkinson’s catalyst (91%) and stereoselective reduction of
the resultant ketone gave rise to alcohol 96 in 86% yield with 3:1
diastereoselectivity. The major diastereomer with correct configuration at C15 was
separated by flash column chromatography on silica gel. A three-step sequence
including acetylation, PMB deprotection, and oxidation led to ketone 26, which
was previously synthesized as an intermediate in the Molinski synthesis of
1 [10]. The remaining four-step sequence was performed in accordance with the
Molinski synthesis to furnish synthetic (�)-enigmazole A (1).

The Fuwa synthesis of (�)-enigmazole A (1) was achieved in 29 linear steps
(2.5% overall yield) from (R)-Roche ester. The salient features of the present
synthesis are a tandem olefin cross-metathesis/intramolecular oxa-Michael addition
for stereoselective synthesis of the 2,6-cis-substituted tetrahydropyran ring and a
gold-catalyzed propargylic benzoate rearrangement/macrocyclic ring-closing

Scheme 15 Synthesis of alcohol 83
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Scheme 16 Completion of the total synthesis of (�)-enigmazole A (1) by Fuwa et al
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metathesis for forging the 18-membered macrocycle. Although the synthetic path of
the Fuwa synthesis is longer than others, it involves versatile intermediates at late
stage of the synthesis and therefore appears easily adaptable to structural diversifi-
cation for analogue synthesis. The Fuwa group also completed the total synthesis of
(�)-15-O-methylenigmazole A (2) from advanced intermediate 80 [66].

6 Formal Synthesis of (2)-Enigmazole A by Kadota

The Kadota group described a formal synthesis of (�)-enigmazole A (1) in 2018.
Their synthetic strategy, summarized in Scheme 17, depended on a Yamaguchi
macrolactonization [29] of hydroxy acid 99 for the construction of the
18-membered macrocyclic skeleton of 1. The 2,6-cis-substituted tetrahydropyran
ring of 99 would be crafted via a Lewis acid-mediated intramolecular allylation of
α-monochloroacetoxy ether 100 [67], which in turn should be available from
carboxylic acid 101 and alcohol 102.

The synthesis of carboxylic acid 101, as shown in Scheme 18, commenced with
anion coupling of known dithiane 30 [11] (previously synthesized by Smith et al.
from (R)-3-butyn-2-ol over five steps) and epoxide 103 (available in three steps from
5-hexen-1-ol) to give alcohol 104 (76%). After deprotection of the dithioacetal, the
resultant ketone was reduced with DIBALH. The derived 1,3-diol 105 was
acetalized with p-methoxybenzylidene dimethyl acetal and then reduced with

Scheme 17 Synthetic strategy toward (�)-enigmazole A (1) by Kadota et al
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DIBALH to deliver alcohol 106. Additional four-step sequence including protecting
group manipulations and two-stage oxidation led to carboxylic acid 101.

The synthesis of alcohol 102 started with Evans syn-aldol reaction [68] of
3-benzyloxypropanal (108) with N-propionyl (R)-4-benzyloxazolidin-2-one (109)
(97%, d.r. >20:1), followed by MOM protection of the resultant alcohol 110 and
reductive removal of the chiral auxiliary, to give alcohol 111 (Scheme 19). Oxida-
tion, Wittig homologation, and hydrogenation delivered ester 112. After hydrolysis
and coupling with (S)-4-benzyloxazolidin-2-one, the resultant imide 113 was
alkylated under Evans conditions [69] to provide methylated product 114 (86%,
d.r. >20:1). Reduction of the chiral imide moiety, followed by silylation and
debenzylation, gave alcohol 115 [70], which was oxidized and then allylated [46]
with chiral allylborane 116 to deliver alcohol 102 (88%, two steps, d.r. >20:1).

Esterification of 101 and 102 under Shiina conditions [30] afforded ester 117
(83% overall yield from alcohol 107) (Scheme 20). Ester 117 was reduced with
DIBALH and in situ acylated with (ClCH2CO)2O (DMAP, pyridine) to deliver
α-monochloroacetoxy ether 100, which was then exposed to MgBr2•OEt2 (5 Å
MS, CH2Cl2/CH3CN, 0�C) to induce intramolecular allylation, affording 2,6-cis-
substituted tetrahydropyran 118 in 87% yield for the two steps. Intramolecular
allylation of α-acetoxy ethers has been extensively investigated by the Kadota
group over the past two decades and its utility has been demonstrated in a number
of total syntheses of complex natural products [71, 72]. Liberation of the primary
alcohol of 118, followed by a two-stage oxidation and desilylation, gave hydroxy
acid 99. Yamaguchi macrolactonization [29] of 99 provided 18-membered
macrolactone 119 (75%, four steps). Finally, deprotection of the MOM group
afforded alcohol 54, which had been transformed into (�)-enigmazole A (1) in

Scheme 18 Synthesis of carboxylic acid 101
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three steps by Smith et al. [11, 12]. Thus, a formal synthesis of 1 was successfully
completed.

The Kadota synthesis of (�)-enigmazole A (1) was achieved in 23 linear steps
from 3-benzyloxypropanal (8.4% overall yield) to intercept the Smith intermediate
54. Highlights of the present synthesis include a Lewis acid-mediated intramolecular
allylation of an α-monochloroacetoxy ether for stereoselective synthesis of the
2,6-cis-substituted tetrahydropyran ring and a Yamaguchi macrolactonization to
construct the 18-membered macrocycle. Noticeably, the entire synthetic path was
fully stereocontrolled and the overall yield was remarkable.

7 Conclusions

As summarized in this chapter, five total and formal syntheses of (�)-enigmazole A
(1) have been reported since the disclosure of the isolation paper by Gustafson. Each
work is based on its own unique synthetic planning that reflects the creativity of
individual groups. Specifically, five distinct ways to forge the 2,6-cis-substituted
tetrahydropyran ring of 1, i.e., hetero-Diels–Alder cycloaddition, Petasis–Ferrier

Scheme 19 Synthesis of alcohol 102
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union/rearrangement, tandem [3,3]-sigmatropic rearrangement/transannular
hydroalkoxylation, tandem olefin cross-metathesis/intramolecular oxa-Michael
addition, and intramolecular allylation, are noticeable. Meanwhile, only limited
methods are currently available for constructing the 18-membered macrocycle of
1. Molinski, Smith, and Kadota demonstrated that macrolactonization of the
18-membered lactone skeleton of 1 required appropriately protected precursor
seco-acids. As shown by Fürstner and Fuwa, ring-closing alkyne/alkene metathesis
appears to be more versatile method for closing the macrocycle because of the
flexibility of the bond-forming position and the functional group tolerance. All the
five syntheses of 1 required 22–29 steps from commercially available materials, and
these numbers may indicate the current limit of efficiency in total synthesis of
complex polyketide macrolides. Future directions in this area will involve the

Scheme 20 Formal synthesis of (�)-enigmazole A (1) by Kadota et al
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development of new chemo-, regio- and stereoselective methods that enable rapid
construction of polyketide fragments and complex ring systems.
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Abstract Marine sponges often contain middle-weight molecular compounds with
a long carbon chain, which are mainly polyketides, or polyketides partially fused
with peptides. Some of them show highly potent cytotoxicity and promising anti-
cancer activity. They have been the target molecules of total synthesis, because of
their unique chemical structures and challenging scaffolds. Thus, the sponge-derived
middle-weight molecules are hallmarks of natural products in terms of chemical
structures and potent biological activities. However, the biosynthesis of these mol-
ecules remains largely unknown. The real producers have been proposed to be
microbial symbionts, but only a few cases have been experimentally validated.
This section introduces the recent advance of biosynthetic studies on sponge-derived
compounds with the special emphasis on polyketides or polyketide-peptide hybrid
molecules from marine sponges that belong to Theonellidae family.
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1 Introduction

Marine sponges have been recognized as a prolific source of structurally diverse
compounds with highly potent cytotoxic activity [1]. A notable example is
halichondrin B from the marine spongesHalichondria okadai [2] and Lissodendoryx
sp. [3, 4], which inspired the chemical synthesis of eribulin mesylate [5, 6] as a new
chemotherapy agent for the treatment of metastatic breast cancer [7]. The unique
structures and prominent biological activities of sponge-derived compounds [8] have
attracted considerable attention of scientists to investigate their biosynthesis. How-
ever, so far only a few sponge-derived metabolites have been evaluated in terms of
the biosynthetic pathways. One of the main reasons is that feeding experiment with
labeled precursors, which is commonly used in the biosynthetic studies of terrestrial
plants and microorganisms, has been difficult to apply in marine sponges, although
there were a few successful examples reported [9].

Moreover, “symbiont hypothesis” has long been proposed that many sponge-
derived compounds are produced by as-yet-unidentified symbiotic microorganisms,
as they shared structural similarities of chemical scaffolds with typical bacterial
compounds [10, 11]. This arises important questions about the identity of the actual
microbial producers and how sponge-derived bioactive molecules are
biosynthesized inside microbial cells. The limitation to cultivate the majority of
microbial symbionts [12, 13] suggests the difficulty in identifying and growing the
true producers for compound production. A potential problem is that laboratory
cultivation may destroy any cell-to-cell communication between a target symbiont
and the host or among symbionts in the natural environments that might be important
for growth. Symbiotic bacteria may coexist with their host or other bacteria in natural
habitats to get essential nutrients and substrates that are not present in standard media
[14, 15]. Although cultivation conditions could be found, metabolites of interest
might not be released due to the lack of required environmental signals [16].

Cultivation-independent experimental support for the microbial origin of sponge-
derived natural products was initially provided by Faulkner and coworkers who
conducted microbial cell separation from the Palauan Theonella swinhoei followed
with chemical analysis of the cell fractions using 1H- NMR spectroscopy and
Transmission Electron Microscopy (TEM) observation. They found the highest
concentration of the cytotoxic polyketide swinholide A in the mixed unicellular
bacterial fraction, but not in sponge-associated cyanobacteria, while the antifungal
peptide theopalauamide in the filamentous bacterial fraction [10, 17]. Further
16S-rRNA gene analysis showed the identity of such as-yet uncultivated filamentous
bacteria as “Candidatus Entotheonella palauensis” [18]. However, chemical locali-
zation alone is not enough to provide convincing evidence for the bacterial origin
due to the possibility that natural products transport across different cell types and
whole tissues [11, 16].

The extreme complexity of sponge-associated microbiome containing numerous
homologous genes from diverse nontarget pathways [19–21] suggests that genetic
analysis for identifying a target pathway in a marine sponge is very challenging
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without an effective strategy. Using a metagenomics-based strategy, Piel and col-
leagues isolated onnamide biosynthetic gene cluster from the Japanese sponge
Theonella swinhoei [22]. The typical bacterial architecture of the isolated cluster
marked the first genetic proof for the microbial origin of sponge-derived natural
products [22]. Further development of metagenomic approaches has led to the
isolation of the biosynthetic gene clusters (BGCs) for other sponge-derived complex
compounds, such as calyculin A [23] and misakinolide A [24], which were both
attributed to as-yet uncultured symbionts Entotheonella as the producers
[23, 24]. Recent development of metagenomics and single-cell analysis supported
by new DNA sequencing technologies and bioinformatic tools have opened
completely new opportunities for the rapid discovery of biosynthetic pathways
from as-yet uncultivated bacteria [25–27]. This offers new exciting challenges to
produce rare sponge-derived bioactive compounds in sustainable ways by heterol-
ogous production in easily culturable bacteria [16, 26]. Further understanding of the
underlying biochemistry and enzymatic mechanisms would enable synthetic biology
application for the rational diversification of natural products to produce structurally
novel analogs with improved pharmacological profiles [28].

Among marine sponges, Theonellidae family (order Tetractinellida, previously
known as order Lithistide) [29] has been well-studied for natural product chemistry.
Particularly members of the two genera Theonella and Discodermia are known as an
important source of unique biologically active polyketides and peptides [8]. In this
review, we focus on the biosynthetic aspects of four types of Theonellidae sponge
polyketides: (1) onnamides, (2) misakinolides from Theonella, (3) calyculin, and
(4) discodermolide from Discodermia. The medium-sized structures of these
polyketides with long carbon chains suggest their biosynthesis is catalyzed by the
modular megaenzymes called type I polyketide synthases (PKSs-I). Polyketides,
such as onnamides and calyculin, harbor amino acid residues or peptide segments,
suggesting that hybrid PKS-I and non-ribosomal peptide synthetase (NRPS) assem-
bly lines are responsible for their biosynthesis.

2 Type I Polyketide Synthase and Non-ribosomal Peptide
Synthetase

Type I PKSs are multifunctional enzymes organized into modules. Each module
contains catalytic domains responsible for one round of polyketide chain elongation.
One module consists of a core domain set: an acyl carrier protein (ACP) domain that
plays a role as an anchor for the building block and a ketosynthase (KS) domain that
elongates the polyketide chain. The additional domain acyltransferase (AT), either
integrated into each module or located externally outside the PKS assembly line,
plays a role in selecting an appropriate acyl-CoA building block. During biosynthe-
sis, various functional modifications occur on the β-position of the polyketide chain
through the catalytic activity of optional tailoring domains, such as ketoreductase
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(KR), dehydratase (DH), and enoylreductase (ER) domains. KR domain is respon-
sible for reducing the β-ketoacyl moiety of an intermediate resulting from the
KS-mediated condensation into a β-hydroxyacyl group. Then DH dehydrates a
β-hydroxyacyl group to an α,β-enoyl that can subsequently be reduced by ER to
generate a saturated acyl [30, 31].

The linear correlation between the resulting intermediates, the PKS domain
organization and domain function allows the prediction of a polyketide structure.
This correlation is called colinearity rule, which is usually applied for the PKS-I
subclass “cis-AT PKSs” characterized by the presence of an AT domain integrated
into each module [32, 33]. For the other subclass “trans-AT PKSs,” no integrated
AT domain is present in each module. Instead, an alone-standing AT domain usually
located outside the assembly line acts in trans to load acyl building blocks into the
ACP of each module [34]. This subclass contains unusual enzymatic features to
generate diverse complex polyketides, such as modules split between two distinct
proteins, some presumed inactive domains such as non-elongating KSs, multiple
MTs (methyltransferases) and O-MTs (O-methyl transferases) that introduce methyl
groups, and a PS (pyran synthase) domain generating a pyran ring, and a domain set
that introduces a β-branching on the polyketide chain [19, 35].

Non-ribosomal peptide synthetase (NRPS) is composed of a series of modules.
Each NRPS module contains minimally three domains: an adenylation (A) for amino
acid activation and incorporation, a thiolation (T) for amino acid residue
thioesterification, and a condensation (C) for peptide chain elongation via
transpeptidation. During peptide biosynthesis, each module acts through the activity
of such catalytic domains to incorporate and modify an amino acid unit into the
growing peptide chain. Since chain elongation and post-assembly involve the existing
20 proteinogenic amino acids and a larger variety of nonproteinogenic amino and
other acids as the building blocks, a remarkable structural and functional diversity of
peptides is generated [36]. The biosynthetic mechanism of NRPS assembly line is
similar to that of PKS-I assembly line; and therefore, PKS-catalyzed biosynthesis is
capable of encompassing NRPS modules to offer the stage for highly modified
flamework of the medium-sized compounds [37]. The PKS and NRPS hybrid module
can generate nonproteinogenic amino acids, which features mixed polyketide-peptide
structures of sponge origin. Some cyclic peptides (e.g., orbiculamide A) isolated from
Theonella contain unique amino acids, theoalanine and theoleucine, that represent
moieties formed by PKS-NRPS hybrid assembly lines [27, 38]. Many type-1
PKS-NRPS hybrid genes have recently been cloned from free-living bacteria such
as actinomycetes, but only a very few of these types of biosynthetic gene clusters have
been identified in sponge-microbe association.
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3 Onnamide-Type Compounds

Onnamide A (1) was initially reported from Okinawan marine sponge Theonella
sp. [39]. It exhibited potent antiviral activity against herpes simplex virus type-1,
vesicular stomatitis virus, and coronavirus A-59 [39]. Structurally close analogs
included dihydroonnamide A, onnamides B-E [40], and theopederins A-E [41]
isolated from T. swinhoei chemotype yellow collected in Hachijo Island
[42]. Theopederins A and B exhibited promising antitumor activity against P388
cells [43]. Onnamide and theopederin series structurally resemble the antitumor
pederin (2) from the rove beetles Paederus and Paederidus [44], mycalamide A
(3) from the New Zealand sponge Mycale hentscheli [45], and psymberin (4) from
the sponge Psammocinia aff. bulbosa [46]. Psymberin was also known as
irciniastatin A from the Indo-Pacific sponge Ircinia ramosa [47]. The occurrence
of these structurally related compounds in different macroorganisms suggested the
microbial origin of their biosynthesis [19, 42].

A large part of pederin biosynthetic gene cluster was successfully cloned by Piel
from the beetle Paederus fuscipus [48]. Additional upstream region of the cluster
was subsequently isolated [49]. The isolated pederin biosynthetic genes exhibited
typical bacterial features, which were found to be located in a symbiotic bacterium
closely related to Pseudomonas aeruginosa [50]. The predicted biosynthetic
enzymes of pederin resemble hybrid trans-AT PKS-NRPS systems, consisting of
three large proteins (PedI, PedF, and PedH) [48, 49] (Fig. 1a). The typical modular
trans-AT PKS features of the assembly line are the lack of an integrated AT in each
module. Instead, stand-alone ATs were identified separately from the gene clusters.
Other unusual characteristics include a non-elongating KS (module 4), and MTs
(module 1 and 6) that introduce methyl groups [22, 48]. The module architecture and
domain organization of PedI and PedF perfectly matched the pederin structure. The
additional PedH corresponding to a variable polyketide side chain and a terminal
arginine residue matched to the extended congeners onnamide series [48]. It was
proposed that the presence of oxygenase gene (pedG) inserted into the cluster was
responsible for terminating further chain elongation through oxidative cleavage,
leading to the release of pederin molecule instead of onnamide [48]. This pioneering
work paved the way for identifying the biosynthetic pathways of onnamide-type
compounds in more complex microbial communities of marine sponges known to
contain onnamide and theopederin series [22, 51].

By developing metagenomic strategies that involved construction of highly
complex 3D-metagenomic libraries and subsequent rapid library screening
[52, 53], Piel and colleagues isolated the main part of onnamide biosynthetic
genes from T. swinhoei chemotype yellow [22, 54], thereby providing the first
genetic evidence of the bacterial origin of marine sponge-derived natural products.
Further metagenomic sequencing of the enriched fraction of filamentous bacteria
associated with this sponge combined with single-cell analysis revealed that
onnamide biosynthetic genes were located on a plasmid in “Candidatus
Entotheonella factor” that belongs to a newly proposed Phylum “Tectomicrobia”
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[27]. This approach enabled the identification of the missing downstream part of
onnamide genes along with other gene clusters coding for the biosynthesis of almost
all peptide natural products isolated from the sponge, which were all attributed to
such uncultivated symbiont [27]. Piel Lab developed a targeting strategy that
correlates between substrate specificity of trans-AT KS domain sequences and
certain structure moieties [54], enabling the isolation of psymberin biosynthetic
gene cluster from the metagenome of Psammocinia aff. bulbosa [51]. The isolated
psymberin biosynthetic genes showed typical bacterial features, but the taxonomic
identity of a bacterial producer was as-yet unknown [51]. More recently, the
biosynthetic pathway of mycalamide A was described in the microbiome of
M. hentscheli, which was specifically attributed to an uncultivated
gammaproteobacterial symbiont called “Candidatus Entomycale ignis” as the
producer [55].

The BGC architecture and the encoded biosynthetic enzymes of pederin,
onnamide A, mycalamide A, and psymberin share remarkable similarity (Fig. 1).
The core structure bearing a tetrahydropyran ring is shared among four compounds,
and its formation is hypothetically catalyzed by the PedF/OnnI/McyF proteins and
the corresponding upstream part of PsyD protein. In vitro functional analysis
provided a convincing evidence that the pyran ring formation is catalyzed by
pyran synthase (PS), a unique domain resembling DH domain with a deletion in
the HxxxGxxxxP active-site motif [56]. Interestingly, cyclization to form the pyran
ring undergoes in a stereoselective manner at the ring closing carbon irrespective of
the configuration at the carbon having hydroxy group [56] (Fig. 2).

The PedI/OnnB/MyC proteins containing GCN5-related N-acyltransferase
(GNAT) is predicted to incorporate acetate as the starter unit for chain initiation.
In addition, these proteins contain two crotonase (CR) superfamily domains that
might correspond to the formation of the exomethylene group as “Western region”
[35, 49]. The hydroxymethylglutaryl-CoA synthase (HMGS)-like protein encoded
on OnnA/pedP genes was proposed to be involved in exomethylene group formation
[19, 49]. The corresponding PsyA in psymberin assembly line lacks four domains
(KR-MT-ACP-KS) that correlate with a missing hydroxylated and methylated
building block in the psymberin Western region (Fig. 3). It was proposed that a
PKS module acquisition of PsyA generated the extended versions PedI/OnnB/MyC
in pederin/onnamide/mycalamide assembly lines [51]. The downstream part of PsyD
harboring the N-terminal five modules was predicted to contribute to the formation
of a unique dihydroisocoumarin moiety as the “Eastern region.” Compared with the
onnamide “Eastern” part, the core structure is extended with three shifted double
bonds and an arginine moiety, which is predicted to be formed by the activity of
catalytic domains in OnnJ protein. Exchange of downstream modules was proposed
as the factor that might covert the isocoumarin-like moiety into pederin/onnamide/
mycalamide termini [35, 51].
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4 Misakinolide-Type Compounds

Misakinolide A (5) is a symmetric 40-membered dimeric polyketide found in the
marine sponge T. swinhoei chemotype white [57, 58]. It is structurally related to the
42-membered dilactone macrolide swinholide A (6) from T. swinhoei [59–
61]. Swinholide A and its two glycosylated variants were also reported from
members of free-living cyanobacteria [62]. Swinholide A differs from misakinolide
A only by the presence of an additional single double bond in each monomer
structure. Although both compounds possess antifungal and cytotoxic activities
through their binding to the actin cytoskeleton [58, 59, 63], they exhibit different
mechanisms of action: swinholide A severs actin filaments, while misakinolide A
caps the growing barbed end of filaments [63, 64]. Another close structure is the
asymmetric 41-membered dilactone marcrolide hurghadolide A isolated from Red
Sea T. swinhoei [65], which exhibited 10 times more potent than swinholide A at
disrupting microfilaments [65]. Interestingly, these three misakinolide-type com-
pounds share common scaffolds with cytotoxic compounds isolated from other
organisms, such as tolytoxin (7) and scytophycins from the terrestrial blue-green
algae Scytonema [66, 67], lobophorolide from the seaweed Lobophora variegata
[68], and luminaolide (8) from the crustose coralline algae Hydrolithon reinboldii
[69]. The occurrence of these close structural analogs in other organisms suggests
that misakinolide-type compounds are produced by the sponge-associated bacterial
symbionts [24, 26].

Using metagenomics-based approach, a misakinolide biosynthetic gene cluster
(~90 kb) was successfully isolated from the metagenome of the Japanese T. swinhoei
containing misakinolide A [24]. The isolated misakinolide biosynthesis gene cluster
exhibited typical bacterial characteristics such as tightly packed genes, free of
introns and polyadenylation sites, and preceded by Shine-Dalgarno motifs,
suggesting the bacterial origin of misakinolide-type compounds [24]. To identify a
bacterial symbiont responsible for misakinolide biosynthesis, complex microbial
cells associated with the sponge sample were initially separated and sorted into
several fractions by differential centrifugation [17]. Subsequent pyrosequencing of
16S rDNA amplicons suggested the accumulation of the filamentous bacterium
“Candidatus Entotheonella” [24]. Single-cell analysis by combining fluorescence-
activated cell sorting (FACS), multiple displacement amplification (MDA), and
diagnostic PCR techniques [70–72] was proven as an efficient approach to connect
misakinolide biosynthetic genes to Entotheonella 16S rRNA gene in the amplified
DNA of some single filaments [24].

Bioinformatic analysis of the misakinolide gene cluster showed that it encoded
four large polypeptides (misC, misD, misE, and misF) along with a stand-alone AT
enzyme (misG) (Fig. 4). As shown in Fig. 4a, the module architecture and domain
organization showed typical trans-AT PKS features, such as the absence of inte-
grated AT domains, modules split between two distinct proteins (modules 5, 10, and
14), non-elongating KSs (modules 3, 11, 14 and 19), multiple MTs and O-MTs that
introduce methyl groups (modules 3, 5, 6, 7, 9, 11, and 17), and a PS domain
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generating a pyran ring (module 15). The intermediate specificity and stereochemical
configuration of the assembly line predicted by KS and KR sequence analyses
indicated that the identified pathway matched to the structure and stereochemistry
of misakinolide A [24, 26]. Interestingly, MisF protein of the misakinolide assembly
line contains a penultimate module (module 18) that match to the extended conge-
ners swinholide A and hurghadolide A. Since misakinolide A instead of swinholide
A and hurghadolide was detected in the sponge extract, it was proposed that module
skipping may occur during the biosynthesis probably due to the nonfunctional
module 18 of MisF protein [24], leading to the direct transfer of the miskinolide
monomer from ACP17 to ACP18 without elongation. Subsequent TE-catalyzed
ligation of two misakinolide monomers would result in macrocyclization that pro-
duces the dimeric polyketide misakinolide A [26].

More recently, swinholide biosynthetic gene cluster was reported from the
terrestrial cyanobacterium Nostoc sp. UHCC 0450 [73]. The module architecture
and domain organization of the biosynthetic enzymes encoded by this swinholide
gene cluster was very similar to those encoded by misakinolide gene cluster
[24]. The only small difference is the presence of a single ACP in the module 3 of
MisC protein while two ACPs in the corresponding module of the SwiC protein
[24, 73] (Fig. 4a, b). Interestingly, the biosynthetic enzymes corresponding to the
formation of cyclic core skeleton in misakinolide A (5) and swinholide A (6) shared
similar domain organization with those in other structurally related macrolides, such
as tolytoxin (8) and luminaolide B (7), suggesting the common ancestor of their
biosynthetic genes [24].

Based on the bioinformatic analyses, it was proposed that the cyclic core skeleton
formation starts from an intermediate bearing α-methyl moiety that undergoes a
series of chain elongation and modification catalyzed by MisD/SwiD to MisF/SwiF
in the misakinolide-type compound pathways (Fig. 5). The pyran rings as a part of
the cyclic core skeleton are biosynthetically formed by the action of the first two
modules in MisF/SwiF/TtoF/LumE containing DH and PS domains [24]. This was
supported by in vitro enzymatic assay demonstrating that this PS generated a
dihydropyran ring [24, 56]. Therefore, it was proposed that the pyran ring formation
starts with generating an α, β-E-olefinic moiety (C6–C7) through DH-catalyzed
dehydration of the C7 β-OH group. Subsequent reduction of the C11 hydroxy
group to the olefinic moiety catalyzed by PS domain would give an intermediate
bearing the C7–C11 pyran ring [26] (Fig. 5).

Five domains in the middle of MisF/SwiF/TtoF are missing in the corresponding
protein (LumE) of the luminaolide assembly line [24] (Fig. 6). These domains
correspond to the double bonds and methyl moieties next to an ester carbonyl
group of the misakinolide/swinholide cyclic core skeleton (Fig. 6a). The lack of
these domains in LumE corresponds to the presence of two hydroxy groups near the
ester carbonyl of the luminaolide pathway. One of the OH groups would subse-
quently undergo O-methylation to form the methoxy group that might occur after
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polyketide assembly (Fig. 6b). The presence of this OH group instead of double
bond(s) in the cyclic core skeleton may explain the inability of luminaolide B to bind
to the actin-binding site surface [74, 75].

The domain organization of the misakinolide assembly line that corresponds to a
part of the “tail” portion appeared different from that of tolytoxin and luminaolide B
assembly lines. The ‘tail’ portion of each misaknolide monomer harbors a pyran
ring. It was hypothesized that the formation of this pyran ring at the “tail” portion
was catalyzed by DH domain in MisC/SwiC via a series of chain elongation and
modification starting from acetate as the starter unit [24] (Fig. 6a). Although no PS
was present in MisC/SwiC, the absence of glycine in the HxxxGxxxxP motif of the
DH domains from MisC/SwiC may indicate the important role of this domain in
pyran ring formation [73]. The “tail” portion of luminaolide monomer was proposed
to biosynthetically be derived from N-methyl-N-vinylformamide group that involves
three steps of chain extension, keto-reduction into a double bond, C-methylation,
and O-methylation [24] (Fig. 6b). This suggests that the biosynthetic pathways of
misaknolide, tolytoxin, and luminaolide emerged from a common ancestor, which
were diversified by deletion or acquisition of some domains corresponding to the
“tail” portion [24].
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5 Calyculin A

The Japanese marine sponge Discodermia calyx was found to contain the highly
cytotoxic compound, calyculin A (9) [76]. Calyculin A shows potent and specific
inhibition against protein phosphatases 1 and 2A, as observed for microcystin and
okadaic acid [77–79]. Structural analogs were reported from other marine sponges,
such as calyculinamide A (10) in the New Zealand deep-water sponge
Lamellomorpha strongylata [80], geometricin A (11) the Australian sponge
Luffariella geometrica [81], swinhoeiamide A (12) in the the Papua New Guinean
sponge T. swinhoei [82], and clavosine A (13) in the Palauan sponge Myriastra
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clavosa [83] (Fig. 7), suggesting the microbial origin of the biosynthesis of these
calyculin-type compounds. Calyculin-type compounds are mainly composed of
polyketide and peptide segments connected by an oxazole ring, which are charac-
terized by various functional groups. The peptide part contains two γ-amino acids,
while the polyketide part harbors a 5,6-spiroacetal, phosphate, tetraene, and a
terminal nitrile, suggesting a hybrid PKS and NRPS assembly line responsible for
calyculin biosynthesis [84]. The western terminus is a nitrile group whose biosyn-
thetic origin is also of interest. The odd carbon chain number of this compound is
apparently contrary to the two-carbon extension cycle in the polyketide assembly
line, suggesting the requirement of a modification step to generate this 25-carbon
polyketide portion. It was proposed that the tetraene moiety is photoisomerized to
afford geometrical isomers, calyculin B, E, and F [84, 85]. The presence of two
unusual β-branched methyl groups in this moiety suggests the involvement of trans-
AT PKS system in calyculin biosynthesis [26].

In attempts to isolate calyculin biosynthetic genes, Wakimoto and colleagues
initially identified several KS sequences that belong to trans-AT PKS from the
sponge metagenome, which subsequently became a basis for designing probes to
screen a metagenomic library of 250,000 fosmid clones. Screening of the fosmid
library yielded 12 clones harboring calyculin biosynthetic gene clusters ranging from
over 150 kb. The single-cell analysis employing laser microdissection revealed that
the gene cluster was originated from the sponge-associated symbiont “Candidatus
Entotheonella sp.” [23]. The isolated gene cluster encodes multifunctional
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PKS-NRPS enzymes, designated as CalA to CalI (Fig. 8a). The upstream cluster
region outside of the gene cluster encodes AT (CalY) that might introduce malonate
for chain initiation and elongation. Three NRPS modules are present at the
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beginning of the assembly line. The first two NRPS modules are proposed to be
responsible for two rounds of γ-amino acid formation, generating a trimethylseryl
unit and glycine residue corresponding to the distal end of calyculin A. The hydrox-
ylated trimethylseryl unit is biosynthetically originated from serine that undergoes
activation onto an NRPS module by an A domain and subsequent methylation on
both the hydroxyl and amino groups [23, 26]. Subsequently, the third NRPS module
may play an important role in the oxazole ring formation through the recruitment of
serine residue as the precursor [23, 84]. The oxazole ring formation is initiated with
serine activation and incorporation catalyzed by A domain. Subsequent
cyclodehydration generates an oxazoline ring that is further oxidized to form an
oxazole ring through a similar mechanism recently reported for the C2-symmetrical
macrodiolide conglobatin [86] (Fig. 8b).

As expected from the odd carbon chain number, a flavin-dependent oxygenase
(CalD) is encoded at the downstream of two PKS modules after oxazole ring
formation step. The exact enzymatic function of CalD is still unknown, but carbon
chain shortening could take place by CalD-catalyzed reaction according to the
contiguous carbon chain number C25 of the polyketide portion. This enzyme
shows homology to flavin-dependent oxygenases encoded on pedG and oocK
incorporated in the pederin [48] and oocydin biosynthetic gene clusters [87], respec-
tively, suggesting that they share a similar function. Since PedG is encoded only in
the pederin pathway but not in the onnamide assembly line [22], it was suggested
that PedG is responsible for the termination of carbon chain of pederin [48]. Piel and
coworkers conducted functional analysis of these oxygeneases. It was difficult to
obtain the functional recombinant PedG, but instead OocK was obtained as a soluble
protein and characterized to be a Baeyer-Villiger monooxygenase that inserts oxy-
gen into the growing polyketide backbone [88]. Since both oocydin and calyculin A
has odd carbon chain number, CalD is proposed to have similar function as OocK,
which might be responsible for catalyzing Baeyer-Villiger oxidation of α-keto
thioester substrate, followed by one-carbon elongation accompanying decarboxyl-
ation (Fig. 8). However, the details of the mechanism must await experimental
validation.

After the chain shortening process proposed above, the 5,6-spiroacetal ring is
formed, raising a question whether this ring formation occurs through cyclization of
epoxide/ketone intermediates as described for monensin A [89], hydroxy ketone as
reported for reveromycin A [90], or nonenzymatic route. The involvement of
enzymes for the formation of spiroacetal moieties in biologically active natural
products is best exemplified by RevJ, a spiroacetal synthase responsible for the
6,6-spiroacetal ring formation in reveromycin biosynthesis [90]. However, there is
no homolog to RevJ encoded in the calyculin biosynthetic gene cluster. Considering
that the 5,6-spiroacetal ring of calyculin A is a thermodynamically stable stereoiso-
mer, it could be constructed in nonenzymatic manner from a keto-diol substrate. The
calyculin assembly line is followed by the formation of tetraene moiety containing
two β-branching methyl groups at C3 and C7. The domain set required for
β-branching methylation is encoded in the corresponding region, which consists of
a hydroxymethylglutaryl synthase (HMGS)-like enzyme and two enoyl-CoA
hydratases (ECHs) [91]. Surprisingly, several modules are encoded in the
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downstream region of the domains corresponding to the tetraene part. The function
of these extra modules in the nitrile formation is still unknown.

Further functional studies are required not only to verify whether the isolated
gene cluster is specific to calyculin biosynthetic pathway but also to understand the
mechanism of how calyculin is made inside the producer cell. Even though the entire
pathway reconstitution is the best approach, it is still highly challenging to transfer
and activate a large gene cluster of more than 150 kb in microbial hosts with different
genetic backgrounds. Therefore, the function of key modification enzymes, such as
the phosphotransferase CalQ, encoded on the cluster upstream region was investi-
gated. Recombinant CalQ was initially produced by heterologous expression in
E. coli. Functional analysis in vitro with some calyculin derivatives as putative
substrates revealed that the phosphorylation of calyculin A occurred, generating a
new derivative phosphocalyculin A, whose cytotoxicity was significantly lower
compared to calyculin A [23]. This enzymatic phosphorylation process seems to
be essential for the self-resistance of the sponge, since the accumulated potent
phosphatase inhibitor is potentially harmful to the host sponge itself. It is therefore
reasonable that the less cytotoxic protoxin is released as the end-product of the
calyculin biosynthetic pathway. Interestingly, a phosphatase that converts the
protoxin to a much more toxic form was observed in the crude enzyme fraction
prepared from the sponge. The phosphatase activity is turned on in response to the
sponge tissue disruption [23, 84]. The detailed mechanism of this wound-activated
bioconversion process is currently under investigation.

6 Discodermolide

Discodermolide (14) is a 24-member polyketide carbon skeleton initially isolated in
1990 from the deep-water Caribbean sponge Discodermia dissoluta [92]. The gross
structure of discodermolide was elucidated by extensive NMR studies, and the
relative stereochemistry was defined by single-crystal X-ray crystallography
[93]. The first total synthesis along with the absolute stereochemistry of this
polyhydroxylated polyketide was reported in 1993 by Schreiber and his coworkers
[94, 95]. Although (+)-discodermalide was initially found to exhibit immunosup-
pressive properties both in vitro [96] and in vivo [96], further bioactivity studies
revealed its potent antiproliferative/antimitotic features [97–99] that target microtu-
bule system in a mechanism of action similar to that of the clinically important
anticancer drug taxol [98, 99]. Discodermolide belongs to prominent members of
microtubule-stabilizing natural product agents and mitotic spindle poisons in the
same group as taxol (15), epothilones A (16) and B (17) [100], and eleutherobin (18)
[101] (Fig. 9). Compared with taxol, (+)-discodermolide was more potent but less
cytotoxic [102] with the ability to inhibit taxol-resistant cell lines. More recently, it
was found that (+)-discodermolide combined with taxol at low concentrations
exhibited a synergetic toxicity by 20-fold towards human carcinoma cell lines
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[103, 104], a feature that was not found with both epothilones and
eleutherobin [105].

The supply problem for discodermolide is chronic due to the extremely low
quantity of this compound in the wild sponges. Obtaining this promising compound
for preclinical and clinical trials have been pursued through initially sponge
harvesting from natural sources and subsequently chemical synthesis of up to 60 g
[93, 105], but the cost for the drug production is very high. Cultivation of the
producer microorganisms or heterologous expression of the biosynthetic genes is
considered as one of the promising approaches to provide discodermolide sustain-
ably for drug production. In attempts to find discodermolide biosynthetic genes,
researchers at Kosan Bioscience conducted metagenomic analysis of microbiome in
D. dissoluta collected from the coast of Curacao, the Netherlands Antilles [106]. The
symbiotic bacterial cells were initially separated from sponge cells as previously
described by Bewley et al. (1996) [17]. The resulting separation consisted of
(1) fraction containing highly enriched filamentous bacteria, (2) fraction containing
a small number of unicellular bacteria and sponge cells, and (3) supernatant
containing a mixture of sponge cells and filamentous and unicellular bacteria
[106]. Highly abundant PKS and NRPS genes were found in the enriched filamen-
tous bacterial fraction containing Entotheonella. Although discodermolide biosyn-
thetic gene clusters have not been identified until now, this comprehensive study
revealed the presence of highly diverse symbionts in the sponge Discodermia [106],
as has been described in Theonella [27]. TEM-observation and Fluorescent In Situ
Hybridization (FISH) analysis using targeting probes clearly indicated a highly
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abundant filamentous cells Entotheonella [106, 107]. The symbiont “Entotheonella
sp.” was also observed in D. dissoluta from the Caribbean Sea using FISH [107].

Discodermolide has 13 stereogenic centers, a tetrasubstituted δ-lactone, one di-
and one trisubstituted (Z )-alkene, a carbamate moiety, and a terminal diene
[105]. The structure of discodermolide suggests that its biosynthesis is catalyzed
by a bacterial type I modular polyketide synthase (PKS) [31]. The biosynthetic
origin of some structural moieties can be predicted, as described in Fig. 10, based on
previous biosynthetic studies reported for polyketides. For example, carbamate/
carbamoyl group is present in some natural products, in which their biosynthetic
pathways were identified, exemplified by corallopyronin A [108] and kalimatacin/
batunin [109]. It is proposed that carbamoyl moiety in discodermolide structure is
derived from bicarbonate [108], and it is transferred onto the polyketide chain
probably by the activity of carbamoyltransferase [109] (Fig. 10). A tetrasubstituted
δ-lactone in discodermolide is likely resulted from polyketide chain termination/
release catalyzed by TE domain [31] (Fig. 10).

7 Conclusion

Theonellidae is considered as a gifted sponge family for having highly diverse
structures of bioactive secondary metabolites, including polyketides and peptides.
Due to the structural similarities of compound scaffolds from this sponge family with
typical bacterial compounds, it has long been proposed that sponge-derived natural
products are actually produced by microorganisms that live symbiotically or
obtained from seawater through filter-feeding. This bacterial origin theory has
been well-discussed for this sponge family, particularly the genus Theonella. Exper-
imental support to provide convincing proof for the theory has been pursued through
various cultivation-independent approaches that involve (1) bacterial cell separation
from the sponge hosts, (2) microscopy observation, (3) chemical localization,
(4) metagenome mining, (5) single-cell analysis, and (6) metagenomic sequencing.
Mechanical cell separation and subsequent microscopy observation show a high
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population of filamentous bacterial cells identified as “Candidatus Entotheonella”
that belongs to a newly proposed Phylum “Tectomicrobia.” Development of
metagenome mining was proven to be effective strategies to isolate biosynthetic
gene clusters of interest from complex sponge-bacteria association. With recent next
generation sequencing technologies, metagenomic sequencing of the filamentous
cells has led to the rapid identification of many biosynthetic gene clusters
corresponding to polyketides and peptides known from the sponge. Single-cell
analysis has enabled to connect the isolated/identified gene clusters to Entotheonella.
Of the two Entotheonella variants identified in the yellow chemotype of the sponge
T. swinhoei, “Ca. Entotheonella factor” was identified as the producer of almost all
secondary metabolites isolated from the sponge. The white chemotype of
T. swinhoei harbors another variant called “Ca. Entotheonella serta,” which was
shown as the producer of misakinolide and theonellamide. Calyculins were also
shown to be produced by “Ca. Entotheonella sp.”. Interestingly, the presence of
Entotheonella in the filamentous cell fraction associated with the genus Discodermia
raises a question whether this as-yet uncultivated symbiont is responsible for the
production of Discodermia-derived compounds such as discodermolide. Compared
with other sponge families, Theonellidae sponges have more intensively been
investigated, not only for diverse structures of polyketides and peptides, but also
for the biosynthetic pathways and the actual producers. For other sponges known to
produce bioactive secondary metabolites, little progress has been made in terms of
identifying the biosynthetic pathways or the bacteria responsible for production.
Since many important bioactive substances have been reported from
non-Theonellidae sponges, it is expected that similar cultivation-independent studies
will be carried out for other sponges as well.
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Abstract A series of serinol derivatives etherificated with a non-branched polyke-
tide possessing a 6,8-dioxabicyclo[3.2.1]octane core was isolated from extracts of
marine invertebrates, ascidian tunicates belongs to the family Didemnidae. Synthetic
studies of these compounds, didemniserinolipids, cyclodidemniserinol trisulfate, and
siladenoserinols, are described. The characteristics of each synthesis are in the
construction of the bicyclic core from each precursor.
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Abbreviations

2,2-DMP 2,2-Dimethoxypropane
2,6-Lut 2,6-Lutidine
Ac Acetyl
BAIB (Diacetoxyiodo)benzene
Bn Benzyl
Boc tert-Butoxycarbonyl
brsm Based on recovered starting material
CSA Camphorsulfonic acid
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DCC Dicyclohexylcarbodiimide
DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DEAD Diethyl azodicarboxylate
DIBAL-H Diisobutylaluminum hydride
DIPEA Ethyl(diisopropyl)amine
DMAP 4-(Dimethylamino)pyridine
DME 1,2-Dimethoxyethane
DMF N,N-Dimethylformamide
DMPI Dess–Martin periodinane
DMSO Dimethyl sulfoxide
Fmoc 9-Fluorenylmethoxycarbonyl
GPC Glycerophosphatidylcholine
HMPA Hexamethylphosphoramide
IBX 2-Iodoxybenzoic acid
Im Imidazole (or imidazolyl)
KHMDS Potassium hexamethyldisilazide
LiHMDS Lithium hexamethyldisilazide
MCPBA m-Chloroperoxybenzoic acid
MOM Methoxymethyl
Ms Methanesulfonyl
MS Molecular sieves
PMB p-Methoxybenzyl
p-NBA p-Nitrobenzoic acid
Red-Al Sodium bis(methoxyethoxy)aluminum hydride
Su Succinimidyl
TBAF Tetrabutylammonium fluoride
TBAI Tetrabutylammonium iodide
TBDPS tert-Buthyldiphenylsilyl
TBS tert-Buthyldimethylsilyl
TEMPO 2,2,6,6-Tetramethylpiperidine N-oxyl
THF Tetrahydrofuran
TMS Trimethylsilyl
Ts p-Toluenesulfonyl

416 H. Kiyota



1 Introduction

Marine tunicates, invertebrate animals, especially the genus Didemnum are rich
sources of biologically active and/or structurally characteristic organic compounds
[1]. Among them, a series of serinol derivatives, named didemniserinolipids,
cyclodidemniserinol trisulfate, and siladenoserinols, has been isolated to date, and
has attracted the attention of synthetic chemists due to characteristic structures
including a non-branched polyketide chain constructing a dioxabicyclooctane and
a serinol ether, a variety of functional groups such as an N/O-sulfo, a
glycerophosphatidylcholine, and/or an acetyl. This chapter described the synthetic
studies of these serinolipids including structure revision.

2 Synthetic Studies of Didemniserinolipid B

2.1 Isolation

Didemniserinolipids A, B, and C were isolated from a methanol extract of a marine
tunicate Didemnum sp. collected along the coast of Sulawesi Island (Indonesia) by
Jimenez’s research group in 1999 [2]. The structures of these compounds were
proposed as shown in Fig. 1, with the first polyketides having an ether linkage
with a serinol moiety, and a 6,8-dioxabicyclo[3.2.1]octane core. Jiménez et al.
elucidated the serinol fragment by a combination of 1H-1H COSY and 13C NMR
spectral data, and the relative stereochemistry of the bicyclic core was determined by
HMBC and NOESY correlations (Fig. 1). Didemniserinolipid B was later found to
be O-sulfated at C30, and its absolute configuration was also determined from the
total synthesis by Ley’s group (see Sect. 2.2) [3, 4].

Fig. 1 Structure elucidation
of didemniserinolipids A
(1), B (2), and C (3)
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Due to the attractive structural features including a non-branched long carbon
chain with a dioxabicyclooctane core as well as a novel serinol sulfate,
didemniserinolipid B has attracted much attention from a number of synthetic
chemists.

2.2 Ley’s First Total Synthesis and Structure Revision

The first synthesis and structure revision of didemniserinolipid B (2) was achieved
by Kiyota, Ley et al. in 2002 [3]. It began with the use of both enantiomers of
Garner’s alcohol 4 [5] and butanediacetal building block 5 [6] and as chiral sources
(Scheme 1). They presumed an (8R,9R,10R,13S)-configuration for the core part
according to the related natural product (+)-2-hydroxy-exo-brevicomin [7], which
has the same (+)-sign of specific rotation. Williamson ether synthesis using (S)-4 and
propargyl bromide afforded 6, and elongation of the terminal acetylene part was
done with 1,11-dibromoundecane, giving 7. Then the remaining bromo group was
substituted with dianion of triethyl phosphonoacetate to afford HWE reagent 8 in
97% yield. On the other hand, the known butanediacetal 5 derived from L-tartrate
was coupled with the lithioalkyne produced from 9 to predominantly give alcohol 10
with the desired R-configuration (R/S ¼ 3.4:1). The absolute configuration was
confirmed by the modified Mosher method [8]. The hydroxy group was protected
as a MOM ether and both of silyl protecting group were removed to give 11. Then
the less hindered terminal hydroxy group was selectively protected as a TBS ether
and another was oxidized to aldehyde 12 in 73% yield. HWE reaction of 12 and
phosphonate 8, followed by reduction of the formed double bond gave 13. Chain
elongation again by HWE reaction and deprotective acetal formation furnished
proposed didemniserinolipid B [(30R)-2] with the (8R,9R,10R,13S,30R)-configura-
tion. Similarly, the corresponding (30S)-2 was prepared from (R)-Garner’s alcohol.
1H-NMR chemical shifts for protons around the serinol moiety of the 30R and 30S
isomers were different from the corresponding chemical shifts of natural 2 (Table 1).

Considering the chemical shift value of H-29 of natural 2 was still lower than that
of the synthetic triacetate and the isolation of cyclodidemniserinol trisulfate, natural
2 was presumed to be the corresponding 31-O-sulfate. Still, the absolute configura-
tion of the synthetic bicyclooctane core would be (8R,9R,10R,13S), the same as the
synthetic compounds, because both have the same (+) sign of specific rotation.

Next, sulfation of (30S)-2 and (30R)-2 was examined after protection of 30-NH2

group with Fmoc group (Scheme 2). Usual conditions using SO3•Py or SO3•NMe2
in various solvents at 20 to 100�C resulted in recovery of the starting material,
probably due to the bulkiness of the N-Fmoc group or hydrogen bonding. However,
when the reaction vessel containing 10 equivalent of SO3•Py was irradiated with
microwave, 10,31-di-O-sulfate (14) was obtained in 84% after Fmoc deprotection.
After considerating the results, use of 1 equivalent of SO3•Py and 10 eq. of Na2SO4

in DMF irradiated at 110�C for 2 h selectively afforded the desired (30S)-15. The
optical rotation value and spectral data of (30S)-15 well coincided with that of
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natural 2, while the 1H-NMR spectral data of (30R)-15 was slightly different.
Accordingly, the structure of natural 2 was determined and revised to be
(8R,9R,10R,13S,30S)-2 31-O-sulfate [(30S)-15].
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Scheme 1 Kiyota and Ley’s total synthesis with structure revision (1)
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2.3 Burke’s Formal Total Synthesis

The second total synthesis was reported by Burke’s group in 2007 [9, 10]. The
retrosynthesis is shown in Scheme 3. They planned to construct the bicyclo[3.2.1]
octane core 15 by a ring closing metathesis reaction of the acetal precursor 17. Cross
metathesis reaction with 18 [11] was designed for elongation of the C1-C6 side
chain. The stereochemistry of the core was to be from that of L-tartrate via 19 and
20 [12].

Burke’s synthesis started with ring opening of hexadecanolide 21 by dimethyl
lithiomethylphosphonate to give 22 (Scheme 4). HWE reaction with
phenylacetaldehyde, followed by mesylation of the hydroxy group afforded 19,
which was condensed with a symmetrical diol 20 derived from L-tartrate gave acetal

Table 1 The specific rotation values in CHCl3 and 1H-NMR chemical shifts of natural and
synthetic compounds in CDCl3

[α]D25 H-29 H-31

Didemniserinolipid B (2, natural) +10.3 4.26, 4.34 3.65

(30R)-didemniserinolipid B (2, proposed) +21 3.64a 3.85a, 3.94

(30S)-didemniserinolipid B (2, proposed) +16 3.50 3.52, 3.62

(30R)-2 10O,30N,31O-triacetate – 4.11, 4.23 4.31

(30S)-didemniserinolipid B (15, 31-O-sulfate, revised) +11 3.65 4.27, 4.37
aInterchangeable

O
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EtO
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O
NH2

OS
9

(30S)-didemniserinolipid B 31-O-sulfate
(revised) [(30S)-15]

O

O
NaO

1. FmocCl, K2CO3
dioxane-H2O (64%)

2. SO3•py, Na2SO4
microwave, 110°C

3. piperidine, DMF
(84%)

(30R)-didemniserinolipid B
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O

O

O

EtO
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O
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9

(30S)-didemniserinolipid B 10,31-di-O-sulfate (14)
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(30R)-didemniserinolipid B 31-O-sulfate
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Scheme 2 Kiyota and Ley’s total synthesis with structure revision (2)
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17. The key RCM reaction proceeded to afford the desired core compound 23 in
53% yield (81% brsm), however, prolonged reaction resulted in the formation of the
corresponding phenyl alkene 24. Although the phenyl ring was effective to prevent
C¼C migration, amounts of byproduct styrene caused the unwanted secondary
reaction (due to the volatility of 2nd byproduct ethylene). This problem was solved
by a relay metathesis method using 2-allyl-4-fluoro substituents on the phenyl ring
(25). As shown in Scheme 5, metathesis first occurred at the least hindered allylic
group to form 26, which reacted with the neighboring double bond to release
fluoroindane (27), to 28, and finally allowing the pyran ring to give 23. The isolated
yield was up to 81%. They firstly chose mono-protected azidodiol 29 as a serinol unit
[13], making 30 in 89% yield. Conversion of the endo-double bond to a hydroxy
group was accomplished by Sharpless asymmetric dihydroxylation (31) and reduc-
tive desulfurylation followed by azide reduction and Fmoc protection produced the
valuable intermediate 32.

Since this method required multistep sequence and the overall yield was low, they
examined an alternative synthetic route. Thus, 32 was coupled with Garner’s alcohol
(S)-4 to give 33which was treated with MCPBA. The resulting epoxide was reduced
with LiAlH4 to selectively give C10-axial alcohol 34. Cross metathesis with ethyl
2-phenylselenenyl-6-heptenoate 18 afforded 16. Reduction of the resulting double
bond, oxidative elimination of selenoxide (35), acidic hydrolysis of the acetonide,
and Fmoc protection of the amino group gave (30R)-2. Nature-identical (30S)-15
was prepared according to Ley’s procedure [3] (Scheme 6).

Scheme 3 Burke’s
retrosynthetic plan
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Scheme 4 Burke’s formal total synthesis (1)

Scheme 5 Burke’s formal total synthesis (2)
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2.4 Ramana’s Formal Total Synthesis

In 2009 Ramana and Induvadana at National Chemical Laboratory in India reported
a synthesis of Burke’s intermediate 35 [14, 15]. Their retrosynthetic plan is shown in
Scheme 7. Similar to another groups, Williamson’s etherification with Garner’s
alcohol (S)-4 was chosen for the serinol fragment. Construction of the bicyclooctane
core was designed by a double oxypalladation of alkyne-diol 36, with a triol
configuration derived from D-arabinose.

The long chain fragment 37 was prepared from propargylic ether 38 (Scheme 8).
Alkylation with tetradecyl bromide and THP-deprotection afforded 39. Then 39 was
converted to terminal alkyne 40 by an acetylene zipper reaction [16]. Protection of
the hydroxy group gave 37.

Chain elongation of arabinose diacetonide 41 [17] was performed using Wittig
reaction and hydrogenation followed by selective deprotection of the less hindered
acetonide group to give diol 42 (Scheme 9). The less hindered hydroxy group was
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again selectively tosylated and alkaline treatment afforded epoxide 43. Nucleophilic
attack of 17-TBS-oxy-1-heptyne to 37 was accomplished using Yamaguchi’s boro-
alkyne method [18]. Deprotection of both acetonide and TBS groups under acidic
conditions gave tetraol 36. The key double oxypalladation succeeded using
Pd(MeCN)2Cl2 as a catalyst to form the desired bicyclooctane core structure 44.
Protection of the secondary hydroxy group was achieved by successive reactions of
O-silylation (TBS), O-benzylation, and de-O-silylation, giving 45 in 74%. After the
primary hydroxy group was mesylated (46), Williamson ether synthesis with Gar-
ner’s alcohol (S)-4 furnished 47. Chain elongation via Wittig reaction afforded the
Burke’s intermediate 35.

Ramana et al. also reported a more convergent synthetic route (Scheme 10). Here,
the C13-C28 fragment 48 prepared from 40 was coupled with the serinol fragment
prior to Yamaguchi epoxide coupling with 43. Conditions for the alkynediol isom-
erization [19] of 49 were also examined and a combination of Au and Ag catalysts
produced the best result to give 50 in 85% yield. Concomitant deprotection of N,O-
acetal was recovered to merge with the former route (47).

 

Scheme 7 Retrosynthetic
scheme of Ramana’s formal
synthesis

Scheme 8 Ramana’s
formal total synthesis (1)
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Scheme 9 Ramana’s formal total synthesis (2)

Scheme 10 Ramana’s formal total synthesis (3)
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2.5 Prasad’s Formal Total Synthesis

Prasad et al. reported the synthesis of Ramana’s intermediate 44. They planned to
use the stereochemistry of D-tartrate for C9 and C10 positions, and C8 being
introduced by diastereomeric reduction.

Mono-alkylation of diamide 51 [20] derived from D-tartrate afforded ketone 52,
and the resulting keto group was reduced under Luche conditions, giving an alcohol
with the desired configuration preferentially (9:1). Then rearrangement of the
C9-C10 acetonide group to C8-C9 positions (53) was performed [21]. After the
resulting C8 hydroxy group was inverted by Mitsunobu reaction and benzyl protec-
tion, methoxycarbonyl group was reduced by NaBH4 to give 54. The aliphatic long
chain was introduced by IBX oxidation followed by HWE reaction with 55 to afford
ketone 56 in 82% yield. Reduction of the resulting C¼C bond and intramolecular
acetal formation catalyzed by FeCl3 [22] gave Prasad’s intermediate 44 (Scheme
11).

2.6 Chandrasekhar’s Formal Total Synthesis

Formal total synthesis of 1 from D-ribose was reported by Chandrasekhar’s group in
2012 [23]. The synthesis began with 1-allyl ribose derivative 57 [24] (Scheme 12).
Lemieux–Johnson oxidation of the double bond followed by Julia–Kocienski
olefination using PT-sulfone 58 [25] afforded 59. The acetoxy group on the other
side was converted to chloro group (60), and reductive ring opening reaction was
carried out using in situ generated LiNH2 in NH3 [26] to afford terminal alkyne 61.
Then C8-hydroxy group was inverted by Mitsunobu reaction and protected as a
MOM ether 62. They chose a Weinreb amide 64 as a coupling partner which was
prepared from Garner’s alcohol (S)-4 via 63 in 4 steps. The coupling of 62 with 64
was successful to furnish ynone 65 in 85% yield.

The whole carbon framework was built by a similar process (66), and acidic
treatment afforded (30R)-2 as a HCl salt (Scheme 13).

2.7 Tong’s Formal Total Synthesis and Synthesis of Proposed
Didemniserinolipid C

Later in 2014, Ren and Tong reported the synthesis of Ley’s intermediate
[27, 28]. Their synthetic design included oxidative rearrangement of furan to pyrone
as the key step (Scheme 14). Accordingly, introduction of a formyl substituent to
ethyl 2-furanpropanoate 67 was accomplished by a Vilsmeier–Haack reaction [29],
and the resulting aldehyde was coupled with PT-sulfone 68 to give 69 in 81% yield.
The newly formed E-double bond was oxidized under Sharpless asymmetric
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dihydroxylation conditions to afford diol 70. Then the key Achmatowicz
rearrangement [30] using MCPBA followed by acidic treatment furnished the
desired bicyclic core compound 71. After reduction of the double bond, selective
reduction of the keto-carbonyl group was examined. Although the selectivity was up
to 1:1 even when using bulky K-selectride, the undesired equatorial isomer eq-72
could be recycled to ax-72 via Dess–Martin oxidation and reduction.

After TBS-protection, the ester group was reduced by DIBAL-H to furnish 73.
Aldehyde 73 was coupled again PT-sulfone 74 to afford the desired olefin (E/Z ¼
2:1), which was deprotected of its PMB group and then mesylated to produce 75
(Scheme 15). The core fragment was etherificated with Garner’s alcohol (S)-4 to
furnish 76. Chain elongation afforded 77, which was converted to the Ley’s inter-
mediate 78 in a similar manner, and then to the final product (S)-15.

Preparation of didemniserinolipid C (3) was also attempted. It was suggested that
natural 3 also has a 31-O-sulfate group as (S)-15, but hydrolysis of the
ethoxycarbonyl group of (S)-15 failed. Conversion of the ethoxycarbonyl group to
carboxy succeeded from 77 by reduction and oxidation, affording proposed
didemniserinolipid C (3). The subsequent 1H and 13C NMR data in CD3OD were
not in agreement with those in CDCl3 of natural 3. In addition, the specific rotation

Scheme 11 Prasad’s formal total synthesis
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value of +10.3� in CHCl3 was quite different from that of natural 3 (+32.3� in
MeOH). A further attempt to convert synthetic 3 did not give the presumed natural
30-O-sulfate.

3 Synthetic Study of Cyclodidemniserinol Trisulfate

3.1 Isolation

Faulkner et al. reported the isolation of cyclodidemniserinol trisulfate (79) from the
Palauan ascidian Didemnum guttatum [31], with 79 showing inhibitory activity
against HIV-1 integrase. Only the relative stereochemistry around the bicyclic ring

Scheme 12 Chandrasekhar’s formal total synthesis (1)
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Scheme 13 Chandrasekhar’s formal total synthesis (2)

Scheme 14 Tong’s formal total synthesis (1)
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was determined (Fig. 2). The presence of three sulfate groups was observed by
HRMS and IR (2,320 cm�1) analyses.

3.2 Long’s Partial Synthesis

Total synthesis of 79 has not been achieved yet, but Long’s partial synthesis is to be
introduced due to page limitations [32–34]. The C16-C31 fragment 80 was prepared
from D-mannitol and the C5-C17 fragment 81 from D-tartrate (Scheme 16). Reaction
of the lithiodithiane produced from 80 with epoxide 81 afforded 82 in 40% yield,

Scheme 16 Long’s partial
synthesis of
cyclodidemniserinol
trisulfate

Fig. 2 Cyclodidemniserinol
trisulfate
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where the terminal double of allyl protecting group isomerized to a vinyl group.
After the formed secondary hydroxy group was esterified with isovaleric acid, the
bicyclooctane core was constructed by iodine-mediated deprotective acetalization to
give the C5-C31 fragment 83.

4 Synthetic Study of Siladenoserinols

4.1 Isolation

In 2013 Tsukamoto’s group reported the isolation of a series of congeners possessing
an ester linkage with glycerophosphatidylcholine, siladenoserinols A-L (Fig. 3, 84–
95), from a tunicate of the family Didemnidae collected in Indonesia [35]. These
compounds showed inhibitory activity against p53-Hdm2 interaction. They deter-
mined the absolute configuration of the bicyclooctane core and serinol fragment by a
modified Mosher method.

Fig. 3 Siladenoserinols
A-L
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Later, in 2018, the same group isolated siladenoserinols M-P (Fig. 4, 96–99), with
structures that are closely related to cyclodidemniserinol trisulfate (79) [36].

4.2 Doi’s First Total Synthesis of Siladenoserinol A

In 2018, Doi’s group reported the first total synthesis of siladenoserinol A (84) using
gold-catalyzed double hydroalkoxylation as the key step [37]. They did not adopt
usual esterification, but instead utilized a HWE reaction for the introduction of the
GPC ester moiety, because the esterification of α,β-unsaturated acids is sluggish.
This synthesis used the R-chirality of D-malic acid for the C11 position (Scheme 17).
The benzylidene acetal moiety of 100, prepared from D-malic acid in 5 steps, was
hydrolyzed to aid triple bond reduction by Red-Al, and re-constructed again (101).
The E-double bond was dihydroxylated using Sharpless AD conditions, and the
resulting diol moiety was protected as an acetonide to give 102. Elongation of the
terminal hydroxy group was accomplished by tosylation, substitution by acetylide,
and methoxycarboxylation. Deprotection of the acetonide group afforded alkyne
diol 103. The key double hydroalkoxylation [38] was successfully completed in
5 min in the presence of catalytic amount of AuCl3 in acetonitrile, giving the bicyclic
core 104. Aldehyde prepared from DIBAL-H reduction of 104 was coupled with
PT-sulfone 105 bearing a serinol moiety by a Julia–Kocienski reaction, and reduc-
tion of the resulting double bond, concomitant with removal of the benzyl group,
afforded 106. Selective oxidation of the primary hydroxy group by TEMPO and
acetylation of the secondary hydroxy afforded aldehyde 107.

The counterpart, phosphonate 108 was prepared from glycerol derivative 110
(Scheme 18) [39]. Selective acetylation of the primary hydroxy group afforded 113

Fig. 4 Siladenoserinols
M-P
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and the secondary hydroxy was esterified with phosphonoacetic acid to give 114.
After deprotection of the benzyl group, the formed hydroxy was exchanged with the
diisopropylamino group of 112, followed by oxidation, leading to bromide 115.
Preparation of the choline residue was done by SN2 reaction, giving 108. HWE
reaction of 107 with 108 under Masamune-Roush conditions furnished 109. Finally,
deprotection of the N,O-acetonide group and sulfonamidation of the resulting amino
group led to the first synthesis of siladenoserinol A (84).

4.3 Tong’s Total Synthesis of Siladenoserinols A and H

Tong et al. reported the synthesis and antibacterial activity of siladenoserinols A and
H [40]. They adopted a similar strategy that they used for the synthesis of
didemniserinolipid B as in Sect. 2.7. As shown in Scheme 19, compound 116 is
similar to 73 where the functional group substitution position is shifted by one. 116
was subjected to Julia–Kocienski reaction with PT-sulfone 117 which is already
etherified with a serinol moiety, followed by hydrogenation/hydrogenolysis and

Scheme 17 Doi’s first synthesis of siladenoserinol A (1)
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Dess–Martin oxidation, giving aldehyde 118. Tong et al. tried to esterify the
corresponding acid 119, however, as expected by Doi et al., esterification with
GPC derivative 120 did not give any satisfied result. Thus, they followed Doi’s
protocol. HWE reaction of aldehyde 118 with phosphonate 121 afforded 122. After
replacement of both TIPS and TBS groups with acetyl (123), the acetonide group
was removed under acidic conditions using 1,4-dioxane as a co-solvent, followed by
sulfonamidation to furnish siladenoserinol A (84). Interestingly, when 123 was
hydrolyzed in Et2O, partial migration of the acyl chain occurred to afford 84 and
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siladenoserinol H (91) in a ratio of 1:1. These isomers were separated by reverse-
phase HPLC.

5 Conclusion

Since the discovery of didemniserinolipids A-C, a series of congeners with a sulfate
and/or GPC moiety has been found from the family Didemnidae. Although initial
didemniserinolipids showed no significant antitumor activity, cyclodidemniserinol
trisulfate was found as an HIV-1 integrase inhibitor, and siladenoserinols A-P
inhibited p53-Hdm2 interaction. Further pursuit of natural serinols and synthetic
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studies including designed analog compounds will shed light on the development of
drug leads. Novel methods to construct the bicyclooctane core is also expected.
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16th October 2020. He was scheduled to co-author this chapter with a different title.
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Abstract Chlorosulfolipids are an intriguing class of natural products that have
been found across the globe as constituents of aqueous organisms. Their intriguing
structure and unclear biological role have raised interest throughout various fields of
chemical research, which in turn led to a number of elegant total syntheses of natural
products from this family. This chapter provides an overview of methods and
strategies for the preparation of chlorosulfolipids as well as challenges involved in
their structure determination.
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1 Introduction

The chlorosulfolipids comprise a relatively small class of natural products isolated
from aquatic organisms. As structural motifs, they share extensive chlorination of an
aliphatic backbone along with further functionalization leading to densely
functionalized aliphatic structures with intricate arrays of stereogenic carbon
atoms. Chlorosulfolipids have been isolated as far back as the 1960s from an array
of freshwater algae, culinary mussels as well as from octacorals. Advances in
structure determination of these complex lipids are intricately interwoven with
new developments in spectroscopic methods. The synthesis of chlorosulfolipids
has received significant attention from various research groups which in turn has
led to numerous reports of elegant syntheses and novel methods.

2 Isolation of Chlorosulfolipids

Chlorosulfolipids were first reported in the 1960s when extracts of the sweet water
algae Ochromonas danica were investigated for the presence of sulfolipids. Mass
spectrometric measurements after derivatization with TMSCl along with feeding
experiments of compounds containing radioactive chlorine and sulfur isotopes
confirmed a new class of lipids containing both chloride and sulfate groups
[1, 2]. Amongst others, extensive degradation studies and fragmentation pattern
analysis allowed the determination of the structure of these lipids; however, no
absolute or relative configurations were determined. After their initial discovery,
chlorosulfolipids were isolated from numerous organisms and habitats. The
chlorosulfolipids that have received most attention from the research community
are undoubtedly Danicalipin A from the golden algae Ochromonas danica [3–6],
Malhamensilipin A from the golden algae Poterioochromonas malhamensis [7], as
well as Mytilipin A, B and C [8–10] from the culinary mussel Mytilus
galloprovincialis. It is to be noted that Mytilipin A was also isolated from Formosan
octoral Dendronephthya griffini of the coast of Taiwan [11]. This is intriguing in
light of the fact that known chlorosulfolipid producing organisms such as O. danica
and P. malhamensis are sweet water algae. It can be hypothesized that both the
mussel M. galloprovincialis and the octacoral D. griffini may have accumulated the
chlorosulfolipids as part of their diet. An excellent review on the history of
chloroulfolipids has been published [12].
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3 Structure Determination

The configurational assignment of chlorosulfolipids proved to be a major hurdle
towards more in-depth studies of these peculiar natural products. Roughly 30 years
after the initial discovery of chlorosulfolipids, Murata’s J-based configurational
assignment (JBCA) in 1999 proved to be the technique of choice to overcome this
hurdle [13]. JBCA is a powerful means to determine conformations between adja-
cent stereocenters and with this information in hand allows deduction of relative
configurations through the analysis of2J13C–

1
H,

3 J13C–
1
H, and

3J1H–
1
H coupling con-

stants. In the case of small 3J1H–
1
H coupling constants between vicinal, hetereoatom-

substituted methines, a set of five coupling constants allows complete assignment of
relative conformation and configuration. Murata introduced the classification shown
in Fig. 1 for this matter. A limitation of this approach is that for conformations A3
and B3 with large 3J1H–

1
H values, all five coupling constants are likely of similar

size. In those cases one cannot differentiate between syn and anti configurations
based solely on the coupling constants. As a solution, Murata argued that this can be
resolved by different behavior of the adjacent methines in a NOESY experiment. To
be precise, gauche conformation of C and C0“leads to an NOE interaction between
protons H and H0”. The absence (B3) or presence (A3) of an NOE interaction can
thus be used to discriminate between these conformations and consequently syn and
anti configurations. With this additional tool at hand JBCA allows determination of
all six conformations A1-3 and B1-3 and consequently between syn and anti relative
configurations solely based on spectroscopic methods.

Fig. 1 Classification of extracted coupling constants into categories “small” or “large” allows
determination of relative conformation between two stereogenic centers when adopting conforma-
tions A1, A2, B1, or B2. For A3 and B3 conformations NOE data is necessary for unambiguous
assignment
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Two years after Murata’s hallmark publication, Fattorusso and Ciminiello applied
the new technique to a new cytotoxic chlorosulfolipid later named Mytilipin A
[8]. After a report of a batch of toxic culinary mussels in which the hepatopancreas
caused diarrhetic shellfish poisoning in a mouse bioassay, the group was able to not
only isolate Mytilipin A, but also apply Murata’s JBCA to determine the complete
structure of this compound including configurational assigment. The technique had
not been previously applied to chlorinated systems, but a later investigation showed
it to be equally valuable for these types of systems [14]. For this, regioisomeric,
crystalline trichlorohexanediols of different relative configurations were synthe-
sized, analyzed by X-ray crystallography and their coupling constants tabulated.
This allowed comparison to similar arrays in a systematic manner. While it was
shown that JBCA could be applied to chlorinated systems, one should take care that
slightly adjusted values of coupling constants must be taken into account: In Scheme
1, the values in black were reported by Murata for oxygenated systems and the
values in blue were determined for chlorinated arrays. An application of JBCA in
chlorinated systems was also demonstrated by the groups of Gerwick, Haines, and
Vanderwal for the structure determination of Danicalipin A [15].

4 Synthesis of Chlorosulfolipids

Once the first complete structure of a chlorosulfolipid had been determined the field
of chlorosulfolipids experienced significant interest in the synthetic community.
Various groups were invested in the identification of suitable tactics and strategies

Scheme 1 Divergent synthesis of 13 different configurational and constitutional isomers for the
creation of a universal coupling constant library of alkyl chlorides. Indicated coupling constants in
black refer to Murata’s report on oxygenated systems, blue values are typically observed in
chlorinated systems
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to allow synthetic access to the intricate and unprecedented structures of these
molecules [16]. Initial studies showed iterative Appel reactions to be unworkable
in the proximity of electron-withdrawing substituents. The consecutive array of
chlorines could thus likely not be assembled in this manner. Additionally, aldol
additions and the likes proved to be technically difficult due to the unstable nature of
the requisite α-chloroaldehydes [14, 17]. Early synthetic efforts relied consequently
on diastereoselective dichlorination of olefins and epoxide openings. In part due to
the interest in chlorosulfolipids the synthetic toolbox to introduce chlorine and other
halogens in a stereoselective manner has vastly expanded in recent years.

4.1 Carreira’s Synthesis of Mytilipin A

After the first complete structure of a chlorosulfolipid had been disclosed, early
synthetic efforts by the Carreira group led to the first synthesis of a member from this
family of natural products. The synthesis of Mytilipin A reported in 2009 [17] started
out from dienoate 1 (Scheme 2). Reaction of this diene with Mioskowski’s reagent
took place at the γ,δ-olefin. The so obtained racemic dichloride 2 was further
subjected to reduction with DIBAL and protection as the silyl ether. Dihydroxylation
with OsO4 followed by closure with the adduct of DABCO and Tf2O allowed the
synthesis of the syn-epoxide from the trans-olefin 3. Subsequent deprotection under
acidic conditions provided alcohol 4 that was oxidized to the aldehyde and
underwent Wittig olefination with the ylide derived from phosphonium bromide
5 to yield cis-olefin 6. Interestingly, epoxide opening with TMSCl predominantly led
to formation of the undesired product formally derived from retentive epoxide
opening 7 and only trace amounts of the desired inverted product 8. This surprising
outcome was rationalized with intermediary chloretanium (9) and chlorolanium (10)
ions leading to double inversion. Further investigation later revealed retentive
epoxide opening to be a more general concept when chlorides are present in
proximity [18]. To address this unforeseen challenge in the context of this synthesis,
the group restarted their efforts from previously synthesized 11. Falling back to an
epoxidation instead of the sequence dihydroxylation-epoxide closure led to the
formation of the anti-epoxide. Again, oxidation and Wittig olefination now provided
access to 12. When this epoxide was subjected to Lewis acidic conditions with
TMSCl retention of configuration at the allylic carbon was observed again, now as
the desired outcome 14. Dichlorination was then effected with Et4NCl3 with the
stereoselectivity likely being dictated by the allylic strain of the allylic stereocenter.
Silyl ether cleavage, oxidation to the aldehyde and Takai olefination provided the
trans-vinylchloride 16. Finally, treatment with SO3�py delivered the first synthetic
chlorosuflolipid, (�)-Mytilipin A (17).
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4.2 Vanderwal’s Synthesis of Mytilipin A

In 2013, the Vanderwal group reported a synthesis of Mytilipin A [19] that made use
of the then newly developed Z-selective olefin metathesis (Scheme 3) [20]. For this
effort, crotyl alcohol was dichlorinated with Mioskowski’s reagent (Et4NCl3). Oxi-
dation to the aldehyde was followed by an allylation reaction effected with allyl
alane 20. The formed bromohydrin 21 was not isolated, but rather converted to
epoxide 22 in situ by treatment with NaOH. Following this, this olefin was reacted
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444 P. Sondermann and E. M. Carreira



with 24 in the presence of Grubbs’ cyclometalated Ruthenium catalyst 23 delivering
cis-olefin 25, albeit in low yield. The epoxide moiety was then opened to tetrachlo-
ride 26. In the following dichlorination the cis-olefin proved to be more reactive than
the vinylchloride, subsequently allowing sulfation to provide (�)-Mytilipin A (17).
Additionally, the Vanderwal group showcased that this racemic synthesis could also
be carried out enantioselectively. To this effect, epoxide (+)-22 as an intermediate
synthesized en route to Mytilipin A was prepared by kinetic resolution of � � (22)
using Denmark procedure for epoxide openings with SiCl4 and a chiral
phosphoramide [21–23] (Scheme 3).

4.3 Yoshimitsu’s Synthesis of Mytilipin A

The approaches by the Carreira and Vanderwal groups had relied on two strategies to
introduce chlorides in an enantiospecific manner in their molecules: epoxide opening
reactions and dichlorinations of olefins (Scheme 4). An interesting, distinct approach
for the synthesis of chlorosulfolipids was presented by the group of Yoshimitsu
(Scheme 4) [24]. After pivaloyl protection of enantiomerically pure epoxide 29
reaction with PPh3 and NCS provided dichlorinated 30. This strategy leads to
different overall stereochemical outcome compared to dichlorination of an olefin:
deoxygenative chlorination of anti-epoxides lead to 1,2-syn dichlorides as exempli-
fied in the synthesis of 30 but dichlorination of trans-olefins leads to 1,2-anti

Scheme 3 Vanderwal’s synthesis of (�)-Mytilipin A
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dichlorides. The starting epoxides are readily available, e.g. by Sharpless epoxida-
tion [25, 26]. The pivaloate was then reductively cleaved, oxidation with Dess-
Martin periodinane set the stage for a Sakurai allylation, leading to 31. A one-step
conversion of the resulting alcohol in 31 to the respective chloride in 32 could only
be effected in low yield. Consequently, a two-step procedure was employed, first
closing the halohydrin to epoxide 33 followed by deoxygenative epoxide opening,
again with NCS and PPh3. Following this, Riley oxidation provided a diastereomeric
mixture of 34 and 35. This could be resolved, after separation, by a oxidation/
reduction sequence funneling the undesired diastereomer to 35. Cross-metathesis
with 2-butene led to overall methylation of the terminal olefin, which was in turn
dichlorinated with Et4NCl3 to give 37. After protection of the free alcohol as the
acetate, the silyl ether was converted to a C1-homologated vinylchloride by a
deprotection-oxidation-Takai olefination sequence. Reductive deprotection of the
acetate and sulfation then finished the synthesis of Mytilipin A (17).

4.4 Burns Synthesis of Deschloromytilipin A

The Burns group reported a synthesis of Deschloromytilipin A in 2016, a compound
lacking the vinylic chloride group in comparison with Mytilipin A (Scheme 5)
[27]. Key to this synthesis was an extension of a method previously developed in
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the same laboratory, the asymmetric dihalogenation of allylic alcohols [28]. Using
this approach, crotyl alcohol 39 was asymmetrically dichlorinated using Schiff base
40, TiCl(OiPr)3 and tBuOCl. Oxidation to the aldehyde using Dess-Martin
periodinane allowed a subsequent allylation with vinylchloride 42. Acylation of 43
with acryloyl chloride allowed subsequent ring-closing metathesis to 44. The reduc-
tion of this compound allowed selective access to the cis-olefin 45. Dichlorination of
this olefin provided 46 which was triflated and silyl-protected. Copper-catalyzed
sp3–sp3 cross coupling [29] with Grignard reagent 48 and sulfation finished the
synthesis of (�)-Deschloromytilipin A.

4.5 Vanderwal’s Synthesis of Danicalipin A

Shortly after the first disclosure of a synthesis of a chlorosulfolipid by the Carreira
group, the Vanderwal group reported the synthesis of Danicalipin A, a
chlorosulfolipid derived from the algae Ochromonas danica [14]. The authors had
chosen a similar strategy for the stereoselective introduction of chlorine, namely an
epoxide opening and two dichlorinations. Starting from dienoate 50 (Scheme 6), an
initial dichlorination was succeeded by a diastereoselective dihydroxylation to 51.
The diol was activated with nosyl chloride and closed to the epoxide using K2CO3.
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Reduction to aldehyde 52 was effected with DIBAL, finishing this fragment. A
second fragment was started from bromoaldehyde 53. Enamine formation and
dichlorination gave an aldehyde that was first reduced to the primary alcohol and
then protected as silyl ether 54. Transformation of the bromide to an iodide in a
Finkelstein reaction and formation of a phosphonium salt gave 55 that underwent
Wittig reaction with previously synthesized aldehyde 52. The epoxide was subse-
quently opened at the allylic position under Lewis-acidic catalysis and the remaining
olefin could be iodochlorinated with ICl. The iodide in 57 was then reductively
cleaved to yield an intermediate that was deprotected and sulfated with ClSO3H to
give access to synthetic (�)-Danicalipin A (58).

In a later publication, the Vanderwal group also made use of Grubbs’ Z-selective
metathesis for a formal enantioselective synthesis of Danicalipin A (Scheme 7)
[21]. For this effort, 59 and 60 were subjected to the action of cyclometalated
Ruthenium catalyst 23 to give 56. The starting allylic epoxide 59 is again accessible
using Denmark’s kinetic resolution methodology (cf. Scheme 3).
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4.6 Umezuwa’s Synthesis of Danicalipin A

An additional synthesis of Danicalipin A was reported in 2011 by the group of
Umezawa and Matsuda (Scheme 8) [30]. One noteworthy peculiarity about this
report is that both enantiomers were synthesized, allowing comparison of their
bioactivities. The route started from enantioenriched epoxide 61. Anelli oxidation
and Horner olefination with phosphonate 62 yielded trans-enoate 63. SOCl2 effected
epoxide opening at the allylic position to give the respective halohydrin. The enoate
was reduced to the saturated alcohol and the alcohol was protected as the silyl ether.
Swern oxidation then yielded aldehyde 64 which could be diastereoselectively
monochlorinated using Jørgsensen’s diphenylpyrrolidine 65 [31] and NCS to give
66 after another Horner olefination using 62. Again, from reduction of the enoate
with LiBH4 the saturated alcohol was obtained that was reoxidized in a TEMPO-
catalyzed oxidation to 67. A second fragment for the synthesis of Danicalipin was
synthesized from bromoaldehyde 68. Dichlorination was followed by reduction and
protection of the aldehyde. Substitution of the primary bromide with an iodide
allowed formation of the phosphonium salt 69 by addition of PPh3. Wittig reaction
of the two fragments 67 and 69 then gave an olefin that was reduced using
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Pearlman’s catalyst with concomitant cleavage of the PMB group. Another Anelli
oxidation and Horner olefination were followed by a 1,2-reduction and aetylation.
The allylic acetate was then substituted with nC5H11MgBr under copper catalysis.
Silyl ether cleavage with buffered TBAF, dichlorination and sulfation finished the
Umezawa/Matsuda synthesis of (�)-Danicalipin A. Comparison of toxicity against
brine shrimp of the two synthesized enantiomers showed a similar LC50 with 2.1 μg/
mL for the natural and 2.4 μg/mL for the unnatural enantiomer.

4.7 Yoshimitsu’s Synthesis of Danicalipin A

An interesting approach towards the synthesis of Danicalipin was presented by the
Yoshimitsu group, which makes strategic use of a dipolar cycloaddition (Scheme 9)
[32]. Enantiopure epoxide 73 was first esterified and then converted to the dichloride
using the previously discussed PPh3/NCS combination. Reductive cleavage of the
ester and Dess-Martin oxidation enabled subsequent vinylation of the aldehyde. The
resulting allylic alcohol was then protected as the silyl ether in 75. A second
fragment was elucidated from enol ether 76, which could be dichlorinated in a
sequence of three steps to 77. The imine was then hydrolyzed, the resulting aldehyde
was reduced and the alcohol protected as silyl ether 78. The terminal olefin was then
converted to an aldehyde by ozonolysis, followed by reduction. Appel reaction to the
alkyl iodide and nucleophilic substitution with sodium nitrite provided nitroalkane
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79. Dehydration of this compound with PhNCO produced the nitrile oxide which
reacted with olefin 75 in a dipolar cycloaddition to 80. Reductive cleavage of this
isoxazoline and Evans-Saksena reduction led to 81. Two Appel reactions of the
remaining free alcohols with NCS and PPh3 were followed by silyl ether cleavage
under acidic conditions and sulfation to yield synthetic (+)-Danicalipin A (58).

4.8 Carreira’s Synthesis of Danicalipin A

A synthesis of (+)-Danicalipin was also reported by the Carreira group in 2015
(Scheme 10) [33]. The synthesis started from allylic alcohol 82 that was oxidized
using MnO2 to provide the desired cis-unsaturated aldehyde with almost no detec-
tion of the trans product. A subsequent allylation with the in situ generated
Oehlschlager-Brown reagent [34, 35] and subsequent diastereoselective epoxidation
using mCPBA provided 84. The so generated homoallylic alcohol was protected as
the silyl ether and the epoxide were transformed to the vicinal dichloride using
deoxygenative conditions with NCS and ClPPh2 to 85. The use of sterically hindered
Cy2BH ensured the formation of the desired product in the hydroboration reaction
whose product was worked up oxidatively with NaBO3 to the corresponding primary
alcohol. The authors report that BH3�THF instead of Cy2BH leads to the observation
of significant amounts of a dechlorinated product. After oxidation to the aldehyde, an
allylation reaction provided diastereoselective access to 86. The resulting
homoallylic alcohol in 86 was transformed to the respective inverted alkyl chloride
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through the use of Ghosez’ reagent (87) [36, 37]. Grubbs’ catalyst was then used to
perform cross-metathesis with terminal oelfin 89. The resulting olefin could be
reduced in situ through addition of PtO2 under a hydrogen atmosphere to 90. The
two silyl ethers could then be cleaved conveniently using acetyl chloride in methanol
and the resulting compound was sulfated to deliver (+)-Danicalipin (58). This
synthesis proved amenable to larger scales providing access to sufficient material
for further biological studies including studies of self-assembly into membranes of
this lipid (Scheme 10).

4.9 Burns’ Synthesis of Danicalipin A

The Burns group presented a more recent synthesis of (�)-Danicalipin in 2016
(Scheme 11) [27]. The intriguing starting material for this synthesis was diborylated
olefin 91. Electrophilic substitution using ICl followed by transesterification with
diol 92 selectively produced the borylated cis-vinylchloride 93. This compound
underwent Matteson homologation with LiCHCl2 and ZnCl2 to produce the insertion
product 94 diastereoselectively. Metallation of 95 using tBuLi and addition to
boronic ester 94 gave the desired allyl boronate which underwent an allylation
reaction upon addition of 96 and nBuLi. The resulting trans-olefin in 97 was
difunctionalized with Me4NCl2Br, a reaction in which it proved to have a positive
effect to first treat the starting material 97 with deuterated methanol to improve the
overall yield of this addition, likely by changing the H-bond strength to the adjacent
alcohol in the transition state. Using conditions for radical dehalogenation with
Bu3SnH produced the desired debrominated product preferentially. Treatment with
ClSO3H transformed both the secondary alcohol and the primary silyl ether into the
corresponding sulfates, finishing the concise synthesis of (�)-Danicalipin (58)
(Scheme 11).

91

(pin)B
B(MIDA)

93

B
Cl

O

O
Cy

Cy

Cl
OO

1) ICl, 74%
2) 92, 85%

Cl

B

Cl

Cl Cl

OTBS

7

Cl Cl
OTBS

6
I

LiCHCl2, ZnCl2

1) tBuLi, MgBr2, 95
24%, (2 steps)

2) nBuLi, 96, 75%

97

95

94

Cl

O

5

96

C6H13

OH

Cl

Cl

Cl

Cl Cl

OSO3
–

7

Danicalipin A (58)

C6H13

OSO3
–

Cl

Cl

Cl

Cy

OH
OH

Cy

92

Cl

1) d4-MeOD, Me4NCl2Br
2) Bu3SnH, 22% (2 steps)
3) ClSO3H, 93%

Scheme 11 Burns’ synthesis of (�)-Danicalipin A

452 P. Sondermann and E. M. Carreira



4.10 Carreira’s Synthesis of Bromodanicalipin A
and Fluorodanicalipin A

To further investigate the stereoelectronic effects of the chloride substituents on the
conformation of chlorosulfolipids the Carreira group investigated the synthesis of
the fluorinated and brominated analogs of Danicalipin (Scheme 12) [38]. The latter
had previously been hypothesized and was later shown to be produced by
Ochromonas danica when cultured on a bromide rich medium [6, 39]. The
enantioselective synthesis of (+)-Bromodanicalipin A started from hydroxy olefin
98which was protected using pivaloyl chloride. Hydroboration and Swern oxidation
transformed the terminal olefin to the corresponding aldehyde (99). Reaction of this
aldehyde with Br2 in the presence of HBr delivered the desired α,α-dibromide, which
was reduced and protected as the silyl ether. The pivalate protecting group was then
reductively cleaved using DIBAL and transformed to the aldoxime by Swern
oxidation and condensation with hydroxylamine hydrochloride. Subsequently, oxi-
dation of the aldoxime with sodium hypochlorite gave access to the nitrile oxide,
which in the presence of olefin 102 underwent dipolar cycloaddition to 103. The
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acetonide in 103 was then hydrolyzed and the resulting glycol underwent cleavage
with NaIO4. The so obtained aldehyde was reacted with the hydrozirconation
product of 104 and Schwartz’ reagent (Cp2ZrHCl) in the presence of ZnMe2 to
105. Protection of the secondary allylic alcohol with TBSOTf and reductive cleav-
age of the isoxazoline delivered hydroxy ketone 106. Diastereoselective reduction of
the ketone group was achieved by an Evans-Tishchenko employing SmI2 and
isobutyraldehyde as hydride donor. The resulting ester was reductively cleaved
and the 1,3-diol was brominated using two iterative Appel reactions with CBr4
followed by desilylation to provide access to 107. Diastereoselective dibromination
could then be achieved with PhNMe3Br3 and sulfation of the two remaining alcohols
completed the synthesis of (+)-Bromodanicalipin A (Scheme 12).

Along with Carreira’s studies of Bromodanicalipin, a synthesis of
Fluorodanicalipin A was also presented. For this effort, aldehyde 109 was
difluorinated employing a strategy of first forming the enamine with racemic proline
and fluorination by NFSI (110) followed by reduction with NaBH4 to 111. The
resulting primary alcohol was protected as the benzyl ether and the terminal olefin
was in turn converted to a primary alcohol with BH3 and H2O2, oxidation and
condensation provided aldoxime 112. The second fragment for the synthesis of
Fluorodanicalipin was synthesized from cis-allylic alcohol 82. MnO2 effected the
oxidation to the aldehyde without affecting diastereomeric purity of the olefin.
Addition of vinyl magnesium bromide formed a racemic allylic alcohol which also
served as directing element for the subsequent epoxidation with mCPBA to deliver
113. The alcohol was then benzyl protected and the epoxide was transformed to the
corresponding vicinal difluoride in two sequential steps. The first reaction of the
epoxide with Et3N�(HF)3 at 150 �C led to nucleophilic opening of the epoxide by a
fluoride nucleophile. The alcohol was then activated through the action of nonaflyl
fluoride and formed 114. This product formed the product of a dipolar cycloaddition
when treated with the in situ formed nitrile oxide from 112. In a strategy similar to
the synthesis of Bromodanicalipin, the isoxazoline was reductively opened with Mo
(CO)6 and reduced to 166 in an Evans-Saksena reduction making use of the directing
effect of the adjacent alcohol. The 1,3-diol was transformed to the corresponding
fluoride with Deoxo-Fluor® (117). Finally, deprotection and sulfation provided (�)-
Fluorodanicalipin A. Comparing the activity of Bromo- and Fluorodanicalipin it was
observed that Bromodanicalipin has similar potency (LC50 ¼ 4.7 μg/mL against
Brine shrimp) as compared to natural Chlorodanicalipin whereas Fluorodanicalipin
was 15 times less toxic in this assay. Additionally, conformational comparison by
JBCA of Fluoro-, Bromo- and Chlorodanicalipin showed that these three lipids
adopt a comparable major solution state conformation (Scheme 13).
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4.11 Vanderwal’s Synthesis of Malhamensilipin A

Gerwick and Vanderwal presented the first synthesis of Malhamensilipin A along
with a revision of the originally proposed structure in 2009 (Scheme 14) [40]. For
this effort, electron-deficient enyne 120 was selectively dihydroxylated in an asym-
metric fashion using Sharpless’s AD-mix. The alkyne was then partially reduced to
the cis-olefin and the more reactive hydroxyl group was sulfonylated to 121. The cis-
olefin served as substrate for a dichlorination reaction with the diastereoselectivity
dictated by the adjacent free hydroxyl group and the geometry of the olefin. Having
served its purpose, the hydroxyl group was closed to the corresponding epoxide and
the adjacent ester was partially reduced to aldehyde 122. Wittig reaction with
phosphonium ylide 123 preferentially formed cis-olefin 124. The epoxide was
then opened with Lewis-acidic BF3�OEt2 at the more reactive, allylic carbon. The
remaining cis-olefin was dichlorinated using Mioskowski’s reagent (Et4NCl3).
Transformation of the secondary alcohol and the primary silyl ether could be
accomplished using ClSO3H and subsequent elimination provided exlusively

H13C6

1) MnO2, 97%, Z:E = 97:3
2) vinylMgBr, 95%
3) mCPBA, 84%, dr = 96:4

82

OH
H13C6

113

HO

O
C6H13

OBn

F

F

114

7
109

O

7
111

OH
FF

7
112

OBn
FF

N
HO

OBn

7

FF

O N
115

OH

C6H13
F

F
OBn

7

FF

OH OH
116

OBn

C6H13
F

F

OSO3
–7

FF

F F
119

OSO3
–

C6H13
F

F

1) (±)-proline, 110
2) NaBH4

1) BnBr, NaH, 84%
2) BH3, H2O2, 99%
3) DMP, 71%
4) HONH2·HCl, 99%

1) BnBr, NaH, 90%
2) Et3N·HF, 81%
3) NfSO2F, Et3N·(HF)3, 38%

NaOCl
1121) Mo(CO)6, 84%

2) Me4NBH(OAc)3
88%, dr = 87:13

O
N

O

SF3

117

1) Pd/C, H2, 42% (2 steps)
2) SO3•py, 93%

OBn7

FF

F F
118

OBn

C6H13
F

F

PhO2S
N

SO2Ph

F

110

117

86% (2 steps)

62%
dr > 95:5

Scheme 13 Carreira’s synthesis of (�)-Fluorodanicalipin A

Synthesis of Chlorosulfolipid Natural Products 455



the E isomer of olefin 127, completing the synthesis of (+)-Malhamensilipin A
(Scheme 14).

In addition to their initial report on the synthesis of Malhamensilipin A, the
Vanderwal group also showed the applicability of Z-selective olefin metathesis in
this setting (Scheme 15) [21]. To this effect, olefin 128 and 129 were reacted in the
presence of Grubbs’ cycometalated Ruthenium catalyst 23 to yield 124 in Z/
E > 20:1, albeit in low yield. 124 had been previously demonstrated as an interme-
diate in the successful synthesis of (+)-Malhamensilipin A (127). The epoxide
starting material 128 can in turn be accessed using Denmark’s catalyst 27
(cf. Scheme 3) (Scheme 15).

Scheme 14 Vanderwal’s synthesis of (+)-Malhamensilipin A
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4.12 Denton’s Synthesis of (+)-Malhamensilipin A

A report by the Denton group from 2010 made use of multiple, previously demon-
strated successful strategies for the synthesis of chlorosulfolipids in an effort to
synthesize Malhamensilipin A (127) (Scheme 16) [41]. Starting from unsaturated
aldehyde 130, the enantioselective Scheffer-Weitz epoxidation, using the prolinol
catalyst 131 originally developed by Jørgensen, led to the formation of 132
[42]. After Horner olefination with phosphonate 133 to 134, the epoxide was
transformed to vicinal dichloride 135 using catalytic triphenylphosphine oxide
along with stoichiometric oxalyl chloride to form the chlorophosphonium salt. A
series of ester reduction, Sharpless epoxidation and reoxidation set the stage for a
Julia olefination with hetaryl sulfone 137. The so obtained allylic epoxide 138
underwent retentive epoxide opening and epoxidation to 139. In analogy to previous
reports by Carreira, the retentive epoxide opening was rationalized by intervention of
proximal chloride substitutents leading to double inversion [17, 18]. Epoxide 139
was again subjected to deoxygenative chlorination to the corresponding
hexachloride, which in turn was transformed to intermediate 126 from the
Vanderwal route by desilylation and sulfation (Scheme 16).

Scheme 16 Denton’s synthesis of (+)-Malhamensilipin A

Synthesis of Chlorosulfolipid Natural Products 457



4.13 Carreira’s Synthesis of Nominal Mytilipin B

Carreira et al. presented a synthesis of the nominal structure of Mytilipin B in 2011
[9, 43], arguably the most complex chlorosulfolipid reported to date (Scheme 17).
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Starting with 140 (Scheme 17), the distal, more reactive double bond was
dichlorinated with slight diastereoselectivity induced by the proximal acetonide
stereocenter followed by ester reduction, protection, and asymmetric
dihydroxylation (141). The diol was converted to the corresponding epoxide by
treatment with DABCO and Tf2O. This sequence allowed the preparation of the syn-
epoxide starting out from an E-olefin. Acetonide hydrolysis was followed by bis-
silylation of the resulting diol. The more accessible primary alcohol was liberated
with HF�py and oxidized to the aldehyde with Dess-Martin periodinane. Reaction
with the phosphonium iodide 142 provided cis-olefin 143 in a Wittig reaction.
Dichlorination with Mioskowski’s reagent, acetate hydrolysis with K2CO3 and
Dess-Martin oxidation gave fragment aldehyde 144, finishing this fragment of the
molecule. For a second fragment, the alcohol in 145 was oxidized in an Anelli
oxidation and converted to the α,α-dichloroaldehyde by first transforming the
aldehyde to the enamine using tBuNH2 followed by treatment with NCS. Using
conditions for asymmetric alkyne additions with Zn(OTf)2, porpargylic ether 147
could be added to aldehyde 146. Directed, partial reduction of the resulting
propargylic alcohol with Red-Al led to formation of the trans-allylic alcohol,
which was epoxidized with VO(acac)2 to 148. Epoxide opening suffered from low
selectivity and therefore the alcohol in 148 was oxidized to the ketone, activating the
position α to the ketone for regioselective opening with ZrCl4. Re-reduction of the
ketone then delivered desired 149. The 1,3-anti diol was protected with
2,2-dimethoxypropene, the primary alcohol was deprotected with buffered TBAF
and oxidized to the aldehyde with Dess-Martin periodinane. Still-Gennari olefination
allowed synthesis of cis-enoate 150. The ester was reduced to the allylic alcohol,
which in turn was epoxidized under Sharpless’s conditions to provide 153. The
epoxide moiety was then opened to the corresponding chlorohydrin, albeit with low
regioselectivity. Of the separable regioisomeric products from the epoxide opening,
the desired 1,2-diol was then protected as the corresponding acetonide 154 with
acetone and CuSO4 as desiccant. On the other side of the molecule the benzyl ether
was reductively cleaved and converted to hetaryl sulfone 156 through Mitsunobu
substitution with thiol 155 followed by oxidation with mCPBA. Fusion of this
fragment 156 with previously synthesized fragment 144 was achieved in a Julia
olefination using KHMDS to give cis-olefin 157. The allylic epoxide was opened
regioselectively with PPh3Cl2 and the remaining olefin was dichlorinated with
Et4NCl3 to give 158 (Scheme 18). Deprotection of the benzyl ether and elimination
with Martin’s sulfurane left the base-sensitive chlorohydrin moieties of the molecule
intact. Deprotection of two silyl ethers gave 159. Selective palmitoylation of the least
hindered alcohol was followed by regioselective sulfation of the resulting diol and
global deprotection with TFA to give nominal Mytilipin B (160). However, the
spectral properties of the synthesized product showed strong deviations when
compared to those reported for the natural product, suggesting a potential
misassignment of the structure of the Mytilipin B.
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4.14 Carreira’s Synthesis of Revised Mytilipin B

The Carreira group subsequently investigated isolation data of Mytilipin B to revise
the originally proposed structure (Scheme 19) [44]. For this effort two changes were
judged most promising. The absence of an ROE signal in the spectra provided by the
isolation team suggested the relative configuration between C10 and C11 (cf. 160)
should be anti instead of syn as suggested by the isolation team, leading to
reassignment of the configuration at C10. The configurations at C9, C7, C6, and
C5 were reassigned as well, because their configurations had been assigned relative
to C10. In addition, the configuration of the allylic stereocenter at C1 was judged
uncertain due to the use of a single MTPA (-
α-methoxy-α-trifluoromethylphenylacetic acid) ester by the isolation team in a
protocol originally developed by Riguera for MPA (α-methoxyphenylacetic acid)
esters [45, 46]. During the synthetic investigations the assignment of configurations
at C21 and C22 also became ambiguous. To identify the correct structure of
Mytilipin B a total of four diastereomers were synthesized. For this effort, allylic
alcohol 161 was epoxidized diastereoselectively to 162 using Sharpless’s epoxida-
tion conditions with (�)-DET (Scheme 19). Acetylation and protecting group
exchange followed by selective deprotection of the primary silyl ether gave primary
alcohol 163. After oxidation of this primary alcohol using Dess-Martin periodinane
the resulting α-silyloxy aldehyde underwent Wittig olefination using the ylide
derived from phosphonium iodide 142 to give the Z-olefin. Diastereoselective
dichlorination dictated by allylic strain provided a tetrachloride, which was
transformed to aldehyde 165 through acetate deprotection followed by Dess-Martin
oxidation. The second, sulfone fragment was prepared starting from 166. To account
for the revised configurations at C21 and C22 in Mytilipin B, (�)-DET was used to
diastereoselectively epoxidize 166 to 167. The challenging regioselective opening of
the cis-epoxide with chloride was achieved using MgCl2 in high yield. Diol 168 was
protected as the acetonide with pTSA and CuSO4 as desiccant. Benzyl ether
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deprotection under hydrogenolytic conditions using Pd/C provided access to pri-
mary alcohol 169, which was transformed to the hetaryl sulfone 170 by Mitsunobu
reaction followed by oxidation with ammonium molybdate. The use of the latter
reagent avoided deprotection of the acetonide as a side reaction that had been
observed when mCPBA was used as the oxidant.

Sulfone 170 and aldehyde 165 were then joined using Julia olefination to deliver
Z-alkene 171 (Scheme 20). The epoxide then underwent regioselective opening
using trimethylsilyl chloride along with slow addition of hydrogen chloride in
ethyl acetate. It is noteworthy that opening of the epoxide to 172 proceeded with
retention of configuration, likely a consequence of anchimeric assistance by neigh-
boring chlorides. Diastereoselective dichlorination using Mioskowski’s reagent
Et4NCl3 provided access to 173. After debenzylation and elimination to 174, silyl
ether cleavage was followed by inversion of configuration of the allylic alcohol
using Mitsunobu’s reaction with 2-methyl-6-picolinic acid (175), yielding 176. The
use of this nucleophile allowed the use of nonbasic cleavage conditions with Cu
(OAc)2 and methanol and thus take into account the base-sensitive chlorohydrin
moieties found in the molecule, ultimately providing access to 177. Subsequent
introduction of the palmitoyl chain, sulfation, and acetonide hydrolysis completed
the synthesis of Mytilipin B (178). The spectral data of the obtained product matched
those of the natural product. A total of four diastereomers were synthesized to enable

Scheme 19 Early steps in the Carreira synthesis of revised Mytilipin B
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confidence in the assignment. The prepared diastereomers differ in the configura-
tions of the distal stereocenters, which are likely to have minimal impact on spectral
characteristics of the respective compounds. Preparation of four permutations of the
relative configurations between stereoarrays allowed direct comparison of their
spectral data with those reported for the natural product to conclude the correct
structure of Mytilipin B.

In summary, more than 50 years after the initial discovery of chlorosulfolipids
numerous syntheses have allowed insights into the structure of chlorosulfolipids.
Along the way, many synthetic strategies have been devised and methods were both
developed and applied. Nonetheless, the impact of chlorosulfolipids in nature
remains mysterious. The biosynthesis and in particular the enzymes involved in
the stereoselective introduction of chlorine remain speculative, but would certainly
enable valuable insights. Furthermore, the role the lipids play in the organism’s

Scheme 20 Fragment coupling and final steps en route to revised Mytilipin B
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membrane remains enigmatic, be it their ability to form bilayers or the influence on
the membrane’s properties. Synthetic efforts from synthetic organic groups have
proven critical to enable structural characterization of this class of natural products.
The development of the routes presented herein provided important contributions to
synthetic methods for stereoselective synthesis. Additionally, given that the source
of some of these natural products remains unknown and that isolation is only
accomplished with difficulty, total synthesis is able to deliver ample material of
the various natural products and analogs to enable biological studies.

References

1. Haines TH, Pousada M, Stern B, Mayers GL (1969) Microbial sulpholipids: (R)-13-chloro-1-
(R)-14-docosanediol disulphate and polychlorosulpholipids in Ochromonas Danica. Biochem J
113(3):565–566. https://doi.org/10.1042/bj1130565

2. Elovson J, Vagelos PR (1969) A new class of lipids: chlorosulfolipids. Proc Natl Acad Sci U S
A 62(3):957–963. https://doi.org/10.1073/pnas.62.3.957

3. Elovson J, Vagelos PR (1970) Structure of the major species of chlorosulfolipid from
Ochromonas danica. 2,2,11,13,15,16-Hexachloro-N-docosane 1,14-disulfate. Biochemistry 9
(16):3110–3126. https://doi.org/10.1021/bi00818a002

4. Elovson J (1974) Biosynthesis of chlorosulfolipids in Ochromonas danica. Origin of primary
and secondary hydroxyl groups determined by oxygen-18 incorporation in vivo. Biochemistry
13(10):2105–2109. https://doi.org/10.1021/bi00707a017

5. Elovson J (1974) Biosynthesis of chlorosulfolipids in Ochromonas danica. Assembly of the
docosane-1,14-diol structure in vivo. Biochemistry 13(17):3483–3487. https://doi.org/10.1021/
bi00714a010

6. Haines TH (1973) Halogen- and sulfur-containing lipids of ochromonas. Annu Rev Microbiol
27:403–411. https://doi.org/10.1146/annurev.mi.27.100173.002155

7. Chen JL, Proteau PJ, Roberts MA, Gerwick WH, Slate DL, Lee RH (1994) Structure of
malhamensilipin A, an inhibitor of protein tyrosine kinase, from the cultured chrysophyte
poterioochromonas malhamensis. J Nat Prod 57(4):524–527. https://doi.org/10.1021/
np50106a015

8. Ciminiello P, Fattorusso E, Forino M, Di Rosa M, Ianaro A, Poletti R (2001) Structural
elucidation of a new cytotoxin isolated from mussels of the adriatic sea. J Org Chem 66
(2):578–582. https://doi.org/10.1021/jo001437s

9. Ciminiello P, Dell’Aversano C, Fattorusso E, Forino M, Magno S, Di Rosa M, Ianaro A, Poletti
R (2002) Structure and stereochemistry of a new cytotoxic polychlorinated sulfolipid from
adriatic shellfish. J Am Chem Soc 124(44):13114–13120. https://doi.org/10.1021/ja0207347

10. Ciminiello P, Dell’Aversano C, Fattorusso E, Forino M, Magno S, Di Meglio P, Ianaro A,
Poletti R (2004) A new cytotoxic polychlorinated sulfolipid from contaminated adriatic mus-
sels. Tetrahedron 60(33):7093–7098. https://doi.org/10.1016/j.tet.2003.12.072

11. Chao C-H, Huang H-C, Wang G-H, Wen Z-H, Wang W-H, Chen I-M, Sheu J-H (2010)
Chlorosulfolipids and the corresponding alcohols from the octocoral Dendronephthya Griffini.
Chem Pharm Bull (Tokyo) 58(7):944–946. https://doi.org/10.1248/cpb.58.944

12. Bedke DK, Vanderwal CD (2011) Chlorosulfolipids: structure, synthesis, and biological rele-
vance. Nat Prod Rep 28(1):15–25. https://doi.org/10.1039/C0NP00044B

13. Matsumori N, Kaneno D, Murata M, Nakamura H, Tachibana K (1999) Stereochemical
determination of acyclic structures based on carbon�proton spin-coupling constants. A method
of configuration analysis for natural products. J Org Chem 64(3):866–876. https://doi.org/10.
1021/jo981810k

Synthesis of Chlorosulfolipid Natural Products 463

https://doi.org/10.1042/bj1130565
https://doi.org/10.1073/pnas.62.3.957
https://doi.org/10.1021/bi00818a002
https://doi.org/10.1021/bi00707a017
https://doi.org/10.1021/bi00714a010
https://doi.org/10.1021/bi00714a010
https://doi.org/10.1146/annurev.mi.27.100173.002155
https://doi.org/10.1021/np50106a015
https://doi.org/10.1021/np50106a015
https://doi.org/10.1021/jo001437s
https://doi.org/10.1021/ja0207347
https://doi.org/10.1016/j.tet.2003.12.072
https://doi.org/10.1248/cpb.58.944
https://doi.org/10.1039/C0NP00044B
https://doi.org/10.1021/jo981810k
https://doi.org/10.1021/jo981810k


14. Nilewski C, Geisser RW, Ebert M-O, Carreira EM (2009) Conformational and configurational
analysis in the study and synthesis of chlorinated natural products. J Am Chem Soc 131
(43):15866–15876. https://doi.org/10.1021/ja906461h

15. Bedke DK, Shibuya GM, Pereira A, Gerwick WH, Haines TH, Vanderwal CD (2009) Relative
stereochemistry determination and synthesis of the major chlorosulfolipid from Ochromonas
Danica. J Am Chem Soc 131(22):7570–7572. https://doi.org/10.1021/ja902138w

16. Nilewski C, Carreira EM (2012) Recent advances in the total synthesis of chlorosulfolipids. Eur
J Org Chem 2012(9):1685–1698. https://doi.org/10.1002/ejoc.201101525

17. Nilewski C, Geisser RW, Carreira EM (2009) Total synthesis of a chlorosulpholipid cytotoxin
associated with seafood poisoning. Nature 457(7229):573–576. https://doi.org/10.1038/
nature07734

18. Shemet A, Sarlah D, Carreira EM (2015) Stereochemical studies of the opening of chloro vinyl
epoxides: cyclic chloronium ions as intermediates. Org Lett 17(8):1878–1881. https://doi.org/
10.1021/acs.orglett.5b00558

19. Chung W, Carlson JS, Bedke DK, Vanderwal CD (2013) A synthesis of the chlorosulfolipid
mytilipin A via a longest linear sequence of seven steps. Angew Chem Int Ed 52
(38):10052–10055. https://doi.org/10.1002/anie.201304565

20. Keitz BK, Endo K, Patel PR, Herbert MB, Grubbs RH (2012) Improved ruthenium catalysts for
Z-selective olefin metathesis. J Am Chem Soc 134(1):693–699. https://doi.org/10.1021/
ja210225e

21. Chung W, Carlson JS, Vanderwal CD (2014) General approach to the synthesis of the
chlorosulfolipids Danicalipin A, Mytilipin A, and Malhamensilipin A in enantioenriched
form. J Org Chem 79(5):2226–2241. https://doi.org/10.1021/jo5000829

22. Denmark SE, Barsanti PA, Wong K-T, Stavenger RA (1998) Enantioselective ring opening of
epoxides with silicon tetrachloride in the presence of a chiral Lewis base. J Org Chem 63
(8):2428–2429. https://doi.org/10.1021/jo9801420

23. Denmark SE, Barsanti PA, Beutner GL, Wilson TW (2007) Enantioselective ring opening of
epoxides with silicon tetrachloride in the presence of a chiral Lewis base: mechanism studies.
Adv Synth Catal 349(4–5):567–582. https://doi.org/10.1002/adsc.200600551

24. Yoshimitsu T, Fukumoto N, Nakatani R, Kojima N, Tanaka T (2010) Asymmetric total
synthesis of (+)-hexachlorosulfolipid, a cytotoxin isolated from adriatic mussels. J Org Chem
75(16):5425–5437. https://doi.org/10.1021/jo100534d

25. Katsuki T, Sharpless KB (1980) The first practical method for asymmetric epoxidation. J Am
Chem Soc 102(18):5974–5976. https://doi.org/10.1021/ja00538a077

26. Gao Y, Klunder JM, Hanson RM, Masamune H, Ko SY, Sharpless KB (1987) Catalytic
asymmetric epoxidation and kinetic resolution: modified procedures including in situ derivati-
zation. J Am Chem Soc 109(19):5765–5780. https://doi.org/10.1021/ja00253a032

27. Landry ML, Hu DX, McKenna GM, Burns NZ (2016) Catalytic enantioselective
dihalogenation and the selective synthesis of (�)-deschloromytilipin A and (�)-Danicalipin
A. J Am Chem Soc 138(15):5150–5158. https://doi.org/10.1021/jacs.6b01643

28. Hu DX, Seidl FJ, Bucher C, Burns NZ (2015) Catalytic chemo-, regio-, and enantioselective
bromochlorination of allylic alcohols. J Am Chem Soc 137(11):3795–3798. https://doi.org/10.
1021/jacs.5b01384

29. Yang C-T, Zhang Z-Q, Liang J, Liu J-H, Lu X-Y, Chen H-H, Liu L (2012) Copper-catalyzed
cross-coupling of nonactivated secondary alkyl halides and tosylates with secondary alkyl
grignard reagents. J Am Chem Soc 134(27):11124–11127. https://doi.org/10.1021/ja304848n

30. Umezawa T, Shibata M, Kaneko K, Okino T, Matsuda F (2011) Asymmetric total synthesis of
Danicalipin A and evaluation of biological activity. Org Lett 13(5):904–907. https://doi.org/10.
1021/ol102882a

31. Halland N, Braunton A, Bachmann S, Marigo M, Jørgensen KA (2004) Direct organocatalytic
asymmetric α-chlorination of aldehydes. J Am Chem Soc 126(15):4790–4791. https://doi.org/
10.1021/ja049231m

464 P. Sondermann and E. M. Carreira

https://doi.org/10.1021/ja906461h
https://doi.org/10.1021/ja902138w
https://doi.org/10.1002/ejoc.201101525
https://doi.org/10.1038/nature07734
https://doi.org/10.1038/nature07734
https://doi.org/10.1021/acs.orglett.5b00558
https://doi.org/10.1021/acs.orglett.5b00558
https://doi.org/10.1002/anie.201304565
https://doi.org/10.1021/ja210225e
https://doi.org/10.1021/ja210225e
https://doi.org/10.1021/jo5000829
https://doi.org/10.1021/jo9801420
https://doi.org/10.1002/adsc.200600551
https://doi.org/10.1021/jo100534d
https://doi.org/10.1021/ja00538a077
https://doi.org/10.1021/ja00253a032
https://doi.org/10.1021/jacs.6b01643
https://doi.org/10.1021/jacs.5b01384
https://doi.org/10.1021/jacs.5b01384
https://doi.org/10.1021/ja304848n
https://doi.org/10.1021/ol102882a
https://doi.org/10.1021/ol102882a
https://doi.org/10.1021/ja049231m
https://doi.org/10.1021/ja049231m


32. Yoshimitsu T, Nakatani R, Kobayashi A, Tanaka T (2011) Asymmetric total synthesis of (+)-
Danicalipin A. Org Lett 13(5):908–911. https://doi.org/10.1021/ol1029518

33. Bailey AM, Wolfrum S, Carreira EM (2016) Biological investigations of (+)-Danicalipin A
enabled through synthesis. Angew Chem Int Ed 55(2):639–643. https://doi.org/10.1002/anie.
201509082

34. Hu S, Jayaraman S, Oehlschlager AC (1996) Diastereo- and enantioselective synthesis of
Syn-α-vinylchlorohydrins and cis-vinylepoxides. J Org Chem 61(21):7513–7520. https://doi.
org/10.1021/jo960875p

35. Hu S, Jayaraman S, Oehlschlager AC (1998) Diastereoselective chloroallylboration of α-chiral
aldehydes. J Org Chem 63(24):8843–8849. https://doi.org/10.1021/jo980977a

36. Ghosez L, Marchand-Brynaert J (2001) 1-Chloro-N,N,2-trimethylpropenylamine. In: Encyclo-
pedia of reagents for organic synthesis. John Wiley & Sons, Ltd, Chichester, UK

37. Munyemana F, Frisque-Hesbain A-M, Devos A, Ghosez L (1989) Synthesis of alkyl halides
under neutral conditions. Tetrahedron Lett 30(23):3077–3080. https://doi.org/10.1016/S0040-
4039(00)99407-3

38. Fischer S, Huwyler N, Wolfrum S, Carreira EM (2016) Synthesis and biological evaluation of
bromo- and fluorodanicalipin A. Angew Chem Int Ed 55(7):2555–2558. https://doi.org/10.
1002/anie.201510608

39. White AR, Duggan BM, Tsai S-C, Vanderwal CD (2016) The alga Ochromonas Danica
produces bromosulfolipids. Org Lett 18(5):1124–1127. https://doi.org/10.1021/acs.orglett.
6b00230

40. Pereira AR, Byrum T, Shibuya GM, Vanderwal CD, Gerwick WH (2010) Structure revision
and absolute configuration of Malhamensilipin A from the freshwater chrysophyte
Poterioochromonas malhamensis. J Nat Prod 73(2):279–283. https://doi.org/10.1021/
np900672h

41. Saska J, Lewis W, Paton RS, Denton RM (2016) Synthesis of Malhamensilipin A exploiting
iterative epoxidation/chlorination: experimental and computational analysis of epoxide-derived
chloronium ions. Chem Sci 7(12):7040–7049. https://doi.org/10.1039/C6SC03012B

42. Marigo M, Franzén J, Poulsen TB, Zhuang W, Jørgensen KA (2005) Asymmetric
organocatalytic epoxidation of α,β-unsaturated aldehydes with hydrogen peroxide. J Am
Chem Soc 127(19):6964–6965. https://doi.org/10.1021/ja051808s

43. Nilewski C, Deprez NR, Fessard TC, Li DB, Geisser RW, Carreira EM (2011) Synthesis of
Undecachlorosulfolipid A: re-evaluation of the nominal structure. Angew Chem Int Ed 50
(34):7940–7943. https://doi.org/10.1002/anie.201102521

44. Sondermann P, Carreira EM (2019) Stereochemical revision, total synthesis, and solution state
conformation of the complex chlorosulfolipid mytilipin B. J Am Chem Soc 141
(26):10510–10519. https://doi.org/10.1021/jacs.9b05013. In this context, an overview concep-
tually related to this review has been discussed. See: structure elucidation of Mytilipin B,
Sondermann, P. ETH Zurich, 2020, Diss. ETH No. 26830

45. Latypov SK, Seco JM, Quiñoá E, Riguera R (1996) MTPA vs MPA in the determination of the
absolute configuration of chiral alcohols by 1H NMR. J Org Chem 61(24):8569–8577. https://
doi.org/10.1021/jo960719i

46. Latypov SK, Seco JM, Quiñoá E, Riguera R (1998) Are both the (R)- and the (S)-MPA esters
really needed for the assignment of the absolute configuration of secondary alcohols by NMR?
The use of a single derivative. J Am Chem Soc 120(5):877–882. https://doi.org/10.1021/
ja9700055

Synthesis of Chlorosulfolipid Natural Products 465

https://doi.org/10.1021/ol1029518
https://doi.org/10.1002/anie.201509082
https://doi.org/10.1002/anie.201509082
https://doi.org/10.1021/jo960875p
https://doi.org/10.1021/jo960875p
https://doi.org/10.1021/jo980977a
https://doi.org/10.1016/S0040-4039(00)99407-3
https://doi.org/10.1016/S0040-4039(00)99407-3
https://doi.org/10.1002/anie.201510608
https://doi.org/10.1002/anie.201510608
https://doi.org/10.1021/acs.orglett.6b00230
https://doi.org/10.1021/acs.orglett.6b00230
https://doi.org/10.1021/np900672h
https://doi.org/10.1021/np900672h
https://doi.org/10.1039/C6SC03012B
https://doi.org/10.1021/ja051808s
https://doi.org/10.1002/anie.201102521
https://doi.org/10.1021/jacs.9b05013
https://doi.org/10.1021/jo960719i
https://doi.org/10.1021/jo960719i
https://doi.org/10.1021/ja9700055
https://doi.org/10.1021/ja9700055


Top Heterocycl Chem (2021) 58: 467–518
https://doi.org/10.1007/7081_2020_40
# Springer Nature Switzerland AG 2020
Published online: 10 October 2020

The Callipeltoside Story

James R. Frost and Steven V. Ley

Contents

1 Isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 468
1.1 Structural Features and Assignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469
1.2 Biological Activity of the Callipeltosides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 471

2 Structural Investigations and Total Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
2.1 Paterson Aglycon Synthesis (2001) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
2.2 Trost Synthesis of Deschlorocallipeltoside A (8) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477
2.3 Trost Synthesis of Callipeltoside A (2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483
2.4 Evans Synthesis of Callipeltoside A (2002) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 487
2.5 Paterson Synthesis of Callipeltoside A (2003) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492
2.6 Panek Synthesis of Callipeltoside A (2004) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493
2.7 Hoye Synthesis of Callipeltoside A (2010) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497
2.8 MacMillan Synthesis of Callipeltoside C (2008) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500
2.9 Ley Syntheses of Callipeltosides A, B and C (2012) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505

3 Conclusion and Final Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 514
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 515

Abstract In their search for novel molecules of therapeutic benefit during the
1990s, Minale and his team collected extracts from the shallow water lithistid marine
sponge Callipelta sp. Subsequent testing of these specimens revealed promising
activity in cytotoxic assays by inhibiting in vitro proliferation of KB and P388 cells.
Whilst a closer inspection of the extract revealed callipeltins A–C as the major
metabolites responsible for the observed activity, further analysis led to the discov-
ery of three additional cytotoxic components: callipeltosides A, B and C (each
differing in the attached sugar). At the time, these molecules represented a structur-
ally unprecedented class of polyketides, rightly drawing the attention of the synthetic
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community. Although the connectivity of these molecules could be deduced by
Minale, questions surrounding the absolute stereochemistry of the sugar moieties
(C1’–C8’, D or L) and configuration of the trans-configured chlorocyclopropane with
respect to the C1–C19 unit remained. Furthermore, the stereochemistry of the
glycosidic linkage could not be conclusively determined. This chapter details the
substantial effort of the synthetic community to elucidate the structure of these
fascinating molecules from start to finish, describing nigh on 20 years of collective
work by world leaders in the field.

Graphical Abstract

Keywords Aglycon · Callipeltoside · Carbohydrate · Chlorocyclopropane ·
Macrocycle

1 Isolation

Extracts from marine sponges have provided a large number of complex molecules
that exhibit a wide range of biological activities. In their search for novel compounds
that display antitumour and antiviral properties, Minale and his team examined an
extract from the shallow water lithistid marine sponge Callipelta sp., located off
New Caledonia [1, 2]. This specimen was found to inhibit the in vitro proliferation of
P388 and KB cells whilst also providing protection against HIV. Further study of the
extract indicated that callipeltins A–C were the major metabolites responsible for the
biological activity [1, 2]. However, additional analysis of the dichloromethane
extract of this marine sponge (2.5 kg freeze dried) revealed callipeltoside A as a
minor metabolite (3.5 mg isolated) [3] and later callipeltosides B and C (both
�1.0 mg) (Fig. 1) [4]. At the time of isolation, these polyketides represented an
unprecedented new class of natural products, which has now been expanded upon
with the disclosure of the phorbasides, aurisides, dolastatins and others [5, 6].
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1.1 Structural Features and Assignment

1.1.1 Callipeltoside A

Minale and co-workers successfully deduced the connectivity of callipeltoside A
through the use of COSY, HMQC and HMBC experiments. Further ROESY and
nOe techniques provided an indication of the relative stereochemistry of the C1–C13
core whilst revealing the preferred chair conformation of the embedded C3–C7
pyran. Measurement of the 1H coupling constant between C20 and C21
(J20,21 ¼ 3.1 Hz, having removed additional J21,22 splitting) gave strong evidence
for a trans-configured chlorocyclopropane moiety. However, the configuration of
the chlorocyclopropane with respect to the rest of the molecule could not be
determined [3].

The attached 4-amino-4,6-dideoxy-2-O,3-C-dimethyl-α-talopyranosyl-3,4-ure-
thane (later named callipeltose A) sugar was also without precedent. HMBC corre-
lations between C5 and H10 as well as H5 and C10 provided the point of attachment
for the glycosidic linkage, with nOe experiments giving evidence for the relative
stereochemistry, suggesting an α-anomeric linkage. The nOe correlations also indi-
cated that the pyran ring adopted a six-membered boat conformation, which was
imparted by the five-membered cyclic carbamate [3].

Although the connectivity of callipeltoside A had been established, the absolute
configuration could not be determined, and therefore the power of total synthesis
was required to confirm the structure [3]. It was later shown by Trost [7, 8] (and also
Evans [9, 10], Paterson [11], Panek [12], Hoye [13] and Ley [14, 15] vide infra) that
the C1–C19 fragment and callipeltose A sugar were enantiomeric to that originally
reported by Minale, whilst the chlorocyclopropane (C20–C22) was incorrectly
configured with respect to the rest of the molecule (Fig. 2).

Fig. 1 The callipeltosides in their corrected forms
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1.1.2 Callipeltosides B and C

The structures of callipeltosides B and C were assigned in much the same way as
callipeltoside A, with the authors suggesting them to contain ‘the same macrolide
portion including stereochemistry’ as the parent molecule, the only difference being
the attached sugar. Despite this comment, the isolation paper unusually depicts the
structures of callipeltosides B and C as having an enantiomeric C1–C13 core to
callipeltoside A (Fig. 3), also showing an oppositely configured chlorocyclopropane.
Although Minale made no claim to know the absolute stereochemistry of
callipeltosides A, B or C, the relative configuration described in the text and
accompanying structures differed in their descriptions [4].

In keeping with the originally depicted structure of callipeltoside A,
callipeltosides B and C were also shown to contain D-configured sugars. The
configuration of these sugars was assigned on the basis that callipeltose C bore a
likeness with the evalose sugar in everninomicin B [4].

Fig. 2 Originally disclosed structure of callipeltoside A and subsequent absolute assignment
following total synthesis

Fig. 3 Originally disclosed structures of callipeltosides B and C and subsequent absolute stereo-
chemical assignment following total synthesis
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The callipeltose B sugar was identified to contain an N-formyl group at the C40H
position, meaning that the molecule existed as ‘two inseparable conformers’ in a 4:1
ratio, whilst callipeltose C instead contained a secondary hydroxy group with
opposite stereochemistry. Both the callipeltose B and C sugars were found to
adopt chair conformations (following nOe experiments), with analysis of the 13C
NMR chemical shifts (extrapolated from HMQC experiments) indicating that the
anomeric linkage was β-equatorial in both cases (callipeltoside B, δ ¼ 99.2; and
callipeltoside C, 98.9 ppm) [4].

The first synthesis of callipeltoside C was completed by MacMillan in 2008 (Sect.
2.8), confirming that the absolute stereochemistry of the molecule in terms of the
C1–C13 core, chlorocyclopropane unit and sugar configuration (L-configured rather
than the original D-configuration suggested by Minale) were identical to
callipeltoside A (Fig. 3). The configuration of the glycosidic linkage was tentatively
suggested to be β-equatorial ‘based on the isolation studies for callipeltoside B’ [16].

The Ley group completed the synthesis of callipeltoside C in 2012 [14, 15],
confirming the structural assignment by MacMillan [16]. Measurement of the 1JC–H
coupling value of the glycosidic bond and thorough NOESY analysis of the sugar
portion implied that the stereochemistry at C10H was (R)-configured, in contrast to
callipeltoside A. In the same work, this group also disclosed the first total synthesis
of callipeltoside B, noting that the callipeltose B sugar was also L-configured, but
with (S)-stereochemistry at the C10H position. No further studies were performed,
but it was reasonably assumed that the inversion of stereochemistry at the C10H
position for callipeltoside C is connected to the opposing configuration of the C40H
substituent (Fig. 3) [14, 15].

1.2 Biological Activity of the Callipeltosides

1.2.1 Studies by Minale

Preliminary studies by Minale indicated that callipeltoside A was moderately cyto-
toxic in assays against human bronchopulmonary non-small-cell lung carcinoma,
affecting the NSCLC-N6 and P388 cell lines (IC50 ¼ 11.26 and 15.26 μg/mL,
respectively) [3]. Further research involving the NSCLC-N6 cell line showed a
cell cycle-dependent effect, with cell division blocked at the G1 phase level
(Table 1). However, the small amounts of isolated material prevented additional
investigation into this process and hence determination of the exact mode of
action [3].

Callipeltosides B and C also showed cytotoxic activity against the NSCLC-N6
cell line, albeit at a more modest level (IC50 values of 15.1 μg/mL and 30.0 μg/mL,
respectively) [4].
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1.2.2 Studies by Trost

Further investigations into the biological activity of callipeltoside A were carried out
by Trost and co-workers [8]. During their synthesis of callipeltoside A, diastereomer
7, deschlorocallipeltoside A (8) and the callipeltoside aglycon (9) were also
synthesised (Fig. 4).

Treatment of A2780 human ovarian carcinoma cells (following 48 h incubation)
with callipeltoside A as well as 7, 8 and 9 showed that the callipeltose A sugar was
essential for biological activity, whilst the trans-chlorocyclopropane was less critical
(Table 2, entries 1 and 3). Interestingly the introduction of the oppositely configured
trans-chlorocyclopropane (7) resulted in improved biological activity relative to the
natural product (Table 2, entry 2) [8].

Table 1 Flow cytometry assays of the NSCLC-N6 cell line treated with callipeltoside A

Concentration
(μg/mL)

Cells in the G1
phase (%)

Cells in the S
phase (%)

Cells in G2/M
phase (%)

Control 67.9 28.0 4.1

Callipeltoside
A (1)

30 82.5 14.9 2.6

10 77.5 20.8 1.7

5 74.7 22.6 2.7

Fig. 4 Compounds synthesised and tested by Trost against the A2780 human ovarian carcinoma
cell line

Table 2 Assays against the
A2780 human ovarian carci-
noma cell line

Entry Compound IC50 (μM)

1 1 20.2

2 7 7.0

3 8 17.4

4 9 >100
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2 Structural Investigations and Total Syntheses

The first total synthesis of callipeltoside A (1) was completed in 2002 by Trost [7, 8],
following excellent initial work by Paterson who completed what proved to be the
enantiomeric C1–C13 core (2001) [17].

The synthesis of callipeltoside A was also achieved thereafter by the groups of
Evans (2002) [9, 10], Paterson (2003) [11], Panek (2004) [12], Hoye (2010) [13] and
Ley (2012) [14, 15]. In addition, a formal synthesis of the callipeltoside aglycon has
been disclosed by Marshall [18], partial syntheses by Olivo [19–21] and Yadav [22]
as well as numerous contributions towards the callipeltose A sugar [23–26]. The
absolute configuration of callipeltoside C (3) was initially determined by MacMillan
(2008) [16], whilst the Ley group supported this assignment and completed the
family with the first synthesis of callipeltoside B [14, 15]. Due to the page restriction
imposed on this review, only the completed syntheses of these molecules and
subsequent learnings will be reported.

2.1 Paterson Aglycon Synthesis (2001)

2.1.1 Retrosynthesis

Paterson’s approach to the callipeltoside aglycon involved disconnection along the
C1–C13O ester linkage which, in the forward direction, would be formed by
Yamaguchi macrolactonisation. Since the relative configuration of the trans-
chlorocyclopropane with respect to the rest of the molecule was in doubt, attachment
of each enantiomer was necessary. Therefore, the C17–C18 bond was chosen as a
further key disconnection point, revealing vinyl iodide 11 and the cyclopropyl
alkyne 12. Compound 11 was further disconnected at the pyran moiety, giving
fragment 13, which in turn could be accessed through sequential aldol reactions.
This strategy therefore allows the facile synthesis of both C13 epimers and allows for
the relative configuration of the macrolide ring to be resolved (Scheme 1) [17].

2.1.2 Synthesis of the C1–C17 Vinyl Iodide

The synthesis began by union of known vinyl iodide 17 and the enolate of enal 16 by
Lewis acid-mediated vinylogous aldol reaction [17, 27, 28]. This resulted in an
intentional 1:1 mixture of epimeric products at C13, also installing the desired
trisubstituted double bond present in the natural product scaffold [17]. TBS protec-
tion of the C13 alcohol followed by boron-mediated anti-aldol reaction with 15 set
the C8 and C9 stereocentres [17, 29–31]. Diastereoselective reduction of the ketone
functionality using the Evans–Tishchenko protocol formed the remaining C7
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stereocentre in high selectivity. A further three synthetic manipulations provided
advanced protected C5–C17 fragment 23 (Scheme 2) [17].

PMB protecting group removal and oxidation gave aldehyde 24, which
underwent Mukaiyama aldol reaction with 25 to give linear precursor 26 in good
diastereoselectivity (95:5) and yield (85%). Acid-catalysed deprotection of the TES
group resulted in cyclisation and methyl ketal formation to give 27 in an excellent
yield of 96% (Scheme 3) [17].

Scheme 1 Paterson’s retrosynthesis of the callipeltoside aglycon

Scheme 2 Synthesis of C5–C17 fragment 23. Reagents and conditions: (a) 16, PhMe, �78�C;
LDA, then 17, 18, THF, �78�C, 80%; (b) TBSCl, imidazole, CH2Cl2, RT, 87%; (c) (i) Cy2BCl,
Et3N, Et2O, �5�C, then 15, �78�C to �27�C; (ii) CH2Cl2–H2O, SiO2, RT, 99% (over 2 steps),
dr > 98.5:1.5; (d) SmI2, EtCHO, THF, �20�C to �10�C, 92%, dr > 98.5:1.5
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The free hydroxy was protected as the TBS-ether and the C13OH revealed
thereafter following selective removal of the TBS group using TBAF. This allowed
for separation of the C13 epimeric alcohols, which could then be separately sapon-
ified and the requisite 12-membered rings formed by Yamaguchi macrolactonisation
(Scheme 4) [17]. With the two macrocycles in hand, the Paterson group used

Scheme 3 Manipulation of the C1–C17 fragment and formation of the C3–C7 pyran. Reagents
and conditions: (a) (i) DDQ, CH2Cl2–pH 7 buffer (10:1), 40�C, 88%; (ii) Dess–Martin periodinane,
CH2Cl2, RT, 86%; (b) 25, BF3•OEt2, CH2Cl2, �100�C, 85%, dr ¼ 95:5; (c) PPTS, (MeO)3CH,
MeOH, 20�C, 96%

Scheme 4 Formation of the proposed callipeltoside macrocycle and the C13 epimeric material.
Reagents and conditions: (a) TBSCl, imidazole, CH2Cl2, RT; (b) TBAF, THF, RT, 87% (over
2 steps); (c) TPAP, NMO, 4 Å MS, CH2Cl2, RT; (d) NaBH4, CeCl3•7H2O, EtOH, �78�C to 0�C,
46% (over 2 steps); (e) Ba(OH)2•8H2O, MeOH, RT; (f) 2,4,6-trichlorobenzoyl chloride, Et3N,
DMAP, PhMe, 80�C, 53% (over 2 steps, 28 to 29) and 70% (over 2 steps, 30 to 31)
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molecular modelling and compared the nOe data collected by Minale [3]. The group
concluded that macrocycle 31 was more likely the desired conformation, and so the
unwanted isomer (28) was recycled by oxidation and diastereoselective reduction
prior to saponification (Scheme 4) [17].

2.1.3 Synthesis of Enantiomeric trans-Chlorocyclopropyl Alkynes
12 and ent-12

The synthesis of enantiomeric trans-chlorocyclopropyl alkynes 12 and ent-12 was
achieved using an asymmetric Simmons–Smith cyclopropanation developed by the
Charette group [32–34]. Following this, oxidation, dibromoolefination and Corey–
Fuchs reaction gave the trans-chlorocyclopropane 12 in short sequence (Scheme 5,
one enantiomer shown) [17].

2.1.4 Synthesis of Diastereomeric Aglycons 39 and 41

Cyclopropyl alkynes 12 and ent-12 were cross-coupled with the C1–C17 vinyl
iodide (31) by Sonogashira reaction to give 38 and 40. Each molecule underwent
TBS deprotection, with treatment using PPTS in H2O installing the hemi-ketal
functionality. The diastereomeric aglycons 39 and 41 were synthesised in 54%
(over 3 steps) and 67% (over 3 steps), respectively (Scheme 6) [17].

The 1H and 13C NMR data for diastereomeric aglycons 39 and 41 were found to
be near identical, preventing any conclusive assignment. However, the trans-
chlorocyclopropane influenced the optical rotation of these molecules, which was
found to be significantly different in both sign and magnitude [39, [α]D20 ¼ �97.8
(c ¼ 0.19, CHCl3); 41, [α]D20 ¼ +45.8 (c ¼ 0.28, CHCl3)] [17]. This result outlined
the importance of the optical rotation for the structural determination of

Scheme 5 Access to enantiomeric cyclopropyl alkynes (one enantiomer shown; 12). Reagents and
conditions: (a) n-BuLi, TMEDA, THF, �78�C to 0�C, 80%; (b) ZnEt2, CH2I2, 34, CH2Cl2, 0�C to
RT, dr ¼ 97.5:2.5; (c) (COCl)2, DMSO, CH2Cl2, �78�C, then Et3N, �78�C to 0�C; (d) Zn,
pyridine, PPh3, CBr4, CH2Cl2, RT, 40% (over 3 steps); (e) n-BuLi, Et2O,�78�C, no reported yield,
used directly in the next step

476 J. R. Frost and S. V. Ley



callipeltoside A. However, at this point in time, attachment of the callipeltose A
sugar was not reported by Paterson, and therefore the absolute configuration of
callipeltoside A was not determined.

2.2 Trost Synthesis of Deschlorocallipeltoside A (8)

Prior to their synthesis of callipeltoside A, the Trost group completed
deschlorocallipeltoside A (8) [35]. By targeting 8, Trost hoped to confirm the
relative stereochemistry of the C1–C22 core with respect to the callipeltose A
sugar and provide a convergent strategy to this family of molecules [8, 35]. Compar-
ison of callipeltoside A with auriside B (42) revealed several structural similarities
(Fig. 5), suggesting that the synthetic effort should focus on the synthesis of the
enantiomeric C1–C13 portion (to that disclosed by Paterson) and an L-configured
sugar [8, 35, 36].

2.2.1 Retrosynthesis

Initial retrosynthetic disconnections involved the late-stage attachment of the
callipeltose A sugar (43) by Schmidt glycosidation and Horner–Wadsworth–
Emmons (HWE) coupling of the C1–C13 macrocycle with phosphonate 45
[8, 35]. Attachment of these fragments at a late stage meant that the stereochemical

Scheme 6 Synthesis of diastereomeric aglycons 39 and 41. Reagents and conditions: (a) 12 or ent-
12 [(PPh3)2PdCl2], CuI, i-Pr2NH, EtOAc, �20�C to RT; (b) TBAF, THF, RT; (c) PPTS, MeCN,
H2O, RT, 54% (over 3 steps, 31 to 39), and 67% (over 3 steps, 31 to 41)
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uncertainties associated with callipeltose A and the trans-chlorocyclopropane unit
(for the synthesis of callipeltoside A) could be resolved at the end of the synthesis.
Callipeltose A 43 was to be constructed from L-rhamnose (46), with phosphonate 45
by Sonogashira reaction between iodoalkyne 48 and cyclopropyl alkyne 49 followed
by further synthetic manipulation [8, 35]. An acylketene cyclisation would provide
the C1–C13 macrocycle, whilst a ruthenium-Alder-ene type coupling [37] and
palladium-catalysed allylic alkylation [38] would be key to the synthesis of substrate
47 (Scheme 7) [8, 35].

2.2.2 Synthesis of the C1–C13 Macrocycle 44

Synthesis of the C1–C13 macrocycle began from (S)-configured Roche ester 50,
which was converted into alkyne 51 in 5 linear steps [8, 35]. A ruthenium-catalysed
Alder-ene type reaction between 51 and 52 was implemented to construct 53, with
the trisubstituted double bond formed with complete regioselectivity (Scheme 8)
[8, 35, 37]. Incorporation of the Troc protecting group was key to obtaining high
yield (85%), lower catalyst loading (5 mol%) and shorter reaction time (30 min)
compared to the unprotected version (62%, 10 mol%, 2 h, respectively) [8, 35]. The
regioselectivity of this reaction was thought to arise from ruthenium metallacycle 58
(Scheme 9), with a dative interaction between the non-bonding methoxy electrons
and ruthenium essential to reduce the equilibration of the oxidative cyclisation and
enhance the rate of the β-hydride elimination step [8, 37].

The C13 stereocentre was installed via an asymmetric palladium-catalysed allylic
alkylation reaction with (R,R)-diphenyl compound 61 identified as the chiral ligand
of choice, providing 55 in excellent diastereoselectivity (95:5), good yield (79%) and
reasonable branched-to-linear ratio (75:25) [8, 35, 38]. The proposed mechanism for
this transformation is shown in Scheme 10 [8, 38]. It is postulated that following
alkene coordination to the active palladium species, the corresponding palladium
π-allyl species forms with loss of the OTroc group and formation of the putative
cationic complex 62 [8]. It is suggested that the anti-π-allyl species is favoured over

Fig. 5 Comparison of the callipeltoside scaffold with auriside B (42)
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the syn-π-allyl form by virtue of the increased steric bulk of the substituted
syn-π-allyl configuration [8]. The (R,R)-diphenyl ligand 61 is key for setting the
C13 stereocentre, influencing the diastereofacial nucleophilic attack of p-
methoxyphenol [8].

However, further analysis of C13 stereocentre using the O-methylmandelate
method [39] revealed that the undesired C13 configuration had been set. Fortunately,
this unanticipated result could be rectified by use of the enantiomeric (S,S)-diphenyl
ligand 54 (see Scheme 8) in excellent diastereoselectivity (95:5) and slightly lower
branched to linear regioselectivity (66:34) [8].

With the C13 stereocentre in place, routine deprotection and oxidation of the
primary alcohol gave 69. Addition of the E-lithium enolate of t-butylthiopropionate
generated the C6 stereocentre in good diastereoselectivity (dr ¼ 84:16) by means of
a Cram chelation-controlled aldol reaction. Subsequent protection and reduction
delivered aldehyde 70, which was further reacted with 71 under Felkin–Anh control
and protected as TBS-ether 72. Treatment of 72 with CAN then liberated the C13

Scheme 7 Trost retrosynthesis of deschlorocallipeltoside A (8)
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Scheme 8 Synthesis of C7–C15 fragment 55. Reagents and conditions: (a) CpRu(MeCN)3PF6
(5 mol%), 52, acetone, RT, 85%; (b) p-methoxyphenol, (S,S)-54 (7.5 mol%), [Pd2dba3]•CHCl3
(2.5 mol%), TBAC, CH2Cl2, 79%, dr ¼ 95:5, regioselectivity ¼ 66:34 (2�:1�)

Scheme 9 Proposed mechanism for the ruthenium-catalysed Alder-ene reaction [8]
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alcohol which, upon heating, cyclised to produce the C1–C13 macrocycle (44) in
82% yield via the acyl ketene (Scheme 11) [8, 35].

2.2.3 Completion of the Deschlorocallipeltoside Aglycon 75

Dihydroxylation and sodium periodate-mediated cleavage converted macrocycle 44
to aldehyde 73, with which the deschlorocallipeltoside sidechain 451 could be
appended via a Horner–Wadsworth–Emmons reaction [8, 35]. This was achievable
in low yield (40%), with the E-isomer predominating in a 4:1 ratio. TBS deprotection

Scheme 10 Proposed catalytic cycle for the palladium-catalysed allylic alkylation using (R,R)-61
[8]

1This was synthesised by Sonogashira reaction between alkynyl iodide 48 and cyclopropyl alkyne
49 followed by stereoselective reduction, Appel reaction and displacement of the primary bromide
with P(OMe)3 [35].
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and transketalisation with PPTS in wet MeCN then afforded the
deschlorocallipeltoside aglycon 75 (Scheme 12) [35].

2.2.4 Synthesis of L-Callipeltose A (43) and Deschlorocallipeltoside A

The bicyclic ring system of callipeltose A (76) was synthesised according to
previous methodology reported by Guiliano [25] starting from L-rhamnose. A
three-step sequence then gave trichloroacetimidate 43, in preparation for coupling

Scheme 11 Formation of macrocycle 44. Reagents and conditions: (a) (i) t-butylthiopropionate,
LDA, THF,�108�C, 82%, dr¼ 84:16; (ii) TBSOTf, 2,6-lutidine, CH2Cl2, 0�C, 86%; (iii) DIBAL-
H, PhMe, �78�C, 79%; (b) (i) 71, BF3•OEt2, CH2Cl2, �78�C, 94%, dr > 95:5; (ii) TBSOTf,
2,6-di-t-butylpyridine, CH2Cl2, 0�C, 95%; (c) (i) CAN, acetone–H2O (4:1), 0�C, 82%; (ii) 0.5 mM
in PhMe, 110�C, 82%

Scheme 12 Completion of the deschlorocallipeltoside aglycon 75. Reagents and conditions: (a)
OsO4, NMO, THF–H2O (4:1), 0�C, then NaIO4, THF–H2O, RT, 80%; (b) 45, LiHMDS, THF,
�78�C, 40%, E:Z ¼ 4:1; (c) HF•pyridine, MeOH, RT, then PPTS, H2O, MeCN, RT, 60%
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to the deschlorocallipeltoside aglycon (75) by Schmidt glycosidation (Scheme 13)
[8, 35].

Deschlorocallipeltoside A was completed in two steps by attachment of
trichloroacetimidate 43 to glycosyl acceptor 75 and subsequent deprotection using
TBAF. The resulting 1H and 13C NMR data showed a striking similarity with
callipeltoside A (1), except in the regions where the chlorine substituent would be
present. This provided evidence that the relative configuration of the C1–C13
fragment with respect to the callipeltose A sugar was correct and would likely
translate to the natural product following attachment of the correct trans-
chlorocyclopropane moiety. Whilst this was a major milestone, the absolute stereo-
chemistry of the natural product could not be inferred as the sign and magnitude of
the optical rotation differed significantly [[α]D ¼ +45.0 (c ¼ 0.50, MeOH) verses
[α]D ¼ �17.6 (c ¼ 0.04, MeOH) for callipeltoside A (1)] following omission of the
chlorine substituent (see Sect. 2.1.4 for comment on the influence of the trans-
chlorocyclopropane on the measured optical rotation) [35].

2.3 Trost Synthesis of Callipeltoside A (2002)

Following the synthesis of deschlorocallipeltoside A [35], Trost completed the first
total synthesis of callipeltoside A [7, 8]. Prior to this, two stereochemical issues
needed to be resolved: (1) the correct enantiomer of the trans-chlorocyclopropane

Scheme 13 Synthesis of callipeltose A (43) and deschlorocallipeltoside A (8). Reagents and
conditions: (a) ref [25]; (b) (i) TBSOTf, 2,6-lutidine, CH2Cl2, RT, 55%; (ii) MeI, Ag2O, DMF,
RT, 69%; (c) (i) H2SO4, PPTS, Ac2O, RT, 81%; (ii) K2CO3, MeOH, RT, 89%; (iii) Cl3CCN, NaH,
CH2Cl2, RT, 86%; (d) (i) 43, TMSOTf, 4 ÅMS, dichloroethane, RT, 80%; (ii) TBAF, AcOH, THF,
RT, 95%
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had to be determined by attachment to macrocycle 73 and (2) the absolute stereo-
chemistry of the natural product deduced as a result [7, 8]. With this in mind, the
initial synthetic strategy was executed in exactly the same way as for
deschlorocallipeltoside A, with the only difference being the synthesis of the
trans-chlorocyclopropane moiety.

2.3.1 Synthesis of Enantiomeric trans-Chlorocyclopropanes
84 and ent-84

Preparation of the trans-chlorocyclopropane commenced from bis-menthol com-
pound 78, which was commercially available as either enantiomer [7, 8]. Sequential
deprotonation using LiTMP and addition of bromochloromethane gave trans-con-
figured cyclopropane 79 in high diastereoselectivity (>99:1) after recrystallisation
[7, 8]. Hydrolysis of a single ester group and acid chloride formation gave substrate
80 which, upon submission to a modified Barton–Crich–Motherwell decarboxyl-
ation procedure [40], provided the requisite trans-chlorocyclopropane geometry in
good yield (60%) and diastereoselectivity (dr¼ 97:3) [7, 8]. A further three synthetic
steps provided compound 37, which underwent a one-pot Stille reaction/elimination
sequence to incorporate the C16–C17 trans-double bond and internal alkyne
[41]. Additional manipulation by means of an Appel reaction and displacement of
the resulting bromide with P(OEt)3 gave phosphonate coupling partner 84 in 10 lin-
ear steps and 20% overall yield (Scheme 14, one enantiomer shown for clarity)
[7, 8].

Scheme 14 Synthesis of the trans-chlorocyclopropane (one enantiomer shown). Reagents and
conditions: (a) LiTMP, BrCH2Cl, THF,�78�C, 87%, dr> 99:1 (following one crystallisation); (b)
(i) NaOH, i-PrOH, 70�C; (ii) SOCl2, RT, 90% (over 2 steps); (c) 81, DMAP, TBAI, CCl4 (0.02 M),
RT, then AIBN, 80�C, 60%, dr ¼ 97:3; (d) (i) HCl•HNMe(OMe), i-PrMgCl, THF, �10�C;
(ii) DIBAL-H, CH2Cl2, �78�C; (iii) CBr4, PPh3, CH2Cl2, RT, 80% (over 3 steps); (e) (i) 83,
[Pd2dba3]•CHCl3, (4-OMeC6H4)3P, DIPEA, DMF, 80�C, 66%; (ii) CBr4, PPh3, CH2Cl2, �40�C,
90%; (iii) P(OEt)3, 100�C, 93%
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2.3.2 Completion of Callipeltoside A (1)

Phosphonate 84 and its enantiomer were appended to 73 via a Horner–Wadsworth–
Emmons reaction. Subsequent deprotection and concomitant cyclisation then
afforded diastereomeric aglycons 9 and 86 [7, 8], proceeding in near identical
yield and selectivity to that previously reported for deschlorocallipeltoside A
[35]. Once again the callipeltose A sugar 43 was attached by Schmidt glycosidation
(Sect. 2.2.4), with deprotection using TBAF revealing callipeltoside diastereomers
85 and 7 (Scheme 15). Comparison of the 1H and 13C NMR spectra generated for
these compounds with the natural isolate disappointingly revealed no significant
differences [7, 8]. However, as previously noted by Paterson (Sect. 2.1.4) [17], the
presence of the trans-chlorocyclopropane unit meant significantly different optical
rotations for each diastereomer. An optical rotation of [α]D22 ¼ �19.2 (c ¼ 1.0,
MeOH) was recorded for diastereomer 85, whereas 7 was [α]D22 ¼ +156.3
(c ¼ 0.55, MeOH) [7, 8]. Comparison with the natural isolate [[α]D22 ¼ �17.6
(c ¼ 0.04, MeOH)] therefore suggested that diastereomer 85 was consistent with
being callipeltoside A (1). Hence, the structural assignment of callipeltoside A was
made possible purely by comparison of the sign and magnitude of the measured
optical rotation [7, 8].

Scheme 15 Completion of callipeltoside A. Reagents and conditions: (a) (i) LiHMDS, 84 or ent-
84, THF, �78�C to �40�C to RT, E:Z ¼ 4:1; (ii) HF•pyridine, MeOH, 0�C, 50% (over 2 steps in
both cases); (b) (i) 43, TMSOTf, 4 ÅMS, 1,2-dichloroethane,�30�C; (ii) TBAF, AcOH, THF, RT,
70% (over 2 steps in both cases)
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Trost’s synthesis of callipeltoside A was completed in a total of 50 manipulations,
with 22 steps making up the longest linear sequence (0.47% overall yield)
[7, 8]. Although the stereochemical uncertainties for callipeltoside A had been
resolved, the group wanted to improve the diene-yne synthesis, as only 4:1 E:Z
ratio (at C14–C15) was obtained from the earlier Horner–Wadsworth–Emmons
reaction.

2.3.3 Second-Generation Synthesis of the Callipeltoside Aglycon 86

The second generation began with the interception of alkene 44 (Sect. 2.2.3), which
was converted to the corresponding hemi-ketal 87 following TBS deprotection.
Cross metathesis with crotonaldehyde in the presence of Grubbs’ second-generation
catalyst and subsequent Takai reaction provided vinyl iodide 88 in a significantly
improved 8:1 E:Z ratio at C16–C17 (Scheme 16) [8]. At this point it was noted that
volatile alkyne 12 (described by Paterson, Sect. 2.1.3) [17] was avoided for practical
reasons, and so a one-pot reaction involving formation of the alkynyl stannane in situ
and subsequent Stille coupling delivered 86. This sequence represented an improve-
ment on the step count and diene (E) selectivity of the first-generation synthesis, but
was only reported with the oppositely configured trans-chlorocyclopropane (ent-37)
(Scheme 16) [8].

Scheme 16 Second-generation coupling of the trans-chlorocyclopropane. Reagents and condi-
tions: (a) (i) HF•pyridine, MeOH, 0�C; (ii) PPTS, MeCN–H2O (3:1), RT, 91% (over 2 steps); (b)
crotonaldehyde, Grubbs’ II, CH2Cl2, 40�C, then CrCl2, CHI3, dioxane–THF (4:1), 0�C, E:Z ¼ 8:1,
84%; (c) n-BuLi, ent-37, Me3SnCl, Et2O, �78�C to RT, then 88, (MeCN)2PdCl2 (3 � 10 mol%),
DMF, RT, 70%
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2.4 Evans Synthesis of Callipeltoside A (2002)

Shortly after Trost published the completion of callipeltoside A, Evans also
disclosed the synthesis of the molecule [9, 10].

2.4.1 Retrosynthesis

The absolute configuration of callipeltoside A was not known at the start of the
project, and so Evans applied a similar retrosynthetic approach whereby the trans-
chlorocyclopropane was attached at a late stage. This was to be achieved by Horner–
Wadsworth–Emmons reaction with sidechain 92, enabling the stereochemistry of
the sidechain to be deduced at a late stage [9, 10]. Sequential aldol reactions would
be key for the synthesis of the C1–C13 fragment 91, which would be completed by
macrocyclisation to form the C13–O bond (Scheme 17).

2.4.2 Synthesis of C1–C13 Fragment 91

A copper-catalysed vinylogous aldol reaction between 95 and 96 set the (R)-config-
ured C13 stereocentre and forged the C10–C11 trisubstituted double bond to give 98

Scheme 17 Evans approach to callipeltoside A
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as a single isomer in 93% yield and high enantioselectivity (er ¼ 97.5:2.5) (Scheme
18) [9, 10, 42]. Aldehyde 99 was then synthesised in a three-step protection,
reduction and oxidation sequence.

Interestingly, aldol reaction between (R)-aldehyde 99 and oxazolidone 100 gave
very poor diastereoselection in favour of the desired anti-product 101 (dr ¼ 55:45).
This was not the case when (S)-configured enantiomer 99 was subjected to the same
conditions, with excellent diastereoselectivity (dr ¼ 92:8) observed. As a result, the
undesired C13 configured product 102 was carried through the synthesis with the
need to invert this stereocentre at a later stage (Scheme 18) [9, 10].

Further routine manipulations followed by the addition of Chan’s diene 104
under Felkin–Anh control resulted in 105 in excellent diastereoselectivity
(dr > 95:5). Silylation, methanolysis and methylation then gave callipeltoside
pyran 106. The C13 stereocentre was then inverted using a four-step procedure
involving selective TBS deprotection, mesylation (to give 107), hydrolysis of the
methyl ester and finally macrocycle formation. PMB-protected scaffold 91 was
completed by treatment with TBAF (Scheme 19) [9, 10].

Scheme 18 Synthesis of the C5–C14 fragment. Reagents and conditions: (a) 97, CH2Cl2, �78�C;
1 N HCl, EtOAc, RT, 93%, er ¼ 97.5:2.5; (b) 100, Cy2BCl, EtNMe2, Et2O, 0�C to �78�C then
RCHO, �78�C to �20�C
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2.4.3 Synthesis of trans-Chlorocyclopropane Sidechain 116

Similar to the Trost synthesis [7, 8], Evans designed the route to the trans-
chlorocyclopropane unit to be flexible enough such that both enantiomers could be
accessed (Scheme 20, desired enantiomer shown) [9, 10, 43]. Oxidative cleavage of
108 using KIO4 provided aldehyde 109, from which compound 112 could be
produced using either a one- or two-step procedure. Although the Takai protocol
resulted in vinyl chloride 112 in good stereoselectivity (E:Z ¼ 6.7:1), this process
was not ideal since it was difficult to separate the two isomers and only resulted in
poor isolated yield (< 40%). This was remedied by use of a two-step sequential
homologation (to alkyne 111) and reduction sequence using the Ohira–Bestmann
reagent (110), followed by Masuda’s one-pot hydroboration/chlorination methodol-
ogy [44]. This not only resulted in better double bond selectivity (E:Z > 20:1) but
also improved overall yield (70%, 111 to 112) [9, 10, 43].

The authors comment that cyclopropanation of vinyl chloride 112 was trouble-
some at first, with the traditional Simmons–Smith reaction as well as the modified
variants developed by Furukawa (Et2Zn, CH2I2) [45] and Denmark (Et2Zn, CH2I2,
ZnI2) [46] all resulting in little or no product. However, the conditions developed by
Shi (Et2Zn, CH2I2, TFA) [47] gave 113 in good yield (82%) and excellent
diastereoselectivity (dr > 98:2) [9, 10, 43]. Deprotection, oxidative cleavage of the
resulting diol and dibromoolefination gave 37 (also used by Paterson [17] and Trost
[7, 8]). This underwent Suzuki reaction with boronic acid 94 under Roush-modified

Scheme 19 Synthesis of C1–C13 macrocycle 91. Reagents and conditions: (a) 104, BF3•OEt2,
PhMe, �90�C, 88%, dr > 95:5; (b) (i) TBSOTf, 2,6-lutidine, CH2Cl2, �78�C; (ii) PPTS, MeOH,
RT; (iii) MeOTf, 2,6-di-t-butylpyridine, CH2Cl2, RT, 50% (over 3 steps); (c) (i) TBAF, THF, RT;
(ii) MsCl, Et3N, DMAP, CH2Cl2, 0�C; (iii) LiOH, H2O, MeOH–THF (1:1), RT, 67% (over 3 steps);
(d) (i) Cs2CO3, 18-crown-6, PhMe, 110�C; (ii) TBAF, THF, RT, 66% (over 2 steps)
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conditions [48], with final elimination of HBr providing advanced fragment 116 in
33% overall yield (Scheme 20) [9, 10, 43].

2.4.4 L-Callipeltose A Sugar 90

Synthesis of the L-callipeltose A sugar began from D-threonine (93), which was
converted into chiral substrate 118 in a three-step procedure [49]. The aldol reaction
between 118 and the lithium enolate of 119was performed in order to set the C20 and
C30 stereocentres. However, whilst the desired C30-stereocentre could be accessed
using this method (consistent with Felkin–Anh selectivity), the undesired syn aldol
adduct predominated (dr ¼ 66:34), meaning poor selectivity for C20 stereocentre
formation (Scheme 21) [9, 10, 49]. This unexpected stereochemical outcome was
hypothesised to be the result of chelation between the lithium and α-alkoxy substit-
uent, thereby reinforcing the preference for the formation of an (E)-configured
enolate. The relative configuration of the C20 and C30 stereocentres was determined
by nOe studies following conversion of aldol adducts 120 and 122 to the

Scheme 20 Formation of trans-chlorocyclopropane fragment 116 (desired enantiomer). Reagents
and conditions: (a) KIO4, KHCO3, H2O–THF (3:1), RT; (b) 110, K2CO3, MeOH, RT, 94% (over
2 steps); (c) CrCl2, CHCl3, THF, 70�C, < 40% (over 2 steps), E:Z ¼ 6.7:1; (d) (i) Thexyl2BH,
�15�C to 0�C, THF, (ii) CuCl2, H2O, HMPA, THF, 0�C to 70�C, 70% (over 2 steps), E:Z > 20:1;
(e) ZnEt2, CF3COOH, CH2I2, CH2Cl2, 0�C to RT, 82%, dr > 98:2; (f) Dowex resin, MeOH, RT,
84%; (g) Pb(OAc)4, K2CO3, CH2Cl2, 0�C; (h) PPh3, CBr4, CH2Cl2, 0�C to RT, 94% (over 2 steps);
(i) 94, Pd(PPh3)4, TlOEt, THF–H2O (3:1), RT, 85%; (j) DBU, PhMe, 110�C, 91%
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corresponding lactones. In order to ensure formation of an enolate that could only
exist in the (Z )-configuration (and therefore set the desired C20 stereochemistry), the
lithium enolate derived from 124 was studied. This resulted in formation of the
correct Felkin–Anh anti-aldol adduct 125 in excellent yield (80%) and much-
improved diastereoselectivity (dr ¼ 94:6). With the desired C20 stereochemistry
set, conversion to lactone 123 followed by routine synthetic manipulations afforded
thioglycoside 90 as a 50:50 mixture of α/β anomers (Scheme 21) [9, 10, 49].

Scheme 21 Synthesis of L-callipeltose A (90). Reagents and conditions: (a) (i) 1 M NaOH, CbzCl,
MeCN, 0�C to RT; (ii) MeI, K2CO3, DMF, 0�C to RT; (iii) TsOH•H2O, 2,2-dimethoxypropane,
PhH, RT, 93% (over 3 steps); (b) (i) i-PrMgCl, HN(OMe)Me•HCl, THF, �78�C to �40�C;
(ii) MeMgBr, THF, �40�C to RT, 61% (over 2 steps); (c) LDA, then 118, �78�C to �30�C,
56%, dr ¼ 66:34; (d) HF, THF (no yield given); (e) LDA, then 118, �78�C to �30�C, 80%,
dr ¼ 94:6; (f) (i) AcOH–H2O (1.5:1), 70�C, 71%; (ii) Me3OBF4, DTBMP, CH2Cl2, RT, 82%; (g)
DIBAL-H, CH2Cl2, �78�C, then Ac2O, pyridine, DMAP, �78�C, 93%; (h) (i) BF3•OEt2, PhSH,
CH2Cl2, 0�C to RT, 81%, α:β ¼ 50:50; (ii) NaH, THF, 0�C to RT, 97%; (i) TBSOTf, 2,6-lutidine,
CH2Cl2, 0�C to RT, 92%
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2.4.5 Completion of Callipeltoside A

In contrast to the callipeltoside A synthesis completed by Trost [7, 8], Evans
appended the callipeltose A sugar prior to the trans-chlorocyclopropane
[9, 10]. Glycosidation between thioglycoside 90 [as an anomeric mixture (α/
β ¼ 50:50)] and the C1–C13 core delivered the coupled material as a single product.
Subsequent PMB deprotection and oxidation then gave aldehyde 129. Horner–
Wadsworth–Emmons reaction between 129 and 130 resulted in moderate E:Z
selectivity at the C14/C15 E-olefin (3:1). Treatment of this mixture with a catalytic
amount of iodine was thereafter found to result in isomerisation of the undesired Z-
isomer, improving the ratio to 11:1. Final TBS deprotection then provided
callipeltoside A (1) in 25 steps and 4.0% overall yield. The optical rotation of this
synthetic material [[α]D ¼ �17 (c ¼ 0.19, MeOH)] was in full agreement with both
the callipeltoside A natural isolate (Minale [3]) and that prepared by Trost (Scheme
22) [7, 8]. For completion, oppositely configured trans-chlorocyclopropane diaste-
reomer 7 was also produced in an analogous fashion (not shown, also synthesised by
Trost, Sect. 2.3.2), with the measured optical rotation having both different sign and
magnitude [[α]D ¼ +140 (c ¼ 0.05, MeOH)] [9, 10].

2.5 Paterson Synthesis of Callipeltoside A (2003)

Paterson’s synthesis of the enantiomeric callipeltoside aglycon 41 [17] (Sect. 2.1)
was adapted for the synthesis of callipeltoside A. Key to this was the development of
an asymmetric vinylogous Mukaiyama aldol reaction to set the C13 stereocentre. A
chiral Lewis acid system requiring (R)-BINOL-Ti(Oi-Pr)2 [derived from (R)-BINOL
and Ti(Oi-Pr)4] in the presence of CaH2 provided trisubstituted alkene 133 in 94%
yield and high enantioselectivity (er ¼ 97:3). Further manipulation resulted in

Scheme 22 Completion of callipeltoside A. Reagents and conditions: (a) (i) 90 (α/β ¼ 50:50),
NIS, TfOH, DTBMP, 4 ÅMS, CH2Cl2,�15�C to RT; (ii) DDQ, MeOH, CH2Cl2–H2O (1.3:1), RT,
83%; (b) SO3•pyridine, Et3N, DMSO, CH2Cl2, 0�C; (c) (i) LiHMDS, 130, THF, �78�C to RT;
(ii) I2, CH2Cl2, RT, E:Z ¼ 11:1; (iii) TBAF, AcOH, THF, RT, 56% (over 4 steps)
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aldehyde (R)-20, allowing for the interception of the analogous enantiomeric route
(Sect. 2.1) (Scheme 23) [11].

The callipeltoside aglycon was completed in the same manner as the enantiomeric
version previously shown in Sect. 2.1.4. The callipeltose A sugar was synthesised
following the procedure reported by Guiliano [25] and the corresponding
trichloroacetimidate coupling partner 43 attached using Schmidt glycosidation con-
ditions (analogous to Trost; see Sect. 2.2.4) [7, 8]. TBS deprotection with TBAF
then gave callipeltoside A in 23 steps (longest linear) and 4.8% overall yield
(Scheme 24) [11].

2.6 Panek Synthesis of Callipeltoside A (2004)

2.6.1 Retrosynthesis

The fourth synthesis of callipeltoside A was completed by Panek in 2004 [12]. Since
the absolute and relative stereochemistry of callipeltoside A had been confirmed at
this point, late-stage installation of the trans-chlorocyclopropane was not required.
Instead, the Panek group sought to unite fully assembled C11–C22 fragment 136
with pyran core 135 by means of a Julia–Kocienski olefination, forming the
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Scheme 23 Paterson’s asymmetric synthesis of (R)-20. Reagents and conditions: (a) CaH2, (R)-
BINOL, 132, Ti(Oi-Pr)4, THF, RT, then �78�C, aldehyde 17, followed by silyl ketene acetal 131,
96%, er ¼ 97:3

Scheme 24 Completion of callipeltoside A. Reagents and conditions: (a) (i) 12, Pd(PPh3)2Cl2,
CuI, i-Pr2NH, EtOAc, �20�C to 0�C, 83%; (ii) TFA, aq. THF, RT, 98%; (b) (i) 43, TMSOTf,
CH2Cl2, 4 Å MS, �30�C; (ii) TBAF, AcOH, THF, RT, 76% (over 2 steps)
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trisubstituted C10/C11 olefin in the process. In contrast to previous syntheses, pyran
135 and callipeltose A sugar 137 were to be derived from the relevant dihydropyrans
arising from [4 + 2] annulations using chiral organosilanes (Scheme 25) [12, 50].

2.6.2 Formation of C1–C10 Pyran 135

The synthesis began with the installation of the C8 and C9 stereocentres via the anti-
selective condensation of α-benzyloxyacetaldehyde 141 with chiral silane (S)-142 in
the presence of SnCl4. This provided tetrahydrofuran 143 in high yield (87%) and
diastereoselectivity (dr > 97:3). Treatment with SbCl5 resulted in elimination and
the formation of the anti-homoallylic alcohol, which could be converted to aldehyde
144 by methylation and ozonolysis. At this point aldehyde 144 could be reacted with
chiral organosilane 145 in the presence of TfOH to afford tetrahydropyran 138 in
85% yield and as a single diastereomer (dr > 97:3). This was then converted to
advanced pyranone 146 in a further three steps (Scheme 26) [12].

Scheme 25 Panek retrosynthesis of callipeltoside A
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Luche reduction provided the C5 stereocentre, and the resulting hydroxy was
protected as its TBS-ether (147). The C1–C10 scaffold was then further manipulated
by ester saponification and Arndt–Eistert homologation to give 148 in four steps and
56% overall yield. Installation of the anomerically favoured ketal (MeOH/CSA), Bn
deprotection and oxidation then afforded aldehyde 135 (Scheme 27) [12].

2.6.3 Synthesis of the C11–C22 Fragment

Panek chose to assemble the entire C11–C22 fragment prior to coupling with
aldehyde 135.

The synthesis again required dibromoolefin 37 as a key building block, which
was synthesised as described by Paterson [11, 17] (Sect. 2.1.3). This underwent
Stille reaction using the conditions developed by Shen [41] (and also used by Olivo
[20] and Trost [8]) to give enyne 116, from which phosphonate 84 was prepared in a
further two-step procedure (Scheme 28). Horner–Wadsworth–Emmons reaction

Scheme 26 Synthesis of the C1–C10 scaffold. Reagents and conditions: (a) 141, SnCl4, CH2Cl2,
then 142, CH2Cl2,�78�C, 87%, dr> 97:3; (b) (i) SbCl5, CH2Cl2,�78�C to�50�C; (ii) Me3OBF4,
proton sponge, 4 Å MS, CH2Cl2, RT; (iii) O3, MeOH–CH2Cl2 (3:1), Me2S, �78�C, 81% (over
3 steps); (c) 145, TfOH, CH2Cl2, �70�C, 85%, dr > 97:3
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Scheme 27 Completion of pyran 135. Reagents and conditions: (a) (i) CeCl3•7H2O, MeOH,
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97%; (ii) H2, Pd/C, EtOAc; (iii) PDC, 4 Å MS, CH2Cl2, RT, 88% (2 steps)
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between phosphonate 84 and aldehyde 139 under identical conditions to Trost [8]
interestingly resulted in the formation of a single E,E-isomer, highlighting the
sensitivity of this reaction to substrate choice (Trost observed a 4:1 E/Z mixture
when the coupling was performed with the callipeltoside C1–C13 macrocycle). With
the entire C11–C22 carbon scaffold in place, the TBDPS group was removed and
stereocentre inverted by Mitsunobu reaction with 1-phenyl-1H-tetrazole-5-thiol.
Oxidation to the corresponding sulfone followed by protecting group manipulation
gave Julia–Kocienski coupling partner 136 (Scheme 28) [12].

2.6.4 Synthesis of Callipeltose A

Organosilane methodology was also used to access the callipeltose A sugar
[12, 51]. Stereoselective [4 + 2] annulation between acetaldehyde and chiral
organosilane 151 (made in 5 steps, 55%) gave dihydropyran 140 in high yield and
diastereoselectivity (dr ¼ 10:1). This was converted to 152 in a further two steps,
with selective reduction and methanolysis providing 153 as a single anomer.
Advanced intermediate 155 was then constructed in short order by Sharpless
dihydroxylation, selective methylation and carbamate formation. 1,5-C–H insertion
using Rh2(OAc)4 then forged the requisite 5-membered ring present in callipeltose A
in 93% yield (Scheme 29) [12, 51].

Scheme 28 Completion of the C11–C22 fragment. Reagents and conditions: (a) 83, Pd2dba3,
(4-MeOC6H4)3P, DIPEA, DMF, 80�C, 68%; (b) LiHMDS, then 139, THF, �78�C, 89%; (c)
(i) TBAF, THF, RT, 91%; (ii) 1-phenyl-1H-tetrazole-5-thiol, DIAD, PPh3, THF, 0�C to RT; (iii)
(NH4)6Mo7O24, EtOH–acetone (2:1), RT, 66% (2 steps); (d) (i) TsOH, MeOH, RT; (ii) EVE, PPTS,
RT, 90% (2 steps)
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2.6.5 Completion of Callipeltoside A

Aldehyde 135 and sulfone 136 were coupled using a Julia–Kocienski olefination to
afford 156 in low yield (20%) after acidic cleavage of the ethoxyethyl ether
(EE) protecting group. The yield could not be improved despite further investigation
involving different bases (KHMDS, NaHMDS) and more polar solvents (DME,
DMF) [12].

Hydrolysis of the ester group in 156 was followed by Yamaguchi
macrolactonisation, which gave 157 as well as eliminated product 158 in a 50:50
ratio These products were separated and 157 processed by deprotection and hemi-
ketal installation to give the callipeltoside aglycon (9).2 This was then coupled to
trichloroacetimidate 43 using the literature known Schmidt glycosidation conditions
to give callipeltoside A (1) in 1.4% overall yield and 25 steps (longest linear)
(Scheme 30) [12].

2.7 Hoye Synthesis of Callipeltoside A (2010)

2.7.1 Retrosynthesis

The synthesis of callipeltoside A was disclosed by Hoye in 2010 [13]. Similar
disconnections involving late-stage attachment of the callipeltose A sugar via a
Schmidt glycosidation and Horner–Wadsworth–Emmons reaction with phosphonate
84 were key to the assembly of callipeltoside A. However, a dual macrocyclisation/
hemi-ketal formation process from acylketene precursor 161 was anticipated to form
the C1–C13 macrocycle in one step. This precursor was to be accessed by
alkenyllithium addition to aldehyde 163 (Scheme 31) [13, 52, 53].

Scheme 29 Synthesis of the callipeltose A scaffold (137). Reagents and conditions: (a) MeCHO,
TMSOTf, CH2Cl2,�78�C, dr¼ 91:9, 80%; (b) DIBAL-H, CH2Cl2,�78�C, then CSA, MeOH; (c)
AD-mix-α, NaHCO3, MeSO2NH2, OsO4, t-BuOH–H2O (1:1), RT, 65% (over 2 steps); (d) (i) t-
BuOK, MeI, THF, 0�C; (ii) Cl3CCONCO, CH2Cl2, RT, then K2CO3, MeOH–H2O (10:1), 79%
(over 2 steps); (e) Rh2(OAc)4, PhI(OAc)2, MgO, PhH, 80�C, 93%.

2The undesired lactone (158) was recycled in two steps to provide additional quantities of the
callipeltoside aglycon (9) (conditions shown in Scheme 30).
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2.7.2 Synthesis of the C1–C13 Fragment

Lithium-halogen exchange with vinyl iodide 162 followed by addition to aldehyde
163 gave a 50:50 mixture of separable C9 epimeric alcohols.3 Methylation of the
desired C9 alcohol afforded 164, which was converted to lactonisation precursor 161
in an additional five linear steps (Scheme 32) [13].

Substrate 161 underwent the desired dual macrolactonisation/hemi-ketal forma-
tion process to afford the C1–C13 macrocyclic core 160 in 76% yield. This reaction
was proposed to proceed via intermediates 165, 166 and 167 (Scheme 33) [13, 53].

2.7.3 Completion of Callipeltoside A

Compound 168 was synthesised following a three-step protecting group manipula-
tion. Subsequent oxidation to the aldehyde, coupling to phosphonate 84 and

Scheme 30 Completion of callipeltoside A. Reagents and conditions: (a) (i) 136, LiHMDS, then
135, THF, �78�C to RT; (ii) PPTS, MeOH, 20% (over 2 steps); (b) (i) LiOH, MeOH–H2O–THF,
90%; (ii) 2,4,6-Cl3C6H2COCl, Et3N, DMAP, PhMe, 80�C, 90% (157 and 158, 1:1); [158 to
9 conversion: (i) PPh3•HBr, H2O–CH2Cl2 (11:1), RT, 97%; (ii) TBAF, THF, RT, 85%]; (c)
(i) TBAF, THF, RT, 85%; (ii) PPTS, MeCN–H2O (3:1), RT, 89%; (d) (i) 43, TMSOTf, 4 Å MS,
CH2Cl2, �30�C; (ii) TBAF, AcOH–THF (1:1), RT, 73% (over 2 steps)

3The undesired C13 epimer was oxidised and diastereoselectively reduced to afford additional
quantities of 164.
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Scheme 31 Hoye’s approach to callipeltoside A

Scheme 32 Synthesis of cyclisation precursor 161. Reagents and conditions: (a) (i) n-BuLi, 162,
Et2O, �78�C, then 163, Et2O, dr ¼ 50:50 (separation by SiO2 chromatography), 34% of each;
(ii) MeI, NaH, DMF, RT, 80%; (b) (i) 9-BBN, THF,�78�C to RT, then NaOH (10%)–H2O2 (30%)
(6:1), 70%, dr ¼ 87.5:12.5 (at C6, separation by SiO2 chromatography); (ii) Dess–Martin
periodinane, CH2Cl2, RT, 76%; (iii) 71, BF3•OEt2, CH2Cl2, �78�C, 90%; (iv) TMSCl, Et3N,
CH2Cl2, RT; (v) DDQ, CH2Cl2–H2O (12:1), 78% (over 2 steps)
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deprotection gave the familiar callipeltoside aglycon (9). In accordance with previ-
ous syntheses, the trichloroacetimidate of callipeltose A sugar 159 (although with an
exposed NH this time) was attached to 9 using Schmidt conditions, delivering the
natural product in 21 steps and 0.7% yield (Scheme 34) [13].

2.8 MacMillan Synthesis of Callipeltoside C (2008)

2.8.1 Retrosynthesis

The first synthesis of callipeltoside C was reported in 2008 by MacMillan [16]. At
this stage the relative configuration of callipeltose C with respect to the callipeltoside
aglycon had not been validated, and therefore the absolute configuration of the
molecule was not known [4]. In contrast to previous approaches towards these

Scheme 34 Completion of callipeltoside A. Reagents and conditions: (a) (i) SO3•pyridine, DMSO,
Et3N, CH2Cl2, 0�C; (ii) 84, LiHMDS, THF, �78�C; (iii) TBAF, THF, 54% (over 3 steps); (b) 159,
TMSOTf, 4 Å MS, CH2Cl2, 0�C, 70%
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molecules, organocatalytic processes featured heavily in MacMillan’s synthesis.
Pyran 170 and callipeltose C sugar 169 were to be accessed using organocatalytic
asymmetric aldol reactions, whilst the C13 stereocentre of 171 was to be set by an
organocatalytic oxyamination reaction (Scheme 35) [16, 54–58].

2.8.2 Synthesis of Pyran 170

The synthesis began with an L-proline-catalysed organocatalytic aldol reaction
between propionaldehyde (176) and Roche ester-derived aldehyde 177. This gave
aldehyde 174 in moderate yield (48%), but set the desired C6 and C7 stereocentres in
both excellent diastereo- (dr ¼ 92:8) and enantioselectivity (er > 99:1) [16]. The C5
stereocentre was then formed by propargylzinc addition to give the desired 1,3-anti-
diol relationship (180, dr ¼ 86:14). With the 4 contiguous C5–C8 stereocentres in
place, a palladium-catalysed alkoxycarbonylation process developed by Marshall
[59, 60] impressively gave advanced C1–C9 pyran 181 as a single diastereomer in
one step (Scheme 36). The proposed mechanism for this transformation is described
in Scheme 37 [59, 60]. Subsequent TBS protection of the C5 hydroxy, PMB removal
and Parikh–Doering oxidation then gave 170 in six steps and 44% overall yield from
aldehyde 177 (Scheme 36).

Scheme 35 Retrosynthesis of callipeltoside C
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Scheme 37 Proposed mechanism for the palladium-catalysed alkoxycarbonylation reaction
[59, 60]
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2.8.3 Formation of Vinyl Iodide 171

Carboalumination of 4-pentyn-1-ol delivered the desired trisubstituted double bond
as a single regioisomer which, following treatment with iodine, gave 188. Subsequent
Swern oxidation and organocatalytic α-oxyamination then provided 189 in excellent
enantioselectivity (er > 99:1) [57, 58]. Reduction of the aldehyde, N–O bond
cleavage and bis-protection gave 171 in seven steps and 57% yield (Scheme 38) [16].

2.8.4 Fragment Union and Completion of the Aglycon (9)

Vinylic iodide 171 (2.2 equiv.) was converted to the corresponding Grignard and
added to aldehyde 170 to provide the C9 stereocentre in both high
diastereoselectivity (dr ¼ 94:6) and yield (98%). The addition of MgBr2 to substrate
170 prior to Grignard addition was found to be important for both yield and
diastereoselectivity, with formation of a complex between MgBr2 and the pyran
and aldehyde oxygens speculated. It is also noted that an intermolecular Nozaki–
Hiyama–Kishi reaction was also attempted and in contrast gave the undesired C9
alcohol configuration [16].

With 191 in hand, methylation, PMB deprotection, oxidation and Horner–
Wadsworth–Emmons olefination with trans-chlorocyclopropane-containing
phosphonate 130 gave 193 [16]. Interestingly, attachment of 130 at this stage of
the synthesis resulted in high E:Z selectivity (10:1–19:1) compared to Trost [7, 8],
Evans [9, 10] and Paterson [11] and once again highlights the subtleties associated
with substrate choice when performing reactions under similar conditions (see Sects.
2.2.3, 2.3.2 and 2.4.5; E:Z ¼ 4:1).

Deprotection of C13-OTBS and saponification of the methyl ester gave seco-acid
193 which, when subjected to Yamaguchi macrocyclisation conditions, gave elim-
inated lactone 158 as well as the desired product (157, not shown; see Sect. 2.6.5).
Treatment of the mixture with aqueous PPh3•HBr then installed the hemi-ketal
functionality, whilst final TBS deprotection using TFA delivered the callipeltoside
aglycon (9) in 18 steps and 19% overall yield (Scheme 39) [16].
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Scheme 38 Organocatalytic oxyamination approach to vinyl iodide 171. Reagents and conditions:
(a) (i) Me3Al, Cp2ZrCl2, I2, THF, �30�C; (ii) (COCl)2, Et3N, DMSO, CH2Cl2, �50�C, 92% (over
2 steps); (b) L-proline, (20 mol%), PhNO, DMSO, RT, er > 99:1; (c) (i) NaBH4, EtOH, RT; (ii) Zn,
EtOH–AcOH (3:1), 77% (over 3 steps); (d) (i) Bu2Sn(OMe)2, PMBCl, TBAI, PhMe,Δ; (ii) TBSCl,
imidazole, DMF, RT, 80% (over 2 steps), er > 99:1
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2.8.5 Synthesis of D-Callipeltose C

The synthesis commenced with dimerisation of aldehyde 194 under organocatalytic
conditions to provide 173 in good yield and excellent enantioselectivity (er > 99:1)
(Scheme 40) [16, 54]. This was then subjected to the organocatalytic Mukaiyama
aldol conditions developed in the MacMillan laboratory, with the Lewis acid
(MgBr2) and solvent (CH2Cl2) choice critical for the formation of the desired
sugar scaffold (195) [16, 55, 56]. The anomeric hydroxy was then protected as its
benzyl ether with concomitant removal of the primary TIPS protecting group.

Scheme 39 Synthesis of callipeltoside aglycon (9). Reagents and conditions: (a) 171, t-BuLi,
MgBr2•Et2O, Et2O, then 170, CH2Cl2, �78�C, 98%, dr ¼ 94:6; (b) (i) MeOTf, 2,6-di-t-
butylpyridine, CH2Cl2, RT; (ii) DDQ, pH 7 buffer, CH2Cl2, 0�C; (iii) SO3•pyridine, Et3N,
DMSO, CH2Cl2, �10�C, 84% (over 3 steps); (c) (i) 130, LiHMDS, THF, �78�C, then 192,
THF, �78�C, 84%, E:Z ¼ 19:1; (ii) TBAF, THF, 0�C, 100%; (iii) Ba(OH)2•8H2O, MeOH, RT,
84% (over 3 steps); (d) 2,4,6-Cl3C6H2COCl, DIPEA, THF, RT, then addition to DMAP, PhMe,
60�C, 83%; (e) (i) PPh3•HBr, H2O, CH2Cl2, RT; (ii) TFA, THF–H2O (5:1), RT, 81% (over 2 steps)
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Scheme 40 Organocatalytic approach to D-configured callipeltose C. Reagents and conditions: (a)
D-proline, DMF, 75%, er > 99:1; (b) 172, MgBr2•Et2O, CH2Cl2, 47%, dr > 95:5; (c) (i) AcCl,
BnOH, 110�C; (ii) PhOCSCl, pyridine, CH2Cl2; (iii) n-Bu3SnH, AIBN, PhH, 120�C; (iv) Dess–
Martin periodinane, CH2Cl2, 0�C, 47% (over 4 steps); (d) (i) MgBr2•Et2O, MeMgBr, CH2Cl2,
dr > 95:5; (ii) H2, Pd/C, EtOAc; (iii) Cl3CCN, Cs2CO3, CH2Cl2, 86% (over 3 steps), dr ¼ 95:5
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Subsequent conversion of the primary alcohol to the corresponding phenyl
thiocarbonate and deoxygenation under Barton–McCombie conditions provided
the C60 methyl group. Oxidation of the remaining C30 secondary hydroxy to the
ketone then gave 196. Further manipulation by means of diastereoselective methyl
Grignard addition (dr ¼ 95:5), removal of the benzyl group and formation of the
trichloroacetimidate provided the D-callipeltose C sugar coupling partner 169. Over-
all, this fragment was synthesised in eight steps and 14.5% yield (Scheme 40) [16].

2.8.6 Completion of Callipeltoside C

The callipeltoside aglycon was coupled with D-callipeltose C (169) using the con-
ditions developed by Tietze [16, 61] which, following TIPS deprotection, gave
spectroscopic data inconsistent with the natural isolate [4]. Since previous syntheses
of callipeltoside A had determined the absolute stereochemistry of the molecule, it
was reasonably assumed that the problem lay with the callipeltose C sugar rather
than the aglycon. As a result, the enantiomeric L-configured sugar (ent-169) was
synthesised under the same conditions outlined in Scheme 40. Schmidt
glycosidation and final TIPS deprotection gave compound 3, which this time had
identical spectroscopic data to naturally occurring callipeltoside C [4, 16]. This result
not only confirmed the absolute stereochemistry of callipeltoside C but also
suggested that both callipeltosides A and C contain L-configured sugars (Scheme
41). This was in contrast to the original structures drawn in the isolation papers
[3, 4].4 However, it is noteworthy that the glycosidic linkage attaching callipeltose C
to the aglycon was only tentatively assigned, with the MacMillan group assuming it
to be the β-equatorial anomer by comparison with the originally reported structure of
callipeltoside B (Figs. 3, 5) [16].

2.9 Ley Syntheses of Callipeltosides A, B and C (2012)

2.9.1 Retrosynthesis

The Ley group’s approach to the entire callipeltoside family involved a highly
convergent strategy whereby the molecule(s) was split into three equally sized
fragments: the C1–C9 pyran (170), C10–C22 vinylic iodide (197) and the relevant
sugar moiety [14, 15]. The common callipeltoside aglycon would then be assembled
by union of 170 and 197 via a diastereoselective Oppolzer–Radinov alkenylzinc
addition [62], followed by Yamaguchi macrolactonisation. The C1–C9 pyran was to
be formed using an AuCl3-catalysed cyclisation, which the group had reported

4An optical rotation of [α]25D¼�23.1 (c¼ 0.18, CDCl3) was measured for synthetic callipeltoside
C [16]. However, no optical rotation for natural callipeltoside C was recorded due to the prohib-
itively small amounts isolated [4].
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previously [63]. Since other approaches to the callipeltosides had often struggled to
produce the dien-yne as a single isomer, the group also chose to address this
synthetic issue. With this in mind, the C15–C16 and C17–C18 bonds were discon-
nected, revealing bis-stannane linchpin 201, from which bidirectional Stille reactions
could be performed. Pyranone 202 was considered to be a key building block from
which each callipeltose sugar could be accessed (Scheme 42) [14, 15].

2.9.2 Synthesis of Pyran 170

Synthesis of pyran fragment 170 began with crotylation of known Roche ester-
derived aldehyde 203 to give homoallylic alcohol 205 in good yield (70%) and
diastereoselectivity (dr ¼ 88:12). Conversion to the triol using catalytic osmium
tetroxide followed by sodium periodate-mediated cleavage gave the requisite alde-
hyde, with which a chelation-controlled addition of propargyl zinc furnished diol
206 in 72% over three steps (dr ¼ 85:15 at C5). Two further synthetic steps gave
ynoate 208, enabling all minor diastereomers to be separated (208, dr > 95:5) and
the 1,3-anti-relationship to be proven by X-ray crystallography (not shown). Sub-
sequent deprotection afforded the diol, which smoothly underwent AuCl3-catalysed
cyclisation in MeOH to give pyran 209 as a single, anomerically favoured diaste-
reomer in 96% yield. Further routine synthetic manipulations gave pyran fragment
170 in 26% yield from 203 (11 linear steps) with minimal use of chromatography
(Scheme 43) [14, 15].

Scheme 41 Completion of callipeltoside C. Reagents and conditions: (a) (i) 169, TMSOTf, 4 Å
MS, CH2Cl2, �30�C; (ii) TASF, DMF, 40�C, 58% (over 2 steps); (b) (i) ent-169, TMSOTf, 4 Å
MS, CH2Cl2, �30�C; (ii) TASF, DMF, 40�C, 63% (over 2 steps)
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Scheme 42 Ley group approach to the callipeltosides (callipeltoside C shown for clarity)

Scheme 43 Synthesis of pyran 170. Reagents and conditions: (a) crotylborane 204, 4 Å MS,
PhMe, �78�C, 70%, dr ¼ 88:12; (b) (i) OsO4, NMO, acetone–H2O (2:1), RT; (ii) NaIO4, THF–
H2O (10:1), 0�C to RT; (iii) Zn, propargyl bromide, THF, 0�C to �100�C, 72% (over 3 steps),
dr ¼ 85:15 (at C5); (c) 2,2-dimethoxypropane, (�)-CSA, acetone, RT; (d) n-BuLi, THF, �40�C to
�78�C, then ClCO2Me, 73% (over 2 steps), dr > 95:5; (e) (i) QP-SA, MeOH, RT, 95%; (ii) AuCl3
(2 mol%), MeOH, RT, 96%
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2.9.3 Completion of the C10–C22 Fragment

In order to construct fragment 197 in a stereospecific fashion via sequential Stille
cross-coupling reactions, the vinyl iodide functionality was masked in order to
provide orthogonal reactivity. Work began from known vinyl iodide 210 [64, 65],
which contained a vinyl silane moiety that could be converted to the corresponding
vinyl iodide at a late stage. Lithiation of 210 followed by reaction with 211 gave the
secondary alcohol with installation of the C13 stereocentre. A two-step protecting
group manipulation provided 212 which, following oxidation, dibromoolefination
and Corey–Fuchs reaction, gave alkyne 213. Subsequent Pd-catalysed
hydrostannylation and tin–iodine exchange led to the desired (E)-vinyl iodide 200
as a single stereoisomer [14, 15].

Stille coupling partner 215 was completed by treatment of known dibromide 37
with TBAF to give the bromoalkyne, which was then coupled to bis-stannane 201
via a low temperature (�10�C) Stille reaction with stoichiometric Ag2CO3 as an
additive. Fragments 200 and 215 were united by a second Stille reaction to yield
advanced substrate 216 which, following treatment with NIS, provided 197 in a
completely stereospecific manner in good yield (Scheme 44) [14, 15].

2.9.4 Union of Fragments 170 and 197 and Macrocycle Formation

In order to couple fragments 170 and 197, the Ley group turned to the work of
Oppolzer and Radinov [62] as well as the studies of Marshall [66, 67], who had
previously shown that the stereochemical information of an appropriate
enantioenriched lithio N-methylephedrine alkoxide could be transferred to reactions
of this type. The stereochemical model proposed in the literature revealed (1R,2S)-(–
)-N-methylephedrine to be the reagent of choice; but in practice poor C9
diastereoselectivity was observed (34:66, not shown). The reaction was also
performed with the enantiomeric ligand, (1S,2R)-(+)-N-methylephedrine, this time
resulting in a much-improved C9 diastereomeric ratio of 91:9. Methylation of both
diastereomeric mixtures allowed the group to intercept a known compound disclosed
by MacMillan [16], meaning that the stereochemical outcome of these reactions
could be straightforwardly determined. To their surprise, the diastereomerically
enriched material using (1S,2R)-(+)-N-methylephedrine was found to be the desired
compound, in contrast to the models disclosed by Oppolzer [62] and Noyori
[68, 69]. It was proposed that the unexpected reversal in selectivity was due to
bis-chelation between the active metal complex and the pyran oxygen, resulting in
the exposure of the opposite diastereotopic face to reaction [70]. The authors note
that a similar result was documented by Myers in his synthesis of the tetracycline
antibiotics [70].

With the C9 stereocentre in place, the methylated derivative was deprotected and
saponified to give seco-acid 193. Yamaguchi macrolactonisation, and a one-pot
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deprotection/hemi-ketal formation step afforded the callipeltoside aglycon
9 (Scheme 45).

2.9.5 Preparation of Callipeltose A, B and C Thioglycosides

The synthesis of the callipeltose sugars commenced from pyranone 202, which could
be straightforwardly accessed in two steps. Nosylation of the secondary alcohol,
displacement and diastereoselective methyl addition provided 218, containing three
of the stereocentres present in callipeltose A and B. Hydroxy-directed epoxidation,
ring opening and selective 2� alcohol methylation gave 219, which could be
diversified to each callipeltose sugar [24]. Callipeltose A thioglycoside was com-
pleted in an additional four steps as a single anomer. Despite being able to synthesise
the callipeltose B sugar, it is noted that the N-formyl group prevented thioglycoside

Scheme 44 Completion of the C10–C22 Fragment 197. Reagents and conditions: (a) (i) t-BuLi,
PhMe, �78�C, then 211, BF3•OEt2, PhMe; (ii) TBSOTf, 2,6-lutidine, CH2Cl2, �78�C, 53% (over
2 steps); (iii) DDQ, pH 7 phosphate buffer, CH2Cl2, 0�C, 89%; (b) (i) SO3•Py, Et3N, DMSO, CH2Cl2,
0�C to RT; (ii) PPh3, CBr4, CH2Cl2, then aldehyde, 2,6-lutidine, CH2Cl2, 0�C, 89% (over 2 steps);
(iii) n-BuLi, THF,�78�C, then H2O, 85%; (c) (i) Pd(PPh3)2Cl2 (3 mol%), Bu3SnH, THF, 0�C; (ii) I2,
CH2Cl2, �78�C, 49% (over 2 steps); (d) ZnEt2, CH2I2, CH2Cl2, 0�C, then 214, 33, CH2Cl2, 0�C to
RT, 74%; (e) (i) PCC, Celite®, CH2Cl2, RT; (ii) PPh3, CBr4, CH2Cl2, 0�C, then aldehyde, CH2Cl2,
0�C to RT, 70% (over 2 steps); (f) (i) TBAF, DMF, 65�C; (ii) Pd2dba3 (10 mol%), AsPh3 (40 mol%),
Ag2CO3 (1.0 equiv.), THF, dark,�10�C, then 201, 45% (over 2 steps); (g) Pd(PFur3)2Cl2 (15 mol%),
DMF, dark, RT, 63%; (h) NIS, MeCN, RT, 84%
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formation and hence coupling to the callipeltoside aglycon. As a result, compound
219 was TMS-protected and the thioglycoside formed to give callipeltose B precur-
sor 221, which would have to be further manipulated once attached to the aglycon
(9) [14, 15].

The callipeltose C sugar was also synthesised from 202, with the C30 stereocentre
once again formed by diastereoselective methyl addition, albeit this time by means
of a complex-induced proximity effect from the neighbouring C40 hydroxy
[71]. TES protection, followed by the epoxidation, ring opening, methylation and
thioglycosidation sequence mentioned previously, gave the callipeltose C
thioglycoside (224) as a single anomer (Scheme 46) [14, 15].

2.9.6 Completion of Callipeltosides A, B and C

The callipeltoside aglycon was straightforwardly coupled with thioglycoside donors
220 and 224 using the conditions described by Evans [10]. Final deprotection of
these two compounds then led to callipeltosides A and C, with spectroscopic data in
full agreement with that previously reported [3, 4, 14, 15].

With the syntheses of both callipeltoside A and callipeltoside C completed,
attention switched to callipeltoside B. Since there had been no previous synthesis
of callipeltoside B, it was assumed that like callipeltosides A and C, it also contained
an L-configured sugar. Attachment of azido sugar 221 (L-configured) proceeded
without incident, and the azide moiety was selectively reduced using
1,3-propanedithiol [72]. Formylation of the amine using pentafluorophenyl formate

Scheme 45 Diastereoselective union of 170 and 197 and completion of the callipeltoside aglycon.
Reagents and conditions: (a) 1. 197, (1.3 equiv.), t-BuLi, Et2O, �78�C; 2. ZnBr2, Et2O, �78�C to
0�C; 3. (1S,2R)-(+)-N-methylephedrine (1.1 equiv.), n-BuLi, PhMe, 0�C; 4. 170, PhMe, 0�C, 48%;
(b) (i) MeOTf, DTBP, CH2Cl2, RT, 73%; (ii) TBAF, THF, RT, 74%; (iii) Ba(OH)2•8H2O, MeOH,
RT, quant.; (c) (i) 2,4,6-trichlorobenzoyl chloride, Et3N, RT, then addition to DMAP, PhMe, 80�C;
(ii) TFA, THF–H2O (5:1), RT, 58% (over 2 steps)
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(225) [73] and deprotection then delivered putative callipeltoside B (2) as a 4:1
rotameric mixture (by 1H NMR) (Scheme 47). The synthetic sample was in complete
agreement with the spectroscopic data for the natural isolate disclosed by Minale
[4, 14, 15].

In order to ensure that the correct sugar had indeed been attached, the enantio-
meric thioglycoside (ent-221, D-configured) was synthesised in analogous fashion to
that shown in Scheme 46 and attached to the callipeltoside aglycon (9). This was
then also reduced, formylated and deprotected to afford diastereomer 226, which had
a significantly different 1H NMR to the natural isolate [4]. This provided further
evidence that all three callipeltose sugars were L-configured, with callipeltoside B
completed for the first time [14, 15].

With the entire family of molecules completed, the configuration of the glycosidic
linkages in callipeltosides B and C still needed to be determined.

Scheme 46 Synthesis of callipeltoses A, B and C from common pyranone 202. Reagents and
conditions: (a) (i) NsCl, pyridine, CH2Cl2, RT, 95%; (ii) n-Bu4NN3, CH2Cl2, 0�C, 72%; (iii) MeLi,
THF, �100�C, 79%; (b) (i) m-CPBA, MeOH, 0�C to RT, 52%; (ii) KOt-Bu, MeI, THF, 0�C, 79%;
(c) (i) H2, Pd(OH)2/C, EtOAc, RT, 93%; (ii) triphosgene, pyridine, THF, �78�C to RT, 72%; (iii)
TIPSOTf, 2,6-lutidine, CH2Cl2, RT, 97%; (iv) PhSH, BF3•OEt2, CH2Cl2, 0�C to RT, 80%, single
anomer; (d) ZnI2, TBAI, TMSSPh, DCE, 65�C, 60%, single anomer; (e) MeLi•LiBr, Et2O,�78�C,
78%; (f) (i) TESCl, pyridine, DMAP, CH2Cl2, RT; (ii) m-CPBA, MeOH, 0�C to RT, 45% (over
2 steps); (g) (i) KOt-Bu, MeI, THF, 0�C, 81%; (ii) ZnI2, TBAI, TMSSPh, DCE, 65�C, 86%, single
anomer
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2.9.7 Stereochemistry of the Glycosidic Linkages of Callipeltosides B
and C

Callipeltoside C

Although the Ley group had completed the second total synthesis of callipeltoside C,
the configuration of the glycosidic linkage was still under question, with the Mac-
Millan group tentatively assigning the stereochemistry by comparison with the
assumed glycosidic linkage found in callipeltoside B [16]. As a result, the Ley

Scheme 47 Completion of callipeltosides A, B and C. Reagents and conditions: (a) (i) 220, 4 Å
MS, DTBMP, CH2Cl2, RT, 50 min, then �15�C, NIS, TfOH, �15�C to RT; (ii) TBAF, THF, RT,
83% (over 2 steps); (b) (i) 224, 4 Å MS, DTBMP, CH2Cl2, RT, 50 min, then �15�C, NIS, TfOH,
�15�C to RT; (ii) TASF, DMF, 40�C, 57% (over 2 steps); (c) (i) 221, 4 Å MS, DTBMP, CH2Cl2,
RT, 50 min, then �15�C, NIS, TfOH, �15�C to RT, 56%; (ii) 1,3-propandithiol, Et3N, pyridine–
H2O (10:1), RT; (iii) 225, CHCl3, RT; (iv) TASF, DMF, 40�C, 52% (over 3 steps), 4:1 rotameric
mixture (by 1H NMR); (d) (i) ent-221, 4 Å MS, DTBMP, CH2Cl2, RT, 50 min, then �15�C, NIS,
TfOH,�15�C to RT, 41%; (ii) 1,3-propandithiol, Et3N, pyridine–H2O (10:1), RT; (iii) 225, CHCl3,
RT; (iv) TASF, DMF, 40�C, 57% (over 3 steps), 4:1 rotameric mixture (by 1H NMR)
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group attempted to determine the C10 stereochemistry by analysis of the 1JC–H
coupling constant [74–78] and NOESY data.

1JC–H Coupling Constant

Since measurement of the 1JC–H coupling constant [from a HSQC (heteronuclear
single quantum coherence) experiment without 13C decoupling] had proven to be a
useful technique for carbohydrate chemists to determine whether the proton at an
anomeric centre is axial or equatorial, this was assessed initially. It is noted that a
value of ~170 Hz suggests an equatorial proton at C10H, whilst ~160 Hz is indicative
of an axial proton [74–78]. Unfortunately, measurement of the 1JC–H coupling
constant gave an inconclusive result, returning a value of 1JC-H ¼ 166.5 Hz.

NOESY Data

As an alternative method to determine the stereochemistry of the glycosidic linkage,
the Ley group conducted NOESY experiments and assessed all potential chair
conformers (1)–(4) (Fig. 6; X-ray analysis of sugar intermediates suggested a chair
configuration, not shown). Analysis of this averaged data indicated that structure (1)
was the only chair conformer that accounted for all observed nOe interactions
[14, 15]. With this in mind, the C10 stereocentre was assigned to be (R)-configured,
in agreement with the assignment previously suggested by MacMillan [16].

Callipeltoside B

The C10H stereochemistry of callipeltoside B was analysed in exactly the same way
as for callipeltoside C. Once again, the 1JC–H coupling value gave no indication of

Fig. 6 Key nOe’s for callipeltose C
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stereochemistry, with a coupling constant of 1JC–H ¼ 165.6 Hz measured. The
stereochemistry was therefore inferred from NOSEY experiments (Fig. 7). This
method revealed conformer (4) to be the only structure accounting for all observed
nOe interactions. Therefore, callipeltoside B was noted to have a (S)-configured
glycoside linkage (Fig. 7) [14, 15].

The authors note that whilst the same glycosidic linkage is present in both
callipeltosides A (1) and B (2) [(S)-configured], callipeltoside C (3) is oppositely
configured [(R)-configured]. Since each callipeltose sugar was attached under iden-
tical glycosidation conditions, it was assumed that the stereochemical course of the
reaction must be influenced by the C40 substituent. However, at present no further
work has been reported to further study this [14, 15].

3 Conclusion and Final Remarks

The completion of the callipeltosides represents nearly 20 years of synthetic work,
spanning across multiple research groups. Early syntheses focused on determining
the configuration of the trans-chlorocyclopropane ring with respect to the C1–C19
core, in the process determining the absolute stereochemistry of the callipeltoside
aglycon. The synthesis of callipeltoside A was accomplished shortly thereafter.
These routes evolved over time, with more elegant and convergent approaches
implemented once the stereochemical ambiguities associated with the aglycon had
been overcome. The final pieces of the puzzle concerned the absolute configuration
of the callipeltose B and C sugars, whilst the stereochemistry of the anomeric linkage
of these molecules remained uncertain. The MacMillan and Ley groups later pro-
vided evidence to suggest that all members of the family contained L-configured
sugars (having both also synthesised the corresponding D-configured callipeltose B

Fig. 7 Key nOe’s for callipeltose B
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and C sugars), with the latter research group further analysing the stereochemistry at
C10H to complete the study.

The different approaches towards the callipeltosides highlighted in this review
stand as a testament to the power of modern synthetic technologies in their ability to
supplement classical natural product structural analysis. It provides access to novel
analogues and, in the programme above on the callipeltosides, makes available
significantly greater quantities of material than that which is obtained by extraction
from natural sources.
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