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of the lamellarins, lukianols, polycitrins, polycitones, stor-
niamides, and ningalins possess a 3,4-diarylated pyrrole
2-carboxylic acid ester or amide moiety as the common
structural subunit. They have been isolated from widely
varying locations and diverse marine organisms, such as
marine prosobranch mollusgé$ascidians (tunicatey;®1820-23

and sponge&81°24The diversity of the producing organisms
suggests a potential microbial link to their biosynthesis.

The lamellarins and related pyrrole-derived alkaloids have
shown a diverse range of bioactivities such as cytotoxicity
and antitumor activity,6-10.12.13,1517.50,75-80 rayersal of mul-
tidrug resistance (MDRY}6869.72.75,79.8183 H|V/-1 integrase
inhibition,250.8485ntibiotic activity® human aldose reduc-
tase (h-ALR2) inhibitior?® cell division inhibition? immu-
nomodulatiorf;8” antioxidant activityt* and feeding deter-
rence?® making these compounds a particularly important
subject for research. In this review we summarize the
isolation, structure determination, biological activities, and
synthetic studies of lamellarins and related pyrrole-derived
alkaloids including lukianols, polycitrins, polycitones, stor-
niamides, didemnimides, ningalins, and purpurone from
different marine organisms since the first report of lamellarins
in 1985 until April of 2007.

2. Isolation and Structure Determination of

alkaloids have also provoked a great deal of interest in regard| amellarins and Related Pyrrole-Derived

to their synthesis (Table 23375
Lamellarins are a group of DOPA-(2-amino-3;@-dihy-

Alkaloids from Marine Organisms

The lamellarin skeleton was first isolated and identified

droxyphenyl)propionic acid)-derived pyrrole alkaloids that
were first isolated from the prosobranch molllisenellaria in 1985 from the Palauan marine prosobrach mollusc
sp. in 1985 by Faulkner and co-workérSince then, more  Lamellaria sp2 Later in 1988 four additional members,
than 70 different lamellarins and related naturally occurring lamellarins E-H 6—8 and 37, were found in the didemnid
pyrrole-derived alkaloids have been reported (Table 1). Most ascidianDidemnum chartaceuwollected from the Republic
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of the Seychelle%In 1992 the related alkaloids lukianols A
56 and B 57 were recovered from an unidentified Pacific

tunicate!® while in 1993 lamellarins+M 10-12, 15, and

38 and the triacetate of lamellarin #lL were isolated from

a Great Barrier Reef colonial ascidiaRjdemnumsp? In

1994, lamellarins 052 and P53 were isolated from a

southern Australian marine sponBendrilla cactos’ Lamel-

larins Q54 and R55 were also isolated from a geographically

distinct re-collection oDendrilla cactos®

Fan et al.

2.1. Isolation and Structure Determination of
Lamellarins

2.1.1. Lamellarins A-D

In 1985, Faulkner and colleagues reported the isolation
and structural elucidation of four aromatic metabolites, which
were obtained from the marine prosobranch mollusmel-
laria sp. (family Lamellariidae) collected in the waters of
Palau. These compounds comprised a new class of marine
natural product and were named lamellarinsa 1, 32, 3,
and35. Lamellarin Al is an optically inactive pale yellow
prism that occurred as an inseparable racemic mixture of
two geometrical isomers due to restricted rotation about the
C-1 and C-11 bond. Its structure was determined by a single-
crystal X-ray crystallographic study, while the structures of
lamellarins B-D 32, 3, and 35 were assigned by spectro-
scopic dat&. Lamellarin C3 was also isolated from the
prosobranch mollus€oriocella hibyae' Lamellarins A1,

B 32, and C3 and the triacetate of lamellarin B6 were
found from both prosobranch molluscs and the marine
ascidiang:!

2.1.2. Lamellarins E-H

In 1988, Fenical’s group reported four new alkaloids of
the lamellarin class, lamellarinsH 6—8 and37. They were
isolated from the Indian Ocean marine colonial didemnid
ascidianDidemnum chartaceutfGluiter, 1909, Didemnidae,
Ascidiaceaf. The structure of lamellarin B was elucidated
by spectroscopic and X-ray crystallographic methods, while
lamellarins FH 7, 8, and37 were determined by interpreta-
tion of NMR spectral datd Advanced 2D NMR techniques
mostly detailed HMBC correlations were utilized in 1996
during the structure assignment of lamellarir3iR®8

2.1.3. Lamellarins I-M and the Triacetate of Lamellarin N

Bowden’s group reported six new lamellarin-class alka-
loids, lamellarins 110, J11, K 12, L 15, and M38 and the
triacetate of lamellarin M1 obtained from an Australian
colonial ascidiaDidemnurrsp® The structures were deduced
by 3C—*H shift-correlated 2D NMR and NOE correlatiohs.
Lamellarins A1, B 32, and C3 and the triacetate of
lamellarin D36 were also isolated from this Pacific ascidian.
Moreover, extraction of the same ascidian species collected
from Little Broadhurst Reef also yielded lamellarinsLAB
32, C 3,110 K 12 and M 388 These isolation studies
suggested that lamellarins 1, 32, 3, and 35, obtained
from Lamellaria sp., were likely sequestered from the
ascidian diet of this molluse®

2.1.4. Lamellarins O-R

In 1994, two new unstable, oily lamellarin members,

The lamellarins are a growing family of marine alkaloids, lamellarins O52 and P53, were isolated from the marine
and to date, over 70 lamellarins and related pyrrole-derived spongeDendrilla cactoscollected during a trawling operation
alkaloids have been isolated and identified (Tables 1, 3, andin Bass Strait, southern Australia, by Capon et Bloth
4; Figures 1 and 2). The lamellarins and related compoundsmetabolites52 and 53 readily decomposed witb3 being
have a pyrrole ring as a core component of their skeleton. slightly more stable tha®2. The increased stability was
The molecules fall into two structural groups depending on assumed to be a product of hydrogen bondindd No
whether the central pyrrole ring is fused (Group |, lamellarins biological data could be obtained due to their reported insta-

1-51) or unfused (Group II, lamellarins ©R 52—55).

bility and the small amounts of these two alkaloids available

Group | could be further divided into two subsections, viz., from natural sources. Later in 1995 two new stable oily
compounds possessing an olefin at C-5 and C-6 (Figure 1,alkaloids, lamellarins @4 and R55, were obtained by the

Table 4, lamellarin82—51) and those in which this olefin

is saturated (Figure 1, Table B;-31).

same research group from a geographically distinct recol-
lection of the Australian marine spon@e cactosharvested
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Table 1. Lamellarins and Related Pyrrole-Derived Alkaloids from Marine Organisms

lamellarin and related alkaloids marine sources collection localities ref
lamellarins A-D (1, 32, 3, 35) prosobranch molluscamellariasp. peduliaes headland on Ngarol Island 3
at the entrance to Malakal Harbor, Palau
lamellarins C, U 8, 22) prosobranch mollusCoriocella hibyae around the Feydhoo Islands in the Maldives 4
lamellarins E-H (6—8, 37) marine ascidiaidemnum chartaceum Indian Ocean on the atoll of Aldabra, 5
Republic of the Seychelles
lamellarins I, M, triacetate of lamellarin N, marine ascidiaDidemnurnsp. South West Cay, Lihou Reef, off the 6
lamellarins A-C, the triacetate of lamellarin North Queensland coast/Little
D (10-12 15, 38,41, 1, 32, 3, 36) Broadhurst Reef on the Great Barrier Reef
lamellarins O, P§2, 53) southern Australian marine sponge Bass Strait, Australia 7
Dendrilla cactos
lamellarins Q, R%4, 55) Australian marine sponge, coast off Durras, New South Wales, Australia 8
Dendrilla cactos
lamellarins S, K18, 12) Australian tunicat®idemnunsp. near Durras, New South Wales, Australia 9
lamellarins F-X, N, lamellarin T 20-sulfate,
lamellarin U 20-sulfate, lamellarin VV 20-sulfate unidentified ascidian near Trivandrum coast in the Arabian Sea, India 10

lamellarin Y 20-sulfate19, 22, 24, 42, 43,
40, 21, 23, 25, 27)
lamellarin Z, lamellarin B 20-sulfate, lamellarinGreat Barrier Reef ascidian, near Friget Cay in the Swains Reef group, 11
C 20-sulfate, lamellarin L 20-sulfate, Didemnum chartaceum Great Barrier Reef
lamellarin G 8-sulfate, lamellarins-AC,
E, G, L, lamellarin D triacetate, lamellarin
N triacetate 28, 34, 5,17, 9, 1, 32,
3,6,8,15,36,41)

lamellarina. 20-sulfate 46) unidentified ascidian Arabian Sea near Trivandrum, Indian 12
lamellarinsg, G, L (29,8,15) purple unidentified encrusting Indian Ocean 13
marine ascidiaidemnunsp.

lamellarinsy, a, €, lamellarins C-diacetate, I, K,Indian ascidiarDidemnum obscurum  Tiruchandur coast in the Gulf of Mannar, 14
K-diacetate, K-triacetate, M, U, X-triacetate Tamilnadu, India
(30,45, 48, 4,10, 12—14, 38, 22, 44)

lamellarinsg, #, ¢, x, lamellarins F, 1, J, K, red colonial ascidian Tiruchandur coast, Tamilnadu, India 15
lamellarin K triacetate, lamellarin L Didemnum obscurum

triacetate, lamellarin T diacetate
(49-51, 31, 7, 10-12 14, 16, 20)

lukianols A, B 66, 57) unidentified Pacific tunicate lagoon of the Palmyra atoll 16
polycitone A, polycitrins A, B 8, 60, 61) Indo Pacific ascidiafrolycitor sp. Sodwana Bay, South Africa 17
polycitone B, prepolycitrin A%9, 62) Indo Pacific asdidiafolycitor africanus lagoon of Toliara, Madagascar, or in the 18

lagoon of Mayotte, Comoros Islands,
northwest of Madagascar

storniamides A-D (63—66) Patagonian spongdglionasp. Punta Verde, near San Antonio Oeste, 19
Rio Negro, Argentina
didemnimides A-D (67—70) Caribbean mangrove ascidian blades of the seagra¥balassia testudinum 20
Didemnum conchyliatum in the mangrove channels of Sweetings Cay,
near Grand Bahama Island, Bahamas
didemnimides A, D, E&7, 70, 71) ascidianDidemnum granulatum rocky shore of Araca beach, Sao Sebastiao 21
(Sao Paulo state, southeastern Brazil)
cyclized didemnimide2) Caribbean ascidian blades of the seagra¥stestudinunin the 22
Didemnum conchyliatum mangrove channels of Sweetings Cay,
Grand Bahama Island, Bahamas
ningalins A-D (73-76 western Australian ascidian of western Australia near Ningaloo Reef 23
the genuPidemnum
purpurone 77) marine spongéotrochotasp. Koror island, Palau 24
by SCUBA off the coast of New South WaléJhe struc- A Serena software molecular modeling experiment indicated

tures of52—55 were elucidated by spectroscopic analysis that the lowest energy barrier to rotation fb8 was 84
and chemical transformatiorf. The structure of lamellarin  kJ/mol with both atropisomers being of comparable enérgy.
0O 52 was confirmed later by single-crystal X-ray analySis.
: 2.1.6. Lamellarins N and T-X, Lamellarin T 20-Sulfate,

2.1.5. Lamellarin S Lamellarin U 20-Sulfate, Lamellarin VV 20-Sulfate, and

In 1996, Urban and Capon isolated lamellariialong Lamellarin Y 20-Sulfate
with the known lamellarin KL2 from an Australian tunicate . . .
Didemnunsp. collected by SCUBA near Durras, New South In 19.97' nine new alkaloids of the lamellarin class,
Wales. The structure was determined by spectroscopic analy/amellarins T19, U 22,V 24, W 42, and X43and 20-sulfates
sis. Lamellarin SL8 was the first example that demonstrated” ©f lamellarins T21, U 23, V 25, and Y 27 together with the
atropisomerisni. The C-1 pheny! substituent in the lamel- kno_vv_n Iamellf';mn N40 were |s_olated from an unlde_ntlfled
larins is generally rotationally restricted and capable of pro- ascidian obtained from the Trivandrum coast of Indiahe
ducing atropisomerism. No other lamellarins, however, have structures of lamellarins ¥X 19, 22, 24, 42, and43 and
been reported to possess optical properties. Lamellati® S the four 20-sulfate derivatives of lamellarins2T, U 23, V
initially displayed a positive optical rotation, indicating itis 25, and Y 27 were identified by interpretation of spectro-
at least enantiomerically enriched. Repeated optical rotationscopic data. This was the first example of lamellarin sulfates.
measurements of8 over several months revealed slow Lamellarin U 22 was also isolated from the prosobranch
racemization with a half-life calculated to be ca. 90 days. mollusc Coriocella hibyaein 19994
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Table 2. Synthesis of Lamellarins and Related Pyrrole-Derived Alkaloids
lamellarin and related alkaloids research group synthesis strategy ref
lamellarins D, H 85, 37) Iwao, Ishibashi N-ylide-mediated pyrrole formation 31
lamellarin D @5) Albericio, Alvarez sequential and regioselective bromination/Suzuki 32
) cross-coupling procedure
lamellarin D analogues Albericio, arez sequential and regioselective 33
bromination/palladium-catalyzed Suzuki
cross-coupling procedure
lamellarins D, L, N 85, 15, 40) Iwao, Ishibashi Hinsberg-type pyrrole synthesis and 34
palladium-catalyzed SuzukiMiyaura
coupling reactions
lamellarin H @7) and its derivatives You intermediate for lamellarin 35
lamellarins |, K (L0, 12) Guitian intramolecular [3+ 2] cycloadditon pathway 36
lamellarins G, K, lukianol A, Steglich biomimetic synthesis 37
ningalin B @, 12, 56, 74)
lamellarin G trimethyl ether Steglich biomimetic synthesis 38
lamellarin G trimethyl ether Ruchirawat N-ylide-mediated pyrrole formation 39
lamellarin G trimethyl ether, permethyl Iwao, Ishibashi Hinsberg-type pyrrole synthesis and 40
storniamide A, ningalin B14) palladium-catalyzed SuzukMiyaura
coupling reactions
lamellarin G trimethyl ether Handy three iterative halogenation/cross-coupling 41
reactions
lamellarin K (12) Banwell intramolecular [3+ 2] cycloadditon pathway 42
lamellarins K, L (12,15) Ruchirawat convergent synthetic approach; Michael 43
addition/ring-closure reaction
lamellarin L (L5) Steglich biomimetic total synthesis 44
lamellarins U, L 22,15) Albericio, Alvarez solid-phase total synthesis; Baey¥illiger reaction 45
) and an intramolucular [3- 2] cycloaddition
lamellarins U, L, O, Q22, 15, 52, 54) Albericio, Alvarez solid-phase total synthesis; intramoluculat{2] 46
cycloaddition, two successive and selective
cross-coupling reactions
lamellarins O, Q, lukianol A%2, 54, 56) Banwell convergent synthesis; Stille, Suzuki, 47
. or Negishi cross-coupling reactions
lamellarins Q, 0%4,52) Albericio, Alvarez solid-phase synthesis; Negishi/Suzuki 48
cross-coupling reactions
lamellarin T hybrids Banwell Negishi cross-coupling reaction 49
lamellarina, lamellarina 13,20-disulfate, Faulkner intramolecular [3- 2] cycloaddition pathway 50
lamellarin H @5,47,37)
lamellarina. 20-sulfate 46) Iwao, Ishibashi Hinsberg-type pyrrole synthesis and 51
Suzuki-Miyaura coupling reaction
lamellarins C, E-G, I-L, T, U, Y, Ruchirawat Michael addition/ring-closure reaction 52
% (3,6—8,10-12 15, 19, 22, 26, 31)
lukianol A (56), lamellarin O dimethyl ether ‘Fratner titanium-mediated formation 53
lukianol A (56), lamellarin O dimethyl ether Gupton vinylogous iminium chemisty 54
lukianol A (56) Wong palladium-catalyzed Sonogashira, Heck, 55
and Suzuki cross-coupling reactions
lukianol A (56) Steglish biomimetic synthesis 56
polycitrin A (60) Steglish biomimetic total synthesis 57
polycitrin A (60), prepolycitrin A 62) Correia palladium-catalyzed Heck diarylation 58
polycitrin A (60) Steglich biomimetic synthesis 59
polycitrin B (61) Beccalli palladium-catalyzed cross-coupling reaction 60
polycitones A, B §8, 59) Steglich total synthesis; FriedeCrafts reaction 61
polycitones A, B §8, 59) Gupton vinylogous iminium chemisty 62
storniamide A nonamethyl ether Steglich biomimetic synthesis 63
permethyl storniamide A Fatner palladium-catalyzed Suzuki and 64
Negishi cross-coupling reactions
didemnimide A 67) Berlinck, Piers, Andersen biomimetic synthesis 21
didemnimides A, B§7, 68) Cava Kft-BuO™-catalyzed condensation 65
didemnimide C §9) Steglich Stille coupling reaction 66
didemnimide C §9) Piers biomimetic synthesis 67
ningalin A (73), lamellarin O 62), Boger Diels-Alder reaction/ring contraction pathway 68
lukianol A (56), permethyl storniamide A
ningalin B (74) Boger heterocyclic azadiene Diellder reaction 69
ningalin B (74) and its analogs Boger heterocyclic azadiene Didlsler strategy 70
ningalin B (74) Bullington regioselective synthesis 71
ningalin B hexamethyl ether Gupton vinylogous iminium chemistry 72
ningalin C, purpurone?5,77) Steglich biomimetic total synthesis 73
ningalin C (75) Ruchirawat one-pot reaction 74
ningalin D (76) Boger Heterocyclic azadiene Diel#lder reaction 75

2.1.7. Lamellarin Z, Lamellarin B 20-Sulfate, Lamellarin C
20-Sulfate, Lamellarin L 20-Sulfate, and Lamellarin G
8-Sulfate

Five novel lamellarin members, lamellarinZB, the 20-
sulfated derivatives of lamellarins 84, C5, and L17, and

lamellarin G 8-sulfatéd along with the known lamellarins
A1 B32 C3 EG6 GS8, and L 15 plus the triacetate
derivatives of lamellarins 36 and N41 were isolated from
a Great Barrier Reef ascidi@idemnum chartaceur@luiter
(Didemnidae)! They were identified by interpretation of
spectroscopic data. Among them, lamellari@&is the first
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Table 3. Lamellarins (Type 1a)

no. lamellarin R R Rs R4 Rs Re R Rg Ro
1 A OH OMe H OH OMe OMe OMe OMe OH
2 A triacetate OAc OMe H OAc OMe OMe OMe OMe OAc
3 C OH OMe H OH OMe OMe OMe OMe H
4 C diacetate OAc OMe H OAc OMe OMe OMe OMe H
5 C 20-sulfate OSe OMe H OH OMe OMe OMe OMe H
6 E OH OMe H OMe OH OMe OMe OH H
7 F OH OMe H OMe OMe OMe OMe OH H
8 G OMe OH H OMe OH OMe OH H H
9 G 8-sulfate OMe OH H OMe OH OMe 0SO H H
10 I OH OMe H OMe OMe OMe OMe OMe H
11 J OH OMe H OMe OMe OMe OH H H
12 K OH OMe H OH OMe OMe OMe OH H
13 K diacetate OAc OMe H OAc OMe OMe OMe OH H
14 K triacetate OAcC OMe H OAc OMe OMe OMe OAc H
15 L OH OMe H OMe OH OMe OH H H
16 L triacetate OAc OMe H OMe OAcC OMe OAc H H
17 L 20-sulfate OS@ OMe H OMe OH OMe OH H H
18 S OH OH H OH OH OMe OH H H
19 T OH OMe H OMe OH OMe OMe OMe H
20 T diacetate OAc OMe H OMe OAc OMe OMe OMe H
21 T 20-sulfate OSENa OMe H OMe OH OMe OMe OMe H
22 U OH OMe H OMe OH OMe OMe H H
23 U 20-sulfate OSGNa OMe H OMe OH OMe OMe H H
24 \ OH OMe H OMe OH OMe OMe OMe OH
25 V 20-sulfate OSGNa OMe H OMe OH OMe OMe OMe OH
26 Y OH OMe H OMe OH OH OMe H H
27 Y 20-sulfate OSGNa OMe H OMe OH OH OMe H H
28 z OMe OH H OH OH OMe OH H H
29 p OH OH H OMe OH OH OH H H
30 b4 OH OMe OMe H OMe OMe OMe OH H
31 z OAc OMe H OAc OMe OMe OAc H H

Table 4. Lamellarins (Type 1b) from a purple unidentified encrusting marine ascidiin

no.  lamellarin R R, Rs R R Rs R, demnumsp. (other tharD. chartaceun collected in the

. 3 ;

2 B oH OMe OH OMe  OMe OMe OMe Indian Oceart® The structure of lamellarind 29 was

33 B diacetate OAc OMe OAc OMe OMe OMe OMe

34 B 20-sulfate 0OS@ OMe OH OMe OMe OMe OMe R414

35 D OH OMe OH OMe OMe OH H

36 D triacetate OAc OMe OAc OMe OMe OAc H

37 H OH OH OH OH OH OH H

38 M OH OMe OH OMe OMe OMe OH

39 M triacetate OAc OMe OAc OMe OMe OMe OAc

40 N OH OMe OMe OH OMe OH H

41 N triacetate OAc OMe OMe OAc OMe OAc H R,

42 W OH OMe OMe OH OMe OMe OMe

43 X OH OMe OMe OH OMe OMe OH Re

44 X triacetate OAc OMe OMe OAc OMe OMe OAc

45 o OH OMe OMe OH OMe OMe H

46 o 20-sulfate OSENa OMe OMe OH OMe OMe H

47 o 13,20-disulfate OSgNa OMe OMe OSGNa OMe OMe H

48 ¢ OH OMe OMe OMe OMe OMe OH

49 ¢ OH OMe OMe OMe OMe OMe OMe

50 » OH OMe OMe OMe OMe OMe H

51 ¢ OAc OMe OAc OMe OAc OMe OMe

CO,Me

example of a dimethoxylated lamellarin, while the 8-sulfated NT 02

derivative of lamellarin @ is the first example of this class R

of compounds sulfated at the C-8 positidn. 1e

2.1.8. Lamellarin o. 20-Sulfate o o

In 1999, the lamellarim. 20-sulfate46 was isolated from

HO

an unidentified ascidian collected from the Arabian Sea coast

53 lamellarin P: R=

52 lamellarin O: R=

of India. The structure was determined %y and**C NMR
data and high-resolution FAB mass measureniefithe
spectral data indicated that lamellaoir20-sulfate46 differs
from lamellarin U 20-sulfate23' by addition of a double
bond at C-5 and C-&

2.1.9. Lamellarin B

A novel lamellarin alkaloid, lamellarig 29, along with
previously reported lamellarins &and L 15 were obtained

OCH;8 OCHj

54 lamellarin Q: R=H 55 lamellarin R: R=

OH
Figure 1. Structure of lamellarins tac.
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Figure 2. Structures of lamellarin-related pyrrole-derived alkaloids.

elucidated by spectroscopic methods including 2D NMR
experiments$? Similar to lamellarin SL8, energy minimiza-
tion of 29 was studied using Serena and pcmodel, which
adopted an MMX force field® The rotational barrier of the
bond between C-1 and C-11 was in excess of 80 kcal/mol.
Due to the highly restricted rotation of the catechol ring,
the molecule has the potential to adopt a chiral configuration.
However,29is racemic, as observed in all previously isolated
lamellarins (except for lamellarin 83) and suggests thermal
racemization is a facile proce$s

2.1.10. Lamellarins v, a, €, &, n, ¢, and y

In 2004, lamellaring 30, a. 45, ande 48 along with eight
known lamellarin alkaloids, lamellarinslio, K 12, M 38, U
22, C-diacetate4, K-diacetate13, K-triacetate 14, and

X-triacetate44, were isolated from the Indian red colonial
ascidianDidemnum obscururk. Monniot, 1969 (Didem-
nidae) collected from the Indian Tiruchandur coast during
February 20024 One year later, in 2005, the same research
group reported four new lamellarin alkaloids, lamellarins
49, 5 50, ¢ 51, andy 31 along with seven known lamellarins,
lamellarins F7, 110, J11, K 12, lamellarin K triacetaté 4,
lamellarin L triacetatel6, and lamellarin T diacetat@0
isolated from the same ascidian collected from the same
location but in August 2002 Lamellarin oo 45 was
synthesized in 2002. Structures were established using
NMR spectroscopic techniqués!® The structure of lamel-
larin K-triacetatel4 was further confirmed by X-ray crystal-
lographic analysis and is optically inactive. The X-ray
structure revealed that the crystal was racemic with equal
amounts of each atropisom€r.
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2.2. Isolation and Structure Determination of
Pyrrole-Derived Alkaloids Related to Lamellarins

2.2.1. Lukianols A and B

Lukianols A56 and B57 were isolated from an unidenti-
fied encrusting Pacific tunicate collected by SCUBA in the
lagoon of the Palmyra atoll by Scheuer’'s group in 1992,
Their structures were elucidated by spectral methods. Luki-
anol B57 is an iodo-substituted lukianol A6 which may

be considered as the ring-closed analogue of lamellarin O

52. The basic structural feature of the lukianols is an
N-alkylpyrrolecarboxylic acid, which is quite rare among
natural productd®

2.2.2. Polycitones A and B, Prepolycitrin A, and
Polycitrins A and B

Three alkaloids, polycitone A8 and polycitrins A60 and
B 61, were isolated in 1994 from the Indo-Pacific marine
ascidian Polycitor sp. collected in Sodwana Bay, South
Africa.l” The Polycitor sp. is a translucent white colonial
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techniques (COSY, NOESY, homonuclear 2DJ, HETCOR,
and COLOC). Storniamide A3 was a key for the structure
elucidation of this family of compounds since the substitution
pattern of the aromatic rings i63 was extremely simple.
Characterization showed that each storniamide differs only
in the oxygenation pattern within the peripheral aromatic
rings!®

2.2.4. Didemnimides A—E and Cyclized Didemnimide

In 1997, four predator-deterrent alkaloids possessing a
novel indole-maleimide-imidazole carbon skeleton, di-
demnimides A-D 67—70, were isolated from the Caribbean
ascidian Didemnum conchyliatun{Sluiter, 1898, family
Didemnidae) collected from the blades of the seagrass
Thalassia testudinumm the mangrove channels of Sweetings
Cay, near Grand Bahama IslatfdThe structure of didem-
nimide A 67 was identified by a single-crystal X-ray
diffraction analysis, while didemnimides8 68—70were
determined by combined spectral methods, especially 1D and
2D NMR methods. The didemnimid&§—70 were the first

tunicate. These three compounds were the first examples offxamples of a new alkaloid structural class and add to a
two new classes of marine alkaloids with unprecedented "elatively small group of naturally occurring maleimidés.

skeletons that maybe biogenetically related to the lamel-
larins!” Six years later, in 2000, two additional related
alkaloids, polycitone B59 and prepolycitrin A62, were
isolated from the marine ascidi®@olycitor africanug(order
Aplousobranchia, family Polycitoridad) P. africanusis also

a translucent white or bluish colonial tunicate collected by
hand using SCUBA in the lagoon of Toliara, Madagascar,
or the lagoon of Mayotte, Comoros Islands he structures

of these compounds were determined using NMR and
HREIMS data. Both polycitrins A0 and B 61 contain a
maleimide unitt’” The structure of polycitone A8 was
confirmed by single-crystal X-ray diffraction analysis. In fact,

the crystallographic analysis was performed on the penta-

O-methyl derivative 058 with both 58 and the derivative
yielding poorly diffracting crystals of highly anisotropic
shapée-’ Polycitone B59 is a highly unsaturated aromatic
structure with 21 units of unsaturation. Interestingly, pre-
polycitrin A 62was previously synthesized as an intermediate
in a biomimetic synthesis of polycitrin £0.188% |solation

of prepolycitrin A 62 could support the earlier suggestion
that it might be the bioprecursor of polycitrin 0.8 The
structure relationship between thiesubstituted polycitone
A 58and polycitone B59 resembles the relationship between
lamellarins 052 and Q54.7818 According to the description
of the animal materigPolycitor sp”-*and the co-occurrence
of the metabolites 068, 59, and62 from P. africanus!® the
unidentified species collected in July 1992might be
taxonomically identical to the investigat&d africanusthat
was first identified by Monnitor in 1998

2.2.3. Storniamides A-D

Storniamides A-D 63—66, a new family of peptide
alkaloids, were isolated from a Patagonian spo@jena
sp. (family Clionidae) collected during low tide-0.5 m) at

Punta Verde, near San Antonio Oeste province of Rio Negro,

Argentina, in 1996° The crude ethanolic extract of the
marine sponge showed antibiotic activity against Gram-
positive bacteria. Purification of the individual constituents

In 1998, didemnimide &1 was isolated from the ascidian
Didemnum granulatunsollected in Brazif!

A less polar and deep purple cyclized didemnimide
alkaloid 72 was isolated from the same Caribbean mangrove
ascidian in 19992 Compound72 is the cyclization product
of didemnimide A67 formed via a C-2 indole condensation
with the imidazole nitrogen and represented the first alkaloid
to be isolated with this cyclized indotenaleimide-imida-
zole structures?

2.2.5. Ningalins A-D

Four aromatic alkaloids, ningalinsAD 73—76, were
isolated from an unidentified Western Australian ascidian
of the genu®idemnuncollected in Western Australia near
Ningaloo Reef by Fenical’'s group in 199¥The ningalins
are a class of natural alkaloids that have a 3,4-dihydroxy-
phenylalanine (DOPA)-derivealcatechol moiety. The four
polar and highly colored ningalins-AD 73—76 are com-
posed of several condensed aromatic systems with the unified
theme that all appear derived via condensation of DOPA
amino acid units, three of which possess highly unsaturated,
new carbon skeletorfd. Their structures were identified by
interpretation of spectral data, especially 2D NMR analysis.
In the highly condensed alkaloids, steric crowding forces
several catechol rings into twisted configurations, resulting
in unexpected shielding and deshielding of several proton
shifts in their NMR spectré&2 NMR analyses and subse-
guently computer modeling studies illustrate that phenyl rings
in ningalins B-D 74—76 adopt low-energy conformations
at approximately 90to the planes of the molecules. Although
this conformation appears to restrict rotation, creating the
possibility of optical activity, the molecules appear to be
racemic. Similar to most of the lamellarins, the energy
barriers to rotation and helical racemization are low and the
racemization is a facile process. Accordingly, ningalinsDA
73—76 showed zero rotation at the sodium D liffe.

2.2.6. Purpurone

was accomplished by bioassay-guided fractionation and Purpurone7?7, whose name reflects the purple color of

purification to reveal storniamides-AD 63—66. The struc-
tures of storniamides AD 63—66 were determined by
HRFABMS and a combination of 1D and 2D NMR

the natural product, was isolated from the marine sponge
lotrochota sp. collected in September 1983 at the Koror
Island, Palad“ The structures of purpuron® and ningalin
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D 76 are very similar (Figure 2). Purpurof& was reported  The MTT assay of lamellaria-20 sulfate46 toward HelLa

4 years earlier than that of ningalin T5.2324 Purpuroner7 cells displayed the least toxicity with an lk§of 274 uM.
cannot adopt a planar geometry due to the steric interactionLamellarin H37 and lamellarina 45 were tested against a
between H-12 and H-1ZFigure 2)?* This could result in panel of eight human tumor cell lines. Both compounds
an optically active material; however, no optical rotation was exhibited good potency and selectivity7( mean 1G, = 4

observed for77. uM, min/max 1Gy ratio = 20; 45, mean 1Gy = 2.9 uM,
min/max 1Gy ration = 10) although the selectivity patterns
3. Biological Activities differed®® Lamellarin 5 29 showed cytotoxicity against

human promyelocytic leukemia HL-60 cells with ans©f
At present, more than 70 lamellarins and related pyrrole- 11.6 nM*2 The lamellarin analogues were tested for activity
derived alkaloids have been isolated and identified. They not against erythroleukemia, lung carcinoma, malignant mela-
only possess unique structural features but also exhibitnoma, colon adenocarcinoma, prostate carcinoma, breast
interesting and significant biological properties, including adenocarcinoma, ovary adenocarcinoma, cervix epithelioid

cytotoxicity and antitumor activit:10.12.13.1517.50,75-80 m|- carcinoma, and pancreatic epitheloid carcinoma in 2004 by

tidrug resistance (MDRY}6869.72.7579.8183 H|V/-1 integrase Bailly et al®

inhibition,2:508485ntibiotic activity® human aldose reduc- Lukianols A56 and B57 exhibited moderate activity in

tase (h-ALR2) inhibitiorf® cell division inhibition? immu- the standard bioassay against a cell line derived from human

nomodulatory activity;®” antioxidant activity:* and feeding  epidermaoid carcinoma<@) with an MIC of 2.4 and 185.9

deterrencé? nM, respectivel\t® A derivative of polycitone A, pent&-
methyl polycitone A, was found to inhibit the growth of

3.1. Biological Activities of Lamellarins and SV40 transformed fibroblast at concentrations of 7.6 M.

Related Pyrrole-Derived Alkaloids Didemnimides A67, D 70, and E71 were all proved to be

. , . inactive as cell cycle checkpoint inhibitors. Compounds that
3.1.1. Cytotoxicity and Antitumor Activity inhibit the G checkpoint might be valuable in cancer

therapy?:°+% Ningalin D 76, permethyl ningalin D, and
ningalin D decaacetate were found to exhibit modest cyto-
toxic activity against a murine leukemia cell line (L1210,
ICso = 1-7 uM) and a parental human colon cancer cell
line (HCT116, 1Go = 1—-70 uM)."

A considerable number of lamellarins and related pyrrole-
derived alkaloids have been found to be cytotoxic to a wide
range of cancer cell lin€s. The most potent of these
compounds (lamellarins B5, K 12, and M 38) exhibited
cytotoxicity values in the mid-to-high nanomolar range ) . .
(?):8—110 I%IM).79 Lamellarins C3 and % 29 demonstratedg Lamellarin O52 and lukianol A56 proved to be effective
potent cytotoxicity against 10 human tumor cell lines (A549, CYtotoxic agents in a number of leukemia and lymphoma

HCT-116. LOX IMVI. MALME-3M. MCE-7. MOLT-4 screens. They were also active in human HeBauterine
OVCAR-3. PC-3. SE-295 UO-31) with IGs rénging from and glioma screens. Lukianol 36 afforded selective activity

0.4 to 19.4 nMt Lamellarin D 35 has potent cytotoxic against SW-480 colon adenocarcinoma growth, but it in
activity against various tumor cells, especially to human general was less active against the growth of solid tumors.

prostate cancer cells (DU-145, LNCaP) and leukemia cells Th? principal bio_chgmi_cal effect of 'ame”a”f.‘ 62 and.
(K562)78 Lamellarin D 35 is a potent inhibitor of DNA lukianol A 56 was inhibition of L1210 lymphocytic leukemia

topoisomerase®®. and a potent pro-apoptotic agent with DNA synthesis with less effect on RNA and protein
cytotoxic action that is fully maintained in MDR cells com-  Synthesis. They demonstrate a therapeutic profile that is very
pared to the sensitive parental cell lifte_amellarin D35 similar to current clinically used anticancer agefits.
maintained a marked cytotoxicity toward cell lines resistant - : -
to the reference topoisomerase | poison camptothecin.g'l'z' Multidrug Resistance Reversal (MDR) Activity
Bailly’s group hypothesized that topoisomerase | is not the  Multidrug resistance (MDR) is a persistent problem
only cellular target for camptothecin, and lamellarin3B limiting the effectiveness of a wide variety of anticancer
acts on cancer cell mitochondria to induce apopt¥s&ich drugs, antibiotics, and protease inhibitors. Some lamellarins
a mechanism would reinforce the pharmacologic interest of and related pyrrole-derived alkaloids were reported to act
the lamellarins and define lamellarin 85 as a lead in the  as nontoxic inhibitors of acquired MDR in various cancer
search for treatments against chemoresistant cancer cells. cell lines, revealing equally effective cytotoxic activity
Lamellarins 110, K 12, and L 15 exhibited comparable ~ against MDR cell lines and demonstrating that even at
and significant cytotoxicity against P388 and A549 cultured noncytotoxic concentrations they reverse MDR by inhibiting
cancer cell lines (I§ ~ 0.5 nM against each cell lin§).  P-glycoprotein (P-gp)-mediated drug efflef?91%€It has
The tri-O-acetyl derivative of lamellarin K showed remark- been claimed that lamellarinsdlD and K12 not only exhibit
able selectivity against the A549 human lung cancer cell line potent cytotoxic activity in vitro against MDR tumor cell
(ICs0 ~ 7.6 NM)7993|n the NCI 60 cell-line panel, lamellarin ~ lines but also reverse MDR at noncytotoxic concentra-
N 40showed some selectivity toward the melanoma cell lines tions?®"%*7**and the results of in vivo tests of lamellarin K
SK-MEL-5 (LCsp = 1.87 x 1077 M) and UACC-62 (LGo 12 are consistent with these claifffExperiments suggested
= 9.88x 10 ¢ M).12 Compounds lamellarifj 49, lamellarin that lamellarin 110 reversed MDR by directly inhibiting the
% 31, lamellarin L triacetatel6, and lamellarin F7 have ~ P-glycoprotein-mediated drug efflux at nontoxic doses and
shown excellent activities against colorectal cancer cells that the potency of lamellarin 10 as an MDR modulator
(COLO-205)*5 Cytotoxicity toward HeLa cells of lamellarin ~ was 9-16-fold higher than that of approved anticancer agent
H 37, lamellarina. 45, and lamellarino 13, 20-disulfatet7 verapamil, resensitizing the resistant malignant cells to front-
was measured using the MTT [3-(4,5-dimethythiazol-2-yl)- line therapeutics?
2,5-diphenyltetrazolium bromide] dye as an indicator of cell ~ Permethyl storniamide A, permethyl ningalin B, and much
survival with LDses of 5.7, 5.1, and 28M, respectively:?°° simpler 3,4-diarylpyrrole derivatives also exhibited similar
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MDR reversal activity at nontoxic concentratidii§? Lamel-
larin O 52 and lukianol A56 were found in Boger’s group

to exhibit modest cytotoxic activity against both wild-type
and MDR tumor cell lines, suggesting they may serve as
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data arguing for inhibition of integrase in cultured cells
awaited the isolation of viral mutants with reduced sensitivity
to 46. Mapping of such mutations to the integrase coding
region could argue strongly for inhibition of integrase during

new leads for development of antitumor agents insensitive viral replication*?

to MDR 88 Permethyl storniamide A and ningalin®t were
shown to potently reverse MDR phenotype, resensitizing a
resistant human colon cancer cell line (HCT116/VM46) to
vinblastine and doxorubicin at lower doses than the proto-
typical agent verapamil. Permethyl storniamide A and
ningalin B 74 may constitute the initial members of a new
class of MDR reversal ageni%®® Ningalin B hexamethyl
ether was also found to have good MDR activity when used
in conjunction with vinblastine or doxorubicin as compared
to use of the standard MDR reversal agent verap&mil.

Lamellarin H 37, lamellarin oo 45, and lamellarina
13,20-disulfatel 7 were also studied for their HIV-1 integrase
inhibition3® The integrase inhibition assay measured the
reduction of accumulation of strand transfer products that
result from incubation of purified HIV-1 integrase with target
DNA and DNA mimicking one end of the unintegrated viral
DNA.%0 Lamellarin H 37, lamellarino. 13,20-disulfate4?,
and lamellarino-20 sulfate 46 were also screened for
inhibition of the type 1B topoisomerase of tholluscum
contagiosumvirus (MCV) with 1Cs, (M) of 0.23, 70, and

In 2003, Soenen and his colleagues made a further studyl70, respectively. This assay, which measured DNA cleavage
on synthetic derivatives of the ningalins, and permethyl and religation, was used as a counter-screen to detected

ningalin B dimethylamide was discovered as a potent MDR

nonselective inhibitors. Lamellarin K37 exhibited very

reversal agent that hypersensitizes P-glycoprotein-resistanfotent inhibition (IGo = 1.3 uM) of HIV-1 integrase but

tumor cell lines to front-line conventional therapeutic
agents$! Amide derivatives of permethyl ningalin B were
also found as multidrug resistance reversal ag&mgalin

unfortunately was even more active in the MCV topo-
isomerase counter-screen &G 0.23uM).5° Lamellarino
13,20-disulfated 7 was a less effective inhibitor (Ko = 49

D 76, permethyl ningalin D, and ningalin D decaacetate were #M) of HIV-1 integrase than was lamellaria-20 sulfate

examined against a resistant HCT116 cell line that embodied
the MDR phenotype through overexpression of P-gp. This
cell line, HCT116/VM46, which is resistant to both vinblas-
tine (1Cso 100 vs 7 nM for parental HCT116) and
doxorubicin (IGo = 900 vs 70 nM for parental HCT116),
was treated with each of the ningalin derivatives atM,

and the 1G, was measured for co-administered vinblastine
or doxorubicin. Under these conditions, ningalin7b and

its decaacetate were inactive, whereas permethyl ningalin D
effectively resensitized the resistant HCT116/VM46 cell line
to vinblastine (IGy, = 8.5 nM, 80% reversion) and doxoru-
bicin (ICso = 100 nM, 70% reversiorn Ningalin derivatives
have been evaluated for their properties of potent reversal
of MDR and use in drug combinations against human colon
carcinoma xenograft in nude mié&The profound enhance-
ment of antitumor cytotoxicity of vinblastine and taxol in
vitro by ningalin derivatives may have multiple mechanisms
including the MDR-reversing effects.

3.1.3. Inhibition of HIV-1 Integrase and MCV
Topoisomerase

Human immunodeficiency virus (HIV) encodes three

46 (ICso = 22 uM). Lamellarin oo 13,20-disulfate47s
inhibition of HIV-1 integrase was also restrictive due to
inhibiting MCV topoisomerase at about the same concentra-
tion (ICso = 70 uM). Lamellarin H 37 is a more potent
inhibitor of HIV-1 integrase but lacked the specificity
required to be clinically usefif Polycitone A58 was found

to be a potent inhibitor of retroviral reverse transcriptases
(i.e., HIV-1) and cellular DNA polymerasés.

3.1.4. Antibiotic Activity and Antibacterial Activity

Storniamides A-D 63—66 showed antibiotic activity
against Gram-positive bacteriéSt@phylococcus aureus
Bacillus subtilis,and Micrococcus luteusat 50 ug/disk*®
Lamellarins Q54 and R55 have been shown to have no
antibiotic activity® Lamellarins A1, B 32, and C3, the
triacetate of lamellarin 36, | 10, J11, K 12, L 15, and M
38, and the triacetate of lamellarin &L were also found to
have no antibacterial activify.

3.1.5. Inhibition of ATP-Citrate Lyase and Human Aldose
Reductase (h-ALR2)

Purpurone?7 is a potent inhibitor of ATP-citrate lyase

enzymes of reverse transcriptase, protease, and integrasdACL).?* It inhibited ACL in a dose-dependent manner and

Anti-HIV drugs targeting the first two enzymes have been
successfully employed for the treatment of acquired immune
deficiency syndrome (AIDS). HIV-1 integrase is a promising
target for anti-retroviral chemotherapy. Faulkner and co-
workers reported that lamellarin20 sulfated6 is a selective
inhibitor of HIV-1 integrase both in vitro and in vivt3:>°
Compound46 inhibited the integrase terminal cleavage
activity with an 1G of 16 uM, strand transfer activity with
an 1Gy, of 22 uM, and growth of the HIV-1 virus in cell
culture with an 1Gy of 8 uM.*? Unlike most other natural
product integrase inhibitors, inhibition was not completely
regulated by the core domain but also partially by the N-
and/or C-terminal domains (kgfor disintegration for the
catalytic core 64«M, for the intact enzyme #M), indicating
that some form of unique multisite binding might be
responsible for this inhibitioA: Compound46 could inhibit
viral replication in cultured cells by acting on part of the
viral life cycle consistent with inhibition of integration. Firm

has an 1G, of 7 uM. When tested for cytotoxicity, purpurone
77 was found to be nontoxic to Hep G2 cells, showing no
reduction in cellular ATP levels at 143.3 nM. Preliminary
biological data indicated that7 was able to reduce fatty
acid but not cholesterol biosynthesfs.

In 2006, lukianol B57 was found to be the most active
aldose reductase inhibitor (ARI) among all the phenolic
derivatives assay€d.

3.1.6. Cell Division Inhibition and Immunomodulatory
Activity

Lamellarins D35 and C3 were shown to inhibit cell
division of sea urchin egg at concentrations of AgmL
with 78% and 15% inhibition, respectively, while lamellarins
A 1 and B 32 were inactive during the same bioassay.
Lamellarins K12 and L 15 have been observed to possess
moderate immunomodulatory effects in the micromolar range
(for 12 and15, LcV = MLR 147 and 98, respectivelf)in
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2006, there was a patent filed that claimed ningalin com- measurements by absorbance, fluorescence, and electric
pounds for use in modulating immune responses to infection, linear dichroism spectroscopy showed that lamellari@®

injury, allergy, and/or transplantatiéh. was a weak DNA binder that intercalated between base pairs
o o of the double helix. In contrast, the nonplanar LAM-501 did
3.1.7. Antioxidant Activity not bind to DNA. LAM-501 was therefore found to be

inactive against topoisomerase | and considerably less

Lamellarinsy 30, K 12, U 22, 1 10, and C-diacetatd cytotoxic than the natural product lamellarin3s, indicating

were evaluated for their antioxidant activity, and the results that the planarity of the hex lic chromobhore w.
showed that all of them demonstrated antioxidant properties at the pianarity of theé hexacyclic chromophore was
only at millimolar range compared with standard antioxi- essential for DNA binding and topoisomerase | inhibitf8n.
dants, which were active in the micromolar range. On the ~Lamellarins B32, H 37, M 38, N 40, W 42, and X 43
basis of the values of kg and the Trolox equivalent also possess a double bond at C-5 and C-6 in the B ring and

antioxidant capacity (TEAC), the rank order from the most Showed potent inhibition of human topoisomerasd# ITen

active to the least active compound wi®> 30 > 12 > 4 derivatives of lamellarin D were synthesized with varying

> 2214 substituents on the aromatic rings and evaluated for cyto-
toxicity against a HelLa cell line to examine their SAR. The

3.1.8. Feeding Deterrent study showed that the presence of hydroxyl groups at the

. _ C-8 and C-20 positions would be essential for their cyto-
Didemnimides A-D 67—70 were reported to be potent qyisity “while the hydroxyl group at C-14 and the two
feeding deterrents against a natural assemblage of mangrover—nethoxy groups at C-13 and C-21 appeared to be less

specific carnivorous fisf:%°Ecologically relgvant field and important for the cytotoxic activity®3 Further studies on the
Iaboratory experiments _have be?” designed to test thegap of eight lamellarin derivatives were reported in 20%5.
hypothesis that didemnimides function as predator deterrents:rg gerivatives have been studied as topoisomerase | (Topl)
Didemnimides A-D 67—70 were found to constitute a jppipitors. Molecular models of the ternary complexes
significant chemical defense against carnivorous fish in ¢;.med between the DNA-Top1 ensemble and lamellarin D
mangrove habitats. Didemnimide [0, the most active 35 1y intercalated into the duplex DNA have been built
compog_r;d, dgterred feedm(i; of carnivorous vyra'EbaIas.- and studied by means of nanosecond molecular dynamics
soma |ashC|atumat dna_lturﬁ concentrations  in aquanymlf simulations in aqueous solution. The results showed that the
assays. When tested in the mangrove environment itself, c_g anq ¢-20 hydroxyl groups in the lamellarin series would

using an established method with control and treated foods, o e major determinants of both Top1 cleavable complex
didemnimide D70 alone significantly reduced consumption - g¢apijization and the cytotoxic actidf Another report also

relative to control$® The relationship between antipredatory ¢.owed that the absence of a hydroxyl group at C-8 in
activity and the structure was the subject of additional studies. |5 1 allarins y 30, K 12, U 22, | 10, and C-diacetatet

Fenical et al. found that the activity of the didemnimides yocreased ‘the potency of antioxidant activity of these

was highly depe“der?t on structure. Didemnimidé’(lDthe. compounds, while the presence of different functional groups
only compound that inhibited feeding in both lab and field ,'=14 did not produce marked changes in the antioxidant
assays, bears both a bromine on the indole ring and a methy Ctivity.14:103

roup on the imidazole rin§?°
group g Faulkner and co-workers studied the SAR of lamellarin

o ; ; o 45 and its 20-sulfatet6 and 13,20-disulfate derivatives
%’ti'd%tsrucwre Activity Relationship (SAR) 47 for inhibition of HIV-1 integrase. Lamellaria. 45 showed
no inhibition of HIV-1 integrase at concentrations up to 1.6
The first reported study on SAR of lamellarins and related MM, while its sulfate derivatived6 and47 had significant
pyrrole-derived alkaloids concerned lamellarin3B?” one ICs0s of 22 and 4QuM, respectively. These results showed
of the most potent lead compounds for the control of caficer. that the presence of sulfate on the periphery could greatly
The double bond at C-5 and C-6 in lamellarirBB seemed influence selectivity in HIV-1 integrase inhibitiof. The
to be an essential element for the antitopoisomerase Iresults were unexpected because other non-sulfated lamel-
activity 27191 A library of open lactone analogues of lamel- larins inhibited HIV-1 integrase with l&gs in the low
larin D was generated and tested in a panel of three humanmicromolar rangé? It did however support the idea that the
tumor cell lines, MDA-MB-231 (breast), A-549 (lung), and activity of lamellarin o 20-sulfate 46 results from the
HT-29 (colon), to evaluate their cytotoxic potential. From compound acting as a mimic of the terminal unit of the viral
these data it was concluded that more than 75% of the open-DNA with the sulfate group binding to a site that normally
chain lamellarin D analogues tested showed cytotoxicity in binds the terminal phosphate of the DNA. Lamellaoin
a low micromolar G4, range®? The hydroxyl groups at C-8,  13,20-disulfate47 was considered as a nonselective HIV-1
C-14, and C-20 in lamellarin 35 were also important for ~ integrase inhibitor. Faulkner and co-workers proposed that
cytotoxic activity and DNA-topoisomerase | inhibiti§hl0t the nonselective inhibitors with two or more sulfate groups
Interestingly, derivatization of the these phenolic hydroxyl bind to sites that normally bind to two consecutive phosphate
groups with amino acids, which preserved the hydrogen- units in intact DNA Cytotoxicity toward HelLa cells of
bonding capacity at these sites, afforded potent compounds)amellarin H37, lamellarina. 45, lamellarina. 20-sulfate46,
whereas acylation with various carboxylic acids resulted in and lamellarino. 13,20-disulfate47 was measured, and the
a considerable decrease in poteftiP! results showed that protection of the phenolic hydroxyl group
Lamellarin D35, which displayed potent cytotoxic activi- @S the sulfate could reduce the cytotoxicity of the parental
ties against MDR tumor cell lines and was highly cytotoxic lamellarins in generaf.50.5t
to prostate cancer cells, has a pentacyclic planar chro- The didemnimides 47, D 70, and E71 were inactive as
mophore, whereas its synthetic 5,6-dihydro analogue, LAM- cell cycle checkpoint inhibitors. In order to initiate a
501, has a significantly tilted structut®.DNA binding guantitative structureactivity relationship (QSAR) study on
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Figure 3. Possible biogenetic pathways for several apparently DOPA-derived alkaloids from marine ascidians. (Reprinted with permission
from ref 23. Copyright 1997 American Chemical Society.)

granulatimide (inhibitor of the &cell cycle checkpoint of  azadiene DielsAlder cycloadditiorf® oxidative dimeriza-
mammalian cancer cells) and didemnimides as cell cycle tion,*®44or double-barreled Heck cyclizatidff The postu-
checkpoint inhibitors, Trsic et al. performed molecular orbital lated biogenetic pathway for the alkaloids thought to be
calculations for these compounds. The electronic featuresDOPA-derived is shown in Figure?3 A possible biogenetic
and structural parameters were compared with inhibition of relationship between the lamellarins and polyciton&&\

the G checkpoint. The hydrogen atom attached to the and polycitrins A60 and B61 was described by Kashman
nitrogen atom of the indole moiety has a higher value of et al. (Figure 4}

electronic charge in the biologically active compounds than  Solid-phase combinatorial synthesis is one of the most
in the inactive compounds. The inactive didemnimides A useful techniques for the preparation of a large number of
67, D 70, and E71 were more lipophilic than the active structurally related molecules. This technique provides fast
molecules due to the high electron density in the central access to larger collections of products that may possess great

regions that enhance their hydrophobicity. diversity and incorporate optimized physical and pharma-
cological properties into the structures of lamellaffif§:109113
4. Synthesis Synthetic studies of lamellarins and related pyrrole-derived

alkaloids have been summarized in Table 2. Several typical

In light of the fascinating novel structures, intriguing synthetic approaches leading to lamellarins and related
biological properties and the difficulty in obtaining large compounds are presented in Schemed 1L
quantities from the natural sources, the lamellarins and
related pyrrole-derived alkaloids have attracted great interest4.1. Synthesis of Lamellarins
as challenging natural product targets for total synthesis.
Several regsegmh grouF;))s, includi%g |Shib§§ﬁf;40¥1,103 4.1.1. Synthesis of Lamellarins D, H, and N
Steglich$7.38.44.56,57,59,61,63,66, 7R chirawat®4352.74.105 Ban- In 1997, Ishibashi's group accomplished the first total
well,4247:49.106,103y|kners® Gupton3*62.72Boger’®-70.75.108 synthesis of lamellarin-class natural alkaloids, lamellarin D
and Handy! have reported synthesis of lamellarins and 35 and H 37, using N-ylide-mediated cyclization of a
related pyrrole-derived alkaloids. A number of elegant benzylisoquinoline derivative as the key ring construction
synthetic strategies have been employed in which highly procedure in five steps; yields 86 and37 were 18% and
functionalized precursors are assembled into the pyrrole core15%, respectively (Scheme ¥)In 2005, an efficient and
by means of intramolecular ylide cycloadditigid®:42:45:52 highly convergent total synthetic route to lamellarin3B
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Figure 4. Possible biogenetic relationship between the lamellarins, polycitor&)and polycitrins A 60) and B 61). (Reprinted with
permission from ref 17. Copyright 1994 American Chemical Society.)

Scheme 1. Synthesis of Lamellarins D (35) and H (3%)

OBn
MeO,C  OMOM
BnO MeO
O BnO O
MeO O OMOM
MeO SN : MeO 79 OBn MeO o -
O - MeO 5
BnO Z N
=
BnO
® 80a
OBn
MeO R,
BnO ! O R
ii—> MeO [@] #»
MeO O B l\é\COZEt
B
BnO A B8O
83 R,=OBn, R,=OMe
i (31 RZGMOM v ({35 Lamellarin D Ry=OH, R,=OMe
B 37 Lamellarin H R;=R,=OH

aReagents and conditions: (i) LDA, THFY, 63%,; (ii) BrCHCO,EY; (iii) cat. HCI, MeOH; (iv) EgN, CH.Cl,, 34% (3 steps); (v) bl Pd(OHY/C,
EtOAC, 82%; (vi) BBg, CH.Cl,, 68%. (Reprinted with permission from ref 31. Copyright 1997 Elsevier B.V.)

was achieved in eight steps with an overall yield of 18%  In 2006, lamellarins 35, L 15, and N40were efficiently
through sequential and regioselective bromination/Suzuki generated in total yields of 54%, 58%, and 50%, respectively,
cross-coupling, microwave-assisted oxidation, phenol group using Hinsberg-type pyrrole synthesis and palladium-
deprotection, and subsequent lactonization (ScherferRjs catalyzed SuzukiMiyaura coupling of the common inter-
synthetic strategy can be exploited for the preparation of othermediate 3,4-dihydroxypyrrole bistriflate as the key reactions
open-chain lamellarins. A library of open lactone analogues (Scheme 3§! Convergence of this synthetic strategy could
of lamellarin D was then prepared from the scaffold of €nable the synthesis of a wide range of natural or non-natural
methyl 5,6-dihydropyrrolo [2,3] isoquinoline-3-carboxylate Ia_me_llarins by simple str_uctur_al modifica_tion of the starting
by introducing various aryl groups through sequential and bistriflate and arylboronic acids in relatively short stéps.
regioselective bromination followed by Pd (0)-catalyzed  The total synthesis of lamellarin B7 was first reported
Suzuki cross-coupling chemistry in a-244% overall yieldf? in 19973% In 2002, lamellarin H37 was also synthesized by
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Scheme 2. Synthesis of Lamellarin D (358)

FPro TsO Ho]@
88

[ 5 MeO 1\ o)

& COMe 8s B N~ ~COMe ii

N - -
H i-PrO
84 86 R=H
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R .
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O X
MeO Br MeO B/O
MeO 7\ 2
N CO,Me v MeO 1\ Vi
) —_— N~ ~COMe _
i-PrO >
-Pro
., 89 R=OH
v (99 R=01-Pr a
i-PrQ MeQ  oipr
weo_) § )
ix .
MeO Oi-Pr vii ———» lamellarin D
O N~ ~COMe > 35
i-Pro
. (4RGP

aReagents and conditions: (i) (&85, NaH, DMF, (2) PdCl(pphs)2, PPh, K2COs; (i) NBS, THF; (iii) 88, Pd(PPh)4, N&COs, DMF; (iv) i-PrBr, KoCOs,
DMF; (v) NBS, THF; (vi) 92, Pd(PPB)4, KsPOs, DMF; (vii) DDQ, CHCIs, MW; (viii) AICI 5, CH,Cly; (ix) NaH, THF. (Reprinted with permission from ref
32. Copyright 2005 American Chemical Society.)

Faulkner and co-workers using a different route (Scheme starting from a symmetric 3,4-dihydroxypyrrole bis-triflate

4)59 The two routes were complex and accomplished by derivative, was reported by Iwao and co-workers in 2003.
more than 10 steps of chemical synthesis. In 2005, a newThis short and flexible route was developed using two key
and simple route was developed to synthesize lamellarin Hreactions: Hinsberg-type condensation and palladium-
37 and its derivatives. The fabricated intermediate, 2,4,5- catalyzed Suzuki cross-coupling starting from a symmetric
trimethoxy-a-chloroacetophenone, was the key starting bis-trifloxy pyrrole® More recently, Handy et al. reported

material for this synthesi®. The next year the same group a modular synthesis of the lamellarin G trimethyl ether that
reported the synthesis of the second intermediate of lamel-was based on application of three iterative sequential and
larin H 37, 1-(3,4-dimethoxyphenyl)-8,9-dimethoxy-2-(2,4,5- regioselective halogenation/Suzuki cross-coupling events.

trimethoxyphenyl)-pyrrolo-[2,1x]-isoquinoline!!4 This route accessed the target structure in 11 steps with 9%
, ) ) overall yield#!

4.1.2. SyntheSIS of Lamellarin G Trlmethyl Ether and In 2006, lamellarin G8 was Synthesized in 57% overall

Lamellarin G yield by the key step of formation of 3,4-diarylpyrrole-2,5-

In 1997, Steglich’s group described a biomimetic synthesis dicarboxylic acids from arylpyruvic acids and 2-arylethyl-
of lamellarin G trimethyl ether in 33% overall yield. The aminesY’
key step was the oxidative dimerization of an arylpyruvic . .
acid and condensation of the resulting 1,4-dicarbonyl com- 4.1.3. Synthesis of Lamellarins |, K, L, and U
pound with a suitable 2-arylethylamine. This method could  Banwell's group reported the total synthesis of lamellarin
be applied to the synthesis of other lamellarins, especially K 12in 1997. The pivotal step is construction of the central
to those with nonsymmetrically substituted aryl gro&pis pyrrole ring by an intramolecular 1,3-dipoar cycloaddition
2001, a general and efficient synthesis of lamellarin G between an azomethine ylide and an alkfh8anwell’'s
trimethyl ether was achieved by Ruchirawat et al. in synthesis of lamellarin KL2 was particularly interesting
Thailand®® The synthesis involved formation of the core because it was convergent, versatile, and high yielding. The
pyrrole [2,1¢] isoquinoline followed by formation of the  highly convergent nature of the reaction sequence would
lactone ring. Later on, in 2003, Ruchirawat et al. further suggest that this approach could be readily adapted to the
developed the synthesis of lamellarins using direct metal preparation of lamellarins AN 1, 32, 3, 35 6—8, 37,
halogen exchange of 2-bromopyrrole carbonate derivatives10—12, 15, 38, and40 and S-X 18, 19, 22, 24, 42, and43
with tert-butyllithium followed by intramolecular lactoniza- as well as many analogues thereof. In 2001, lamellarins |
tion of the resulting 2-pyrrole anion onto the carbonate to 10 and K12 were synthesized by a related approach based
generate the corresponding lamellarins in moderate to goodon a [3+ 2] cycloaddition of a nitrone to an alkyne. The
yields5? The synthesis of lamellarin G trimethyl ether, key cycloaddition yielded an isoxazoline which was rear-
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Scheme 3. Synthesis of Lamellarins D (35), L (15), and N (40)
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15 lamellarin L
aReagents and conditions: @) or 98 (1.0 equiv), Pd(PPfu (2 mol %), THF, reflux 4 h (99, 76%; 100, 77%); (ii) (1)101 (2.0 equiv), Pd(PPu (8
mol %), THF, reflux, 18 h, (2) concd HCI, MeOH, refill h (102 98%;103 95%); (iii) (1) 40% KOH-EtOH (1/1), reflux, 3 h, (2) cap-TsOH, CHCly,
reflux, 1 h (104, 90%; 105 91%); (iv) CuyO, quinoline, 22C°C, 7 min (L06, 94%; 107, 99%); (v) Phl(OCOCE),, BFs-OEf, CH,Cl,, —40°C, 1.5 h 108
88%; 109, 90%); (vi) Pd(OAc) (1.1 equiv), CHCN, reflux, 12 h (10 65%; 106, 14%; 109, 65%; 107, 15%); (vii) DDQ (1.5 equiv), toluene, reflux, 18
h (110, 97%; 111, 96%); (viii) BCls, CH,Clp, —78°C, 0.5 h, then rt3 h @5, quant;15, 98%;40, 88%). (Reprinted with permission from ref 34. Copyright
2006 Elsevier B.V.)

ranged to afford the central pyrrole riggin 2004, lamel- as the only necessary hydroxyl protecting group since all
larins K 12 and L 15 were successfully obtained by the benzyl groups could be removed in the same step by
Ruchirawat et al. in three steps from benzyldihydroisoquino- simple palladium-catalyzed hydrogenoly&isn 2006, bio-
lines with ester nitrostyrene in 65% and 61% overall yields, mimetic syntheses of lamellarin K2 were developed by
respectively. The key step was the Michael addition/ring- Steglich et al. in four steps and 37% overall yiéldn the
closure reaction of benzyldihydroisoquinoline derivatives same year, 28 natural (lamellarins3CE 6, F 7, G 8, | 10,

with ethoxycarbony3-nitrostyrenes (Scheme $)The basic J11, K12, L 15 T 19 U 22 Y 26, andy 31) and unnatural
building blocks for the lamellarins are simple and easily lamellarins with either a saturated or an unsaturated D ring
prepared substituted-benzaldehyde derivatives. Each lamelwere synthesized by Ruchirawat et al. The key step involved
larin could be analyzed to consist of three such building the Michael addition/ring closure (Mi-RC) of the ben-
blocks: two in the benzyldihydroisoquinoline derivative and zyldihydroisoquinoline andux-nitrocinnamate derivatives,
the other in the ester nitrostyrene. This convergent syntheticwhich provided the 2-carboethoxypyrrole intermediates in
approach could allow easy incorporation of all aryl groups moderate to good yields (up to 78% yiefd).

on the lamellarin skeleton without the need for complex  Biomimetic total synthesis of the nonsymmetrical lamel-
protecting group strategies. The benzyl group was chosenlarin L 15 was developed in 2000 by reaction of the ethyl
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Scheme 4. Synthesis of Lamellarin H (37), Lamellariro (45), and Lamellarin o 13,20-Disulfate (47)
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aReagents and conditions: {HPrBr, K;COs, DMF, rt, 48 h; (ii) CBu, Zn, PPh, CH.Cl,, 0—25 °C, 4 h; (iii) n-BuLi, THF, —78 to —25 °C, 2 h; (iv)
AgOCOCKH, |z, CH.Cly, reflux, 12 h; (v) Pd(PPfs, Cul, NEg, 45°C, 5 h; (vi) MCPBA, KHCQ, CHxCly, rt,1 h; (vii) NHz, CH,Clo/MeOH (1:1), rt, 2 h;
(viii) ICH2COOH, DCC, DMAP, CHCly, rt, 5 h; (ix) CICH:CH,CI, rt, 24 h; (x) Hunig's base, reflux, 30 h; (xi) DDQ, GHI/EtOH (1:1), reflux, 48 h; (xii)
BCl3, CHyClp, 0 °C, 6 h; (xiii) DMF—S0;, DMF/pyridine (4:1), 65°C, 2 h; (xiv) BBr, CHCL, 55 °C, 24 h. (Reprinted with permission from ref 50.
Copyright 2002 Elsevier B.V.)

3-arylpyruvate with the methyl 2-bromo-3-arylpyruvate in  4.1.4. Synthesis of Lamellarins O and Q and Lamellarin

the presence of the 2-arylethylamine, which afforded the O Dimethyl Ether

in five stepst* The synthesis proceeded with 38% overall Banwell et al. using Stille, Suzuki, or Negishi cross-coupling
yield and mimicked the probable biosynthesis of the ana- reactions as the key step (Schemé77)otal synthesis of

logues of lamellarin ** Lamellarin L15 and lamellarin U |amellarin 052 has also been reported utilizing a common
22 were generated via a total solid-phase synthésfsThe heterocyclic azadiene DielsAlder reaction by Boger et &F.
key step of this approach was the solid-phase conversion ofin 2004, Albericio’s group described an efficient solid-phase
an aldehyde group into a formate by a Baey¢illiger strategy for synthesis of lamellarins & and Q54 using
reaction and an intramolecular {8 2] cycloaddition of a  Merrifield resin and\N-protected methyl 3,4-dibromopyrrole-
3,4-dihydroisoquinolinium salt over a triple boffdThis 2-carboxylate as a scaffofd.The process involved incor-

solid-phase synthetic strategy would enable the constructionporation of the appropriately substituted pyrrole ring onto a
of related compound libraries for biological evaluation. p-alkoxy iodophenyl resin through a Negishi cross-coupling
Lamellarins U22 and L 15 were generated in 10% and 4% reaction. This step was followed by a Suzuki cross-coupling
overall yield, respectively, after eight-step solid-supported reaction to introduce the second substituted phenyl ring and
synthesis (Scheme &) Lamellarin L15was also synthesized  N-alkylation of the pyrrole. Final cleavage was achieved
by lwao et al. in 2006 (Scheme %). using Lewis acid to give the desired product. Diversity can
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Scheme 5. Synthesis of Lamellarins K (12) and L (15)
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aReagents and conditions: (i) NaHgQ25 CHsCN, reflux, 70% (26), 70% (127); (ii) H,, Pd/C, EtOAC; (iii) NaH, THF, 93%X2, over 2 steps), 87%
(15, over 2 steps). (Reprinted with permission from ref 43. Copyright 2004 by John Wiley & Sons, Inc.)

Scheme 6. Synthesis of Lamellarin U (22) and Lamellarin L (15)
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aReagents and conditions: (i) DEAD, PPBIEA, THF, 0°C, 10 min, rt, 3 h, loading of Merrifield resis 0.68 mmol/g; (ii) 2-ethynyl-5-isopropoxy-
4-methoxy-benzaldehyde (3 equiv), Cul (0.6 equiv), Pd {#1,] (0.3 equiv), THFE&N (3:1), Ny, 20 h; (iii) mCPBA (6 equiv), NaHC® (12 equiv),
CH.Cl,, 0—20°C, 15 h; (iv) 2 M KOH, THF—MeOH, rt, 5 h; (v) ICHCO.H (10 equiv), DMAP (15%), DIP (10 equiv), DMF, rt, 12 h; (vi) 3,4-dihydro-
6,7-dimethoxyisoquinoline (6 equiv), GBICHyCI, rt, 24 h; (vii) DIEA (7 equiv), 83°C, 24 h; (viii) AICl3 (15 equiv), CHCI,, rt, 12 h. (Reprinted with
permission from ref 45. Copyright 2003 American Chemical Society.)

137

be introduced in each step of the synthetic process as wellconditions, which could generate a compound library of
as during the final cleavage using the appropriate Lewis acid lamellarins 052 and Q54. Lamellarins 052 and Q54 were
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Scheme 7. Convergent Synthesis of Lamellarins O (52) and Q (54) and Lukianol A (56)
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aReagents and conditions: (i) NBS (3 equiv), THF8°C, 1 h then 20C for 4 h; (ii) PhLi (1 equiv),—78°C, 0.16 h then CICeMe (1.05 equiv),—78
to 20 °C, 1 h; (iii) Pd(PPB)2Cl> (10 mol %), 1,4,-dioxane, 101C, 14 h; (iv) BuNF (10 mol % excess), THF, 20C, 1 h then 0.5 M aq.HCI; (v)

p-MeOCsH,COCH:Br (3 equiv.), KCOs (5 equiv.), BUNCI (20 mol %), THF,

66°C, 7 h; (vi) Pd(PP¥$)4 (5 mol %), satd ag. N&O; (6 equiv), DMF, 153

°C, 23 h; (vii) see ref 53. (Reprinted with permission from ref 47. Copyright Royal Society of Chemisty 1997.)

also generated via a solid-phase synthetic approach that wasnediated and other coupling reactions, and lamellarin

applied to the preparation of lamellarins22 and L 15 at
the same timé®

In 1995, a titanium-induced cyclization of readily acces-
sible amide-enones to substituted pyrrole derivatives was
applied to the total synthesis of lamellarin O dimethyl ether
(Scheme 853 After that, lamellarin O dimethyl ether was

13,20-disulfate47 was semi-synthesized by treatment of
lamellarina 45 with the DMF complex of sulfur trioxide in
DMF/pyridine° The first total synthesis of lamellarin 20-
sulfate 46 has been just recently developed in 2006 in 14
steps from 2-(3,4-dimethoxyphenyl) ethylamine with an
overall yield of 249! The lamellarino. core in which 13-

also synthesized by Gupton’s group in 1999. The authors OH and 20-OH were differentially protected by isopropyl
demonstrated that the vinylogous amide, the chloropropen-and benzyl groups, respectively, was constructed using

iminium salt, and thes-chloroenal react successfully with
glycine esters in a regiocontrolled and efficient fashion to

Hinsberg-type pyrrole synthesis and Suztlkiyaura cou-
pling as the key reactions. The 20-sulfate was prepared by

produce 2,3,4-trisubstututed pyrroles that lead to lamellarin a sequence including debenzylation of 20-OBn, 2,2,2-

O dimethyl ethef?

4.1.5. Synthesis of Lamellarin T Hybrids

The lamellarin T hybrids were synthesized by Banwell et
al. in 2006. The key steps included selective lithium-for-
halogen exchange, Negishi, and Suztidiiyaura cross-
coupling reaction4?

4.1.6. Synthesis of Lamellarin o, Lamellarin o
13,20-Disulfate, and Lamellarin oo 20-Sulfate

In 2002, a synthetic approach to lamellakin45 and
lamellarino. 13,20-disulfate47 was reported (Scheme #).
Lamellarin a 45 was generated relying on palladium-

trichloroethylsulfation of the resulting 20-OH, deprotection
of 13-Gi-Pr, and final reductive cleavage of the 2,2,2-
trichloroethyl ester. This synthesis could pave the way to
generation of diverse sulfated lamellarfds.

4.2. Synthesis of Pyrrole-Derived Alkaloids
Related to Lamellarins

4.2.1. Synthesis of Lukianol A

Seven independent total synthetic routes of lukian®i6A
have been reported since 19987:5356.68 Structurally, luki-
anol A 56 possesses a unique methyl 3,4-diarylpyrrole-2-
carboxylate skeleton. In 1995, a concise titanium-mediated
approach to pyrroles was accomplished, and this method was
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Scheme 8. Synthesis of Lukianol A (56)
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a Reagents and conditions: (iy8,, NaOH, EtOH/HO, 0°C, 98%; (ii) (1) BR-Et,0, EtO, reflux; (2) NHOH-HCI, pyridine, EtOH, reflux, 67% (over
2 steps); (iii) B (1 atm), Pd (5%)/C, THF, 94%Z}:(E) = 1:1; (iv) CIOCCQMe, pyridine, THF, 73%,Z):(E) = 2.5:1; v, Ti—graphite (TiC}:CgK = 1:2),
DME, reflux, 52%; (vi)p-MeO—CsH4sCOCH,Br, KoCO;3, acetone, reflux, 91%; (vii) (1) K&tBu, H,0, EtO, 0°C; (2) AcO, NaOAC, reflux, 59% (over
2 steps); (viii) BBg, CH,Cl,, —78 °C, 99%. (Reprinted with permission from ref 53. Copyright 1995 American Chemical Society.)

Scheme 9. Biomimetic Total Synthesis of Polycitrin A (63)
ii
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HsCO OCHs HsCO OCH; HsCO OCHjg
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aReagents and conditions: (i) (1) THF, n-Buki,78 °C, (2) 0.5 equiv, 4, =78 to 25°C, (3) NHs, TiCls, 72%; (ii) NaOCI,95%; (iii) NaHS@ (iv) (1)
KOH, (2) HCI, 75%; (v) BBg, 78%; (vi) Br,, AcOH,83%; (vii) tyramine, diisopropylethylamine, PhOH (melt), 180 78%. (Reprinted with permission
from ref 57. Copyright 1995 Elsevier B.V.)

applied to the first total synthesis of lukianol¥6 (Scheme tuted H-pyrroles as the pivotal stép.In 2006, Steglich et

8) in eight steps with 12% overall yield starting from al. developed a biomimetic approach to synthesize lukianol
commercially available 4,4imethoxychalconé? Lukianol A 56in which the lukianol skeleton is assembled in a single
A 56was also convergently synthesized using Stille, Suzuki, step®” The following year, they reported that simple 3,4-
or Negishi cross-coupling reactions as the key $tép1999, diaryl- and 3,4-diindolylpyrrole-2,5-carboxylic acids can be
Boger’s group reported obtaining lukianol96 by utilizing easily obtained from aryl(indolyl)pyruvic acids and ammonia
a common heterocyclic azadiene Dielslder reactiorf® In in a reaction that can be applied to a short synthesis of
the same year, Gupton et al. reported an efficient relay lukianol A 56.56

synthesis of lukianol A6 and related compounds utilizing . " .

vinylogous iminium salt derivatives as key intermediates for 42.2. Synthesis of Polycitrins A and B and Polycitones A

the regioselective synthesis of heterocyclic compotiftts.

2000, a formal total synthesis of lukianol 6 was com- Both polycitrins A60 and B61 contain a maleimide unit
pleted by Wong’s group. The target alkaloid was prepared in their structures. Biomimetic total synthesis of polycitrin
through a strategy that utilized tifeeffect of a trimethylsilyl A 60 was described by Steglich and co-workers in 1995.
group to a highly regioselective synthesis of 2,3,4-trisubsti- The synthesis was based on formation of 3,4-bisarylpyrrole-
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Scheme 10. Total Synthesis of Polycitrin B (6%)
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168 v (471 R=OH
Meo Br OH Meo Br Br.  OH
_— __ _—
070”0 0™ Ng" =0
172 173
v polycitrin B (88%)  +  polycitrin A (14%)
61 60

aReagents and conditions: (i) BfeBr, 80%; (i) MeONa, MeOH, (C@Me),, 99%; (iii) (CR:SO,)-20, iPLNEL,CH:Cl,, 84%; (iv) 169, Pddbas, PhP,DMF,
81%; (v) MeSICl, Nal, MeCN, 92%; (vi) NaOH, kD, MeOH, 77%; (vii) Bs,AcOH, 89%; (viii) tyramine,iPrLNEt, phenol, molecular sieves, 14C.
(Reprinted with permission from ref 60. Copyright 2000 Elsevier B.V.)

Scheme 11. Synthesis of Ningalin A (78)
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a Reagents and conditions: (i) BBnCCSnBu,(PhsPuPd, 79%; (ii)176, 87%; (iii) Zn, HOAC, 63%; (iv) HCIEtOAc, 94%; (v) DBU, 100%; (vi) BB,
96%. (Reprinted with permission from ref 68. Copyright 1999 American Chemical Society.)

2,5-dicarboxylic acids from 3-arylpyruvic acids by oxidative N-alkyl substituent. Polycitrin A60 was thus obtained in
coupling and consecutive pyrrole ring formation. The pyrrole six steps from 3-(4-methoxyphenyl) pyruvic acid with 26%
dicarboxylic acids were then converted into 3,4-bisaryl overall yield (Scheme 9Y. After 11 years the same group
maleimides by treatment with hypochlorite. The synthesis reported a considerably shorter synthetic route to polycitrin
was then completed by bromination and introduction of the A 60 starting from 3-(3,4-dibromo-4-methoxyphenyl) pyruvic
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acid in three steps and in 43% overall yié€ldRolycitrin A dolylmaleimides via a Kt-BuO-catalyzed condensation of
60 and prepolycitrin A62 were also reported by Correia’s  indole-3-acetamide with methyl indolyl-3-glyoxylat&sThe
group in 2006. Polycitrin A60 was obtained from maleic  total synthesis of didemnimide 87 was also developed by
anhydride and 4-methoxybenzenediazonium tetrafluoroboratePiers et af! In the same year, didemnimide was
by palladium-catalyzed Heck diarylation of maleic anhydride synthesized by Steglich’s group in four steps in 29% overall
in four steps? yield. The key step in the synthesis is the Stille coupling
In 2000, Italian scientists reported the first total synthesis between the urethane-protected 3-bromo-4-(indol-3-yl)-
of polycitrin B 61 based on a palladium-catalyzed cross- methylmaleimide and 5-tributylstannyl-1-methylimidaz®ie.
coupling reaction (Scheme 10) and starting from 3,5- Two years later, Piers and co-workers also reported the

dibromo-4-methoxy-phenylacetic acid methyl estePoly- synthesis of didemnimide 69in three steps from 1-methyl-
citrin B 61 was obtained in a good yield and crystallized 2-phenylthioimidazole in 28% overall yield. It is a shorter
from CH,Cl,—pentane as yellow crystals. synthesis than those previously reporiéd.

Polycitones A58 and B59 are polybrominated lamellarin- . L
related alkaloids. Both polycitones 28 and B59 were first 4.2.5. Synthesis of Ningalins A=D
synthesized in 2002 in Steglich’s group. Polycitones® The first total syntheses of ningalins78 and B74 were
was obtained in four steps from pyrrole dicarboxylic acid, achieved in Boger’s lab in 1999 and 2000, respecti¢efy.
including Friedet-Crafts reaction of the corresponding acid The syntheses were based on a common heterocyclic aza-
chloride with anisolé! Conversion of polycitone B9 into diene Diels-Alder strategy (1,2,4,5-tetrazine 1,2-diazine
polycitone A 58 was then achieved in two steps via — pyrrole) (Scheme 11% 7 The main feature of this
Mitsunobu alkylation of the pyrrolic NH group. Polycitone strategy is the unusually effective 4 2] cycloaddition of
A 58was obtained in eight steps from 3-(4-methoxyphenyl) the electron-deficient 1,2,4,5-tetrazine with an unsymmetrical
pyruvic acid with 22% overall yield. The synthesis is very and electron-rich alkyne, which was also applied to the
flexible and can be easily adapted to the preparation of synthesis of lamellarin &2, lukianol A 56, and permethyl

analogues with various substituents on the pyrrole firig. storniamide A at the same tini&Moreover, the methodology
2006, Gupton’s group demonstrated a new and efficient relay may be suitable for construction of other densely function-
strategy to synthesize polycitones 38 and B 59. Their alized pyrrole cores.

approach relied on formation of 2,4-disubstituted pyrroles  In 2002, Bullington et al. first regioselectively prepared
from vinamidinium salts followed by electrophilic substitu- the key intermediate used to generate DOPA-derivedte-
tion at the 5-position of the pyrrole and halogenation and a chol alkaloids, the Fistner intermediate. Ningalin B4 was
microwave-accelerated Suzuki coupling at the 4-position to then concisely synthesized in a 51% overall yi€él@n the
produce the tetrasubstituted heterocycle efficiently with basis of the two key reactions, Hinsberg-type pyrrole synthe-
complete control of regiochemistfylt is important to note  sis and palladium-catalyzed Suzuki cross-coupling of the 3,4-
that each pyrrole substituent in this strategy was introduced dihydroxypyrrole bis-triflate derivatives, a formal synthesis
independently and can be easily varied so as to accommodatef ningalin B 74 was reported in 200%.In 2006, a biomi-
in-depth SAR studies for polycitones A and B analogues. metic synthesis of ningalin B4 was developed by Steglich

, L et al., starting with the oxidative coupling of two equivalents
4.2.3. Synthesis of Storniamide A Nonamethyl Ether and of 3-(3,4-dimethoxyphenyl) pyruvic acid and in situ reaction
Permethyl Storniamide A of the resulting 1,4-diketone with one equivalent of 2-(3,4-

In 1998, storniamide A nonamethyl ether was concisely dimethoxyphenyl)ethylamine and obtained in four steps in
obtained by Steglich et al. from 3-(3,4,5-trimethoxyphenyl) 52% overall yield” Application of vinylogous iminium salt
pyruvic acid and 2-(4-hydroxyphenyl) ethylamine in three derivatives to a convenient and efficient synthesis of ningalin
steps® The applied biomimetic methodology is very similar B hexamethyl ether was reported by Gupton et al. in 2603.
to that of the synthesis of polycitrin 8057 Storniamide A This methodolqu was an extension f(om an earlier strategy
nonamethyl ether was first obtained as a mixture of the that was used in the synthesis of lukianoba>* _
(E,B)-, (E,2-, and ¢,2)-isomers in a ratio of 3:4:1. Isomer- 'In 2000, Steglich’s lab reported the first total synthesis of
ization of the mixture with iodine in CHGlenriched the  nhingalin C75using an intramolecular FriedeCrafts acyla-
(E,B)-isomer, giving a ratio of 6:5:1. The three isomers could tionfrom1-[2-(3,4-dimethoxyphenyl) ethyl]-3,4-bis(3,4-dimeth-
be separated by chromatography on a silica gel column tooxyphenyl)-H-pyrrole and methyl 2-diazo-2-(3,4-dimethoxy-
yield the desired isomer oE(E)-storniamide A nonamethyl ~ Phenyl) acetate in five steps with a total yield of 19%fter
ether with an overall yield of 19%. Experiments to convert that, a new and efficient method for the synthesis of per-
(E,B)-storniamide A nonamethyl ether into the natural prod- mMethyl ningalin C was accomplished with a key step in-
uct storniamide A63 were as yet unsuccessfidlPermethyl ~ Volving formation of a pyrrolinone from an aminoquinone
storniamide A was synthesized utilizing a common hetero- in one pot. Ningalin Z5was then obtained through demeth-
cyclic azadiene DielsAlder reaction in 19998 On the basis  Ylation of its permethyl precursdf.Ningalin D 76, the most
of palladium-catalyzed Suzuki and Negishi cross-coupling complicated member of the ningalins, was synthesized in
reactions, permethyl storniamide A was synthesized in 20022005 in Boger’s lab in nine steps based on a key 1,2,4,5-
by Furstner et af* In 2003, a formal syntheses of permethyl tetrazine— 1,2-diazine— pyrrole Diels-Alder strategy to
storniamide A was reported, which was based on a highly assemble a fully substituted pyrrole core central to its

efficient route to 3,4-diarylpyrrole marine alkaloitfs. structure’”® The overall yield of the total synthesis was 1%%.
4.2.4. Synthesis of Didemnimides A—C 5. Conclusion
In 1998, the total syntheses of didemnimide$Aand B Over the past two decades, more than 70 lamellarins and

68 were first reported by Cava and Hughes. They applied related pyrrole-derived alkaloids have been isolated from
the methodology for the synthesis of unsymmetrical bisin- taxonomically quite distinct marine organisms (ascidians,
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molluscs, and sponges) collected in the Indian or Pacific
oceans by SCUBA diving-5 to —32 m). Among these
marine organisms the ascidi@demnum(Didemnidae) is

by farthe most productive marine genus for lamellatfistt 1315
Purification was accomplished with chromatography on silica

gel, Sephadex LH-20, or HPLC. The isolated metabolites

were elucidated by NMR, HRMS, single-crystal X-ray, and
other spectroscopic methods.

Often lamellarins have been reported to be isolated from

several marine sources. For example, lamellariris B 32,
and C3 were found in both prosobranch mollusamellaria
sp2 and marine ascidiarfs:! The re-isolation of these

compounds from other sources indicate that these molluscs (10)
likely sequester the compounds from a didemnid ascidian (11)

food sourcé. The structures of lamellarins and other pyrrole-

Chemical Reviews, 2008, Vol. 108, No. 1 285

(2) Peng, J.-N.; Li, J.; Hamann, M. T. Ifhe Marine Bromotyrosine
Derivatives. The Alkaloids: Chemistry and Biologyordell, G. A.,
Ed.; Elsevier Academic Press: Boston, 2005; Vol. 61, p 59.

(3) Andersen, R. J.; Faulkner, D. J.; He, C.-H.; Van, Duyne, G. D;
Clardy, J.J. Am. Chem. S0d.985 107, 5492.

(4) Cantrell, C. L.; Groweiss, A.; Gustafson, K. R.; Boyd, M. Rat.
Prod. Lett.1999 14, 39.

(5) Lindquist, N.; Fenical, W.; Van Duyne, G. D.; Clardy, . Org.
Chem.1988 53, 4570.

(6) Carroll, A. R.; Bowden, B. F.; Coll, J. Aust. J. Chem1993 46,
489.

(7) Urban, S.; Butler, M. S.; Capon, R.Aust. J. Cheml994 47, 1919.

(8) Urban, S.; Hobbs, L.; Hooper, J. N. A.; Capon, RAdst. J. Chem.
1995 48, 1491.

(9) Urban, S.; Capon, R. Aust. J. Chem1996 49, 711.

Reddy, M. V. R.; Faulkner, D. J.; Venkateswarlu, Y.; Rao, M. R.

Tetrahedron1997, 53, 3457.

Davis, R. A.; Carroll, A. R.; Pierens, G. K.; Quinn, R.JJ.Nat.

Prod. 1999 62, 419.

derived alkaloids are related, and they likely have a common (12) Reddy, M. V. R.; Rao, M. R.; Rhodes, D.; Hansen, M. S. T.; Rubins,

biogenetic origin. Their common structural feature is a
pyrrole ring substituted at positions 3 and 4 by polyhydroxy-
or methoxyphenyl groups, a combination was not found
outside of this class. The aromatic ring is rotationally highly
restricted (600 kcal/mol, MM2 calculation) and exists
essentially orthogonal to the plane of the pentacyclic ring.

K.; Bushman, F. D.; Venkateswarlu, Y.; Faulkner, D.JJ.Med.
Chem.1999 42, 1901.

(13) Ham, J.; Kang, HBull. Korean Chem. SoQ002 23, 163.

(14) Krishnaiah, P.; Reddy, V. L. N.; Venkataramana, G.; Ravinder, K;
Srinivasulu, M.; Raju, T. V.; Ravikumar, K.; Chandrasekar, D.;
Ramakrishna, S.; Venkateswarlu, ¥..Nat. Prod.2004 67, 1168.

(15) Reddy, S. M.; Srinivasulu, M.; Satyanarayana, N.; Kondapi, A. K,;
Venkateswarlu, YTetrahedron2005 61, 9242.

Thus, these molecules should exist as chiral forms due to (16) Yoshida, W. Y.; Lee, K. K.; Carroll, A. R.; Scheuer, PH&lv. Chim.

the atropisomerism. Interestingly, however, all examples

(except for lamellarin SL8) so far isolated were racemic.

Acta 1992 75, 1721.
(17) Rudi, A.; Goldberg, I.; Stein, Z.; Frolow, F.; Benayahu, Y.; Schleyer,
M.; Kashman, Y.J. Org. Chem1994 59, 999.

Faulkner’s group even attempted to separate the atropisomers(ig) Rudi, A.; Evan, T.; Aknin, M.; Kashman, Y. Nat. Prod.200Q 63,

of lamellarin a 45 using chiral reagents such as Mosher's
reagent orp-(+)-10-camphorsulfonyl chloride as well as
HPLC or chiral TLC but were unsuccessfl.

The unique structures and biological activities of the
lamellarins and related pyrrole-derived alkaloids have at-
tracted significant attention from synthetic chemists. As the

core skeleton of lamellarins and related compounds, pyrroles
and pyrrole-containing heterocycles attract numerous ap-

proaches for synthetic studi€s'%® These studies have

contributed to the development of elegant synthetic routes

of lamellarins and related pyrrole-derived alkaloids as well
as their key intermediates.

Although numerous lamellarins and related pyrrole-derived
alkaloids have been identified and their biological activities
studied, very little is known about the mechanism of action
at the cellular and molecular level. Further studies could

contribute to a better understanding of the mechanism of

lamellarins and analogues and will be beneficial for the
ongoing development and lead optimization of this class.

Development of synthetic methods for lamellarins and related

pyrrole-derived alkaloids has provided quantities for study
of their mechanism of action and the structueetivity

relationship (SAR). At present a few SAR studies have been

reported, especially focusing on lamellarir8B. Additional
lamellarin SAR studies will be useful to fully utilize the

lamellarins as leads for the treatment of numerous diseases.
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