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Abstract

Eighteen strains of marine cyanobacteria belonging to the genera Symploca and

Lyngbya, which showed activity against multidrug resistant solid tumors, were examined

for cytotoxins. This resulted in the isolation and identification of 11 known and 15 new

secondary metabolites from extracts collected in Micronesia. The structures of these

metabolites were determined through a variety of NMR techniques (TOCSY, HMBC,

HSQC, COSY, ROESY, and NOESY) and/or chemical degradation. Most of the

compounds isolated were of mixed peptide-polyketide biogenesis.

The two most potent cytotoxins discovered were the depsipeptides palau'amide

and lyngbyastatin 3. The latter was shown to be a potent microfilament disruptor, but was

poorly tolerated in vivo. Chemical degradation of the latter series of compounds

demonstrated they were mixtures of epimers in the acid sensitive 4-amino-3-oxo-2,2·

dimethylpentanoic acid unit, and not single compounds as recently suggested.

Lyngbyastatin 3 and lyngbyabellin D are anal~ues of compounds isolated from

the sea hare Dolabella auricularia. The isolation of lyngbyastatin 3 and lyngbyabellin D

from marine cyanobacteria supports the proposal that many of the compounds isolated

from this sea hare are of cyanobacterial origin.
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1.1 INTRODUCTION

1.1.1 Marine Natural Products

Man and Nature have had a complex relationship throughout the development of

human culture. For most of man's history, the study of Nature and medicine were, for all

practical purposes, synonymous fields of knowledge. The shaman, or witch doctor,

treated illnesses armed with a combination of spiritualism and knowledge of the

pharmacological properties of the surrounding flora. Even today approximately 80 % of

the world's population still relies primarily on these traditional medicines for their health

care. I

The discovery of penicillin from Penicillium notatum in the 1940s ushered in the

"Golden Age" of antibiotics and intensified investigations into Nature as a source of

novel bioactive agents. Since then terrestrial microorganisms have proven to be a prolific

source of structurally diverse bioactive metabolites and have yielded some of the most

important products of the drug industry, including the penicillins, aminoglycosides,

tetracyclines, cephalosporins, and other classes of antibiotics that have revolutionized

modem science. I

Serious investigations into natural products from marine organisms started in the

middle of the twentieth-century.. The first notable discovery was the isolation of the C

nucleosides spongouridine and spongothymidine from the Caribbean sponge Cryptotheca

crypta in the early 1950s.2 Studies on synthetic analogues of these compounds eventually

led to the development of cytosine arabinoside as a clinically useful anticancer agent

approximately IS-years later.3 Several more drug candidates derived from marine sources
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are currently in cancer clinical trials (Table 1), signaling the great potential for drug

discovery from the ocean.

Table 1. Marine-Derived Experimental Anticancer Agents3

Metabolite Organism Group Location
DidemninB Tunicate Trididemnum Caribbean

solidum
Bryostatin 1 Bryozoan Bugula neritina Gulf of California
Ecteinascidin-743 Tunicate Ecteinascidia Caribbean

turbinate
Halichondrin B Sponge Halichondria Okinawa

okadai
Dolastatin 10 Nudibranch Dolabella Indian Ocean

auricularia
Halomon Red alga Portieria Philippines

hornemannii
Aplidine Tunicate Aplidium albicans Mediterranean
Aplyronine A Nudibranch Aplysia kurodai Japan
Kahalalide F Mollusk Elysia rufescens Hawaii
Mycaperoxide B Sponge Mycale sp. Thailand
Thiocoraline Actinomycete Micromonospora Mozambique Strait

marina
Granulatimide Tunicate Didemnum Brazil

granulatum

As of 2001, over 13,000 secondary metabolites have been identified4 and

approximately 300 patents5 issued on bioactive marine natural products. The majority of

these compounds have been discovered in extracts of invertebrates such as sponges,

mollusks, bryozoans, and tunicates, but since the middle of the 1980s mounting evidence

has suggested that marine microorganisms, such as bacteria, fungi, and cyanobacteria,

might be the true producers of many of these compounds.6 This has been suggested to be

the case with the sea hare isolate dolastatin 10 (Table 1) since a recent collection of the

cyanobacterium Symploca sp. afforded this compound in approximately 104 times higher

yield than obtained from the nudibranch.
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The discovery that microorganisms may be responsible for many of these

compounds was significant for a number of reasons. Field-collected samples of the

natural producer have often yielded only a milligram of each cytotoxin. Even this minute

amount often was many orders of magnitude greater than was available from organisms

that acquire the compounds through diet.7 This disparity has led to collections of large

quantities of invertebrates, which could have had devastating ecological effects,8 in order

to isolate sub-milligram quantities of chemical agents that were more readily available

from microorganisms. Also, culturing of these microorganisms, currently possibly in I

10 % of the cases, provides a relatively inexpensive solution to the demand for large

quantities of these agents needed for clinical trials.

1.1.2 Importance of Cyanobacteria

Cyanobacteria are an ancient and diverse group of microorganisms that are known

to be the evolutionary origin of chloroplasts,9 which are found in all plants and eukaryotic

algae. They are able to inhabit and thrive in an incredible variety of environments, in part

because of their ability to produce a rich range of secondary metabolites. In fact it is

estimated that the genes responsible for the production of these secondary metabolites

utilize approximately 10 % of the cyanobacterial genome:o The exact reason for this is

unknown, but since only organisms that do not have an immune system are prolific

producers of secondary metabolites, one hypothesis is that the secondary metabolites

provide an alternative defense mechanism and thus an evolutionary edge over the

competition.11

Historically, the secondary metabolites from cyanobacteria have been associated

with the poisoning of cattle and humans,12 but the medicinal qualities of cyanobacteria
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were recognized as early as 1500 Be, when Nostoc species were used to treat gout,

fistula, and several forms of cancer. 13 Investigations, over the last few decades, have

shown that cyanobacterial metabolites exhibited a broad array of biological activities,

including antibiotic, antiviral, antifungal, anticancer, and a wide variety of proteinase

inhibiting activity.4 A high proportion of these metabolites possesses the ability to

interfere with the assembly of protein polymers in eukaryotic cells, such as tubulin or

actin, and a significant number appears to produce toxins which specifically target

mammalian ion channels, often voltage-gated sodium channels. 1o The preponderance of

these compounds that had either anticancer (40 %) or cytotoxic (20 %) activity likely

reflects the research emphasis of the laboratories ofMoore12 and Gerwick. 10

An unusual feature of cyanobacterial secondary metabolites is the frequency with

which nitrogen is incorporated. Terpenoids, acetogenins, and compounds of mixed

biosynthesis are the major classes of secondary metabolites found in many marine

organisms, especially algae and coelenterates. By comparison, an amazing 40-60 % of

the compounds isolated from cyanobacteria contain nitrogen.14 The predominant

metabolic theme of these nitrogen-containing cyanobacterial metabolites is the

integration of peptide and polyketide biosynthetic pathways, usually through the linking

of polyketides to amino acids by amide or ester bonds or the use of amino acids as starter

units for polyketide extension.10

1.1.3 Research Objectives/Strategy

In the early 1960s, Barnett Rosenberg and his coworkers at Michigan State

conducted a series of experiments designed to determine the effects of electrical current

on the growth of Escherichia coli cells. They observed that the bacteria formed long
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filaments, but that the cells did not divide. After a year of frustration, the source of this

bacterial inhibition was attributed to the "inert" platinum electrodes, specifically cis

diamminedichloroplatinum (II). The discovery of cisplatin led to a series of platinum

containing agents for the treatment of cancers with sales amounting to approximately a

half billion dollars in 1998.

While this made for a good story, such serendipity could not be counted on to

provide novel medicines. Thus the primary goal of this research was to explore the

potential of marine cyanobacteria to provide inspiration for the development of new

medicines, particularly in the area of oncology. At the inception of this project, in the

early 1990s, agents that were effective against solid-growing tumors such as cancers of

the breast, lung, colon, and pancreas, which account for approximately 85 % of cancer

fatalities, were in desperate shortage. IS Even today only two compounds, bleomycin and

doxorubicin, out of the 93 currently approvedI6 for clinical use, are broadly effective

against solid tumors. 1 The discovery of new therapeutic agents effective against solid

tumors remains of critical importance.

Drug resistance generally develops quite rapidly if a cure is not achieved.t' For

example in the case of the antibiotic penicillin, by 1947, just four years after the start of

mass production, penicillin-resistant strains of Staphylococcus aureus had appeared. IS

With neoplastic cells, the development of drug resistance is almost inevitable, but

surprisingly it is virtually never seen in normal cells. I9 If anything, the tolerance of

normal cells to chemotherapy declines with time, so that increasing the dosage to combat

a growing resistance in the cancer cells produces a disproportionately small increase in
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efficacy. This is a never-ending battle. Thus, the second group of tumors that the extracts

were screened against was multi-drug resistant tumors (MDR).

To restate, the principal goal of this research was to identify new cytotoxic

secondary metabolites from marine cyanobacteria that might serve as a scaffold for the

development of drugs with antitumor activity against solid and/or multi-drug resistant

tumors, and to elucidate the structure of these natural products.

To this end, collaborations were established with Dr. Valerie J. Paul at the

University of Guam Marine Laboratory and Dr. Thomas H. Corbett at Wayne State

University. During the three years of this project, represented by this dissertation,

approximately 220 varieties of cyanobacteria were collected by Dr. Paul and assayed in

Dr. Corbett's laboratory. Samples that displayed significant activity in Dr. Corbett's

laboratory, defined in terms of their zone of inhibition in a disk diffusion assay, were re

collected on a larger scale and sent to Hawaii for fractionation.

Samples of marine filamentous cyanobacteria were collected from a variety of

locations around Micronesia. In general, no specific criteria governed which strains of

cyanobacteria were collected and prescreened, though a disproportionate number of

samples were obtained from around Guam due to the convenience. Only field-collected

samples of cyanobacteria were examined and no attempt was made to culture any of the

samples. The primary reason for relying exclusively on field-collected strains was to

examine as diverse a population of cyanobacteria as possible. A secondary factor in this

decision was the low success rate for culturing marine microbes (1 to 10 %).4 Even if

successfully cultivated, no guarantee existed that the same metabolites, seen in wild

varieties, would be expressed in cultured strains if there were a lack of appropriate
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environmental cues. The diversity that field-collected samples offered was essential for

identifying new pharmacophores.

This method of prescreening was based on the selective cytotoxicity of the

extracts. The degree of selective cytotoxicity, potency, and number and types of solid

tumors in which this in vitro selectivity was obtained, determined the advancement of the

agent. A zone of inhibition greater than 6.5 mm (250 zone units), when compared to the

control, signified the extract was selective towards that particular cell line and was found

to be a critical indicator in predicting the efficacy of the extract during in vivo trials in

mice.2o

The assay worked as follows (Figure 1). The crude extract was absorbed onto a

6.0-mm paper disk that was then placed on an agar plate containing the cell lines. The

cytotoxicity of the extract was evaluated against five tumors: a murine leukemia (L1210);

a murine solid tumor (colon adenocarcinoma C38, pancreatic ductal adenocarcinoma

P03, or mammary adenocarcinoma M16); a multidrug-resistant (MDR) murine solid

tumor (mammary adenocarcinoma M17); a human solid tumor (HIS, Hl16, H125), and a

normal healthy cell line (fibroblast L-929). Agents that displayed a zone differential

(Zsolid Tumor - ZLeukemia) greater than or equal to 250 units were classified as solid tumor

selective and if the opposite were true ([ZLeukemia - ZSolid Tumor] ~ 250) they were

categorized as leukemia selective. Finally, if a greater than 250 units differential existed

between either the solid tumor or leukemia cell line and the normal cells ([ZSolid Tumor·

ZNormal] or [ZLeukemia - ZNormal] 2: 250), the sample was classified as "tumor selective".

Fulfilling anyone of these three conditions garnered the extract a high priority to be re

collected and fractionated. An extract that eliminated 250 units of either the solid or the



8

leukemia tumors, but with an absolute magnitude of ZSolid Tumor - ZLeukemia less than 250

units was termed "equally active".IS

Extracts that were "equally active" or "leukemia selective" were subsequently

evaluated in the Valeriote assay,15 a comparison of the cytotoxicity of the agent against a

murine lymphocytic leukemia (L121O) and stem cells of hematopoietic tissue from

murine bone marrow (CFU-GM). A medium priority was assigned to those extracts that

were leukemia selective in both the Corbett and Valeriote assays. 15

This means of prioritizing samples was most likely to give erroneous results when

the observed cytotoxicity was due to the presence of multiple biologically active

compounds. For example, one particular extract of the cyanobacterium Scytonema

mirabile was equally active and assigned a low priority, but fractionation of this extract

yielded 28 different cytotoxins, including tolytoxin, tantazole B, and mirabimide E.

When these three pure compounds were tested in the Corbett assay, all displayed solid

tumor selectivity and were advanced to in vivo trials in mice?I

Despite this difficulty, the prescreen remained an effective means of prioritizing

samples. In general, only 0.2 % of the extracts displayed solid tumor selectivity, 1 %

leukemia selectivity, and 1-5 % eliminated tumor cells more effectively than healthy cells

(tumor selective)?1 This allowed for a reasonable number ofextracts to be examined each

year.
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Crude Extract

1 Co,"," A'S.,

I Leukemia Murine Solid Tumors Human Solid Tumors Normal Cells I(L1210) (C38,P03,MI6,MI7) (HI5, H116, H125) (fibroblast L-929)

Inactive Solid Tumor Selective
(ZST or ZL < 250) (ZSI-ZL~ 250)

1
Discard

1
Leukemia Selective

(ZL-ZST ~ 250)
Equally Active

(ZsT or ZL >250)

Figure 1. Prioritization ofExtracts from Cyanobacteria.

Following the prescreening, promising cyanobacteria were rc>collected and sent

to Hawaii for cytotoxicity-guided fractionation. Two cell lines were used during this

process: KB (human nasopharyngeal) and LoVo (human colon adenocarcinoma) cell

lines.

This dissertation describes the results of fractionating several of the extracts

screened during the last three years. Chapter 1.2 describes the results from the genus

Symploca while Chapter 1.3 describes the secondary metabolites isolated from

collections of the genus Lyngbya.



10

1.2 CYTOTOXINS FROM SYMPLOCA

1.2.1 Overview of Symploca Metabolites

Prior to the 1990s there were only a few scattered reports of the chemistry and

biological activity of the Symploca genus in the literature. The first mentioned an extract

of Symploca muscorum, collected near Enewetak Atoll, that was active in vivo against a

P-388 leukemia model,22 while another reported that extracts of Palauan strains of

Symploca spp. were inactive?3 During the 1980s it was found that cultured Symploca

muscorum produces geosmin, a long chain alcohol that is often responsible for the

undesirable earthy flavor in fish,24 and dihydrochalcone-glucosides were isolated as the

sweet principles of another strain of Symploca.25

Table 2. Compounds Isolated from the Extracts ofSymploca spp. Examined

Strain Designation
VP727

VP643

Genus
Symploca

Symploca

Compounds
Micromides A & B
Apramides A, B, & G
Tasiamides A & B
Tasipeptins A & B
Tasihalides A & B

Collection Site
Fingers Reef, Guam

Short Drop-off, Palau

During the past five years, extracts examined at the University of Hawaii have

suggested that this genus may produce more bioactive compounds than previously

thought. Recent collections of Symploca spp. from Hawaii, Guam, and Palau have

afforded the malevamides26 and the symplostatins.27 These compounds were notable

because the symplostatins and one of the malevamides were structurally related to the

dolastatins, two of which were evaluated in clinical trials as anticancer agents.28 One of

the compounds in clinical trials, dolastatin 10, was isolated from a strain of Symploca in

a yield that was many orders of magnitude larger than was available from the sea hare
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Dolabella auricularia.29 The discovery of these compounds from cyanobacteria strongly

supported the hypothesis that the sea hare acquired many of the dolastatins through its

diet.6

Table 3. Corbett Assay Data for the Symploca spp. Investigated

Extract Leukemia Murine Solid Human Fibroblast
(L1210) (C38)b Solid (H15t

VP727 (1/250t 300 460 700 0-600 Solid tumor
selective

VP643 (1/250t 440-480 800-850 880 0-900 Solid tumor
selective

a Dilution 6 Colon solid tumor C Colon multidrug resistant tumor

Two varieties of Symploca, VP643 and VP727, were investigated during the

course of this research. Both collections displayed solid-tumor selectivity in the Corbett

assay at high dilutions (Table 3). Fractionation of each collection yielded an array of

cytotoxins (Table 2), including three known compounds {apramide A, B, and G (1.1-

1.3)}.30 The isolation and the structure elucidation of the new compounds are presented in

this chapter.

N-Me-L-ValThz-N-Me-Gly

N,Q-Me
L-Tyr

N-Me
L-Val

L-Pro N-Me-L-Ala

N-Me
L-Val

MoyaJOya

Apramide A (1.1) R = Me
Apramide B (1.2) R=H



N-Me-L-Val N-Me-L-VaI N-Me-L-Ala

12

Thz-Pro N-Me-L-Val N-Me-L-Val Moya

Apramide G (1.3)
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1.2.2 Micromide A (1.4)

Micromide A (1.4) was isolated from a strain of Symploca collected off the coast

of Guam in the Spring of2001. This lipopeptide was structurally related to the apramides,

three of which (1.1-1.3) were also isolated from this extract. The most notable structural

difference between micromide A, which had an ICso value of 0.26 J..lM against KB cells,

and the apramides was the replacement of the oct-7-ynoic acid with a 3-methoxyhexanoic

acid unit.

N-Me-L-Phe L-Val L-Phe

~
l(.N~J:~~NL~-fl;~~~
'Ls 51_,) 0 221 -~ 0 331_,) 0 OMe

Ph Ph 49
Thz-N-Me-Gly N-Me-L-lie N-Me-o-Val (R)-3-Methoxy-

hexanoic acid
Micromide A (1.4)

1.2.2.1 Isolation and Structure Elucidation

The lipophilic extract of VP727 was separated by successive gel permeation and

CI8 chromatography followed by repeated reversed-phase HPLC to afford micromide A

(1.4, 1.7 mg) in 0.12 % yield, based on the mass of the crude extract.

The initial spectral data of the amorphous powder showed UV/vis and IR

absorptions at 225 nm and 1680 em-I, respectively, suggesting that 1.4 was a peptide

containing a heteroaromatic ring. High-resolution MALDI-TOF established the elemental

composition of the optically active compound as C49H73N707S, despite the presence of

only forty-four carbon signals in the BC NMR spectrum. Distinctive carbon resonances at

DC 136.8, 135.9, 129.3, 128.5, 128.4, 126.9, and 126.6, suggested the presence of two

monosubstituted phenyl rings and brought the total carbon count deduced from the BC

NMR spectrum into agreement with the mass spectrometry data. This also accounted for
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eight of the seventeen double bond equivalents implied by the molecular formula. Based

on the number of Sp2 carbons and their chemical shifts, the remaining degrees of

unsaturation could be ascribed to seven carbonyl equivalents, one carbon-carbon double

bond, and one more ring.

Examination of the spectral data recorded in CDC!] (Table 4) established a series

of partial structures. In conjunction with the UV/vis and MS data, a pair of doublets at OH

7.64 and 7.26 in the HSQC spectrum with IJCH correlations to Sp2 carbon signals at Oc

142.0 and 120.1 suggested the presence of a thiazole ring. HMBC correlations to a

carbon at Oc 165.6 (C-3) from a pair of diastereotopic methylene protons (H-4) expanded

this fragment into a thiazole-glycine unit. A second fragment was constructed starting

from an oxygenated methine at OH 3.45 (C-45). A series of 2,3JCH correlations from this

proton (H-45) to C-43, C-44, C-46, and C-49 revealed the structural core of this unit.

Further HMBC cross-peaks from a methyl triplet (H-48) to C-47 and C46 established

this last unusual moiety as 3-methoxyhexanoic acid. The remaining fragments, assembled

from COSY and HMBC correlations, consisted of one isoleucine, two valine, and two

phenylalanine units.

The sequence of 1.4 was determined through HMBC correlations. Two fragments,

(Thz-N-Me-Gly)-(N-Me-Phe)-(N-Me-Ile)-Val (C-l through C-27) and (N-Me-Val)-Phe

(C-28 through C-40), were constructed by HMBC correlations from the N-methylamide

proton signals. In particular, cross-peaks were observed from H-5 to C-4 and C-6, from

H-15 to C-7 and C-16, and from H-22 to C-17 and C-23. HMBC correlations from the

secondary amide proton signals provided the remaining connectivities needed to establish

unambiguously the planar structure depicted.
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Table 4. NMR Spectral Data for Micromide A (1.4) in CDCh

4
5

4
4,5,7
8,15
7

8, 11113
8,14110
12, 13/11

7
7,15,17
21,22
17
20,21

45

35-NH, 44, 45
45
44,49
44,45,48

48

36,39/42
36,40

17
17

22,24
26,27

24,26,27
24,27
24,26
24-NH, 24, 29
31,32,33
31,32
32
30,31
29
33,35
36

8
7

45
44,46
45

48
47

35

18
17,19,21
18,20
18,20
19
18

24-NH,25
24
24,26,27
25
25

36

30
29,31,32
30
30

34.8,q
169.8, s
53.8, d
35.1, t

135.9, s
129.3, d
128.4,d
126.6, d
170.5, s
40.7, t
77.4, d
35.4, t

136.8, s
129.3, d
128.5, d
126.9, d
30.8, q
171.4, s
57.0, d
33.3, d
23.9, t

10.9, q
15.4, q
30.3, q

171.3, s
54.0,d

30.5, d
19.9, q
16.9, q
170.0, s
62.4,d
25.0,d
19.8, q
18.7, q
30.7,q
171.6, s
50.1,d

36.9, t

5.34, dd (10.4, 4.2)
3.11, dd (-13.1, 10.4)
2.22, dd (-13.1, 4.2)

7.02, d (7.7)
7.22, t(7.7)
7.13, t (7.7)
2.94, s

5.19, ddd (8.0, 7.2, 6.0)
6.82, d (8.0)
3.22, dd (-13.5, 6.0)
2.80, dd (-13.5, 7.2)

6.83, d (7.9)
7.12, t (7.9)
7.17, t (7.9)

5.22, d (10.9)
2.19, m
1.24, m
1.00, m
0.87, t (6.6)
0.84, d (6.0)
3.24, s

4.77, dd (8.3, 4.1)
6.95, d (8.3)
1.88, m
0.93, d (6.9)
0.81, d (6.8)

4.65, d (11.2)
2.34, m
1.01, d (6.4)
0.84, d (5.9)
2.90, s

5
6
7
8

2.30, d (6.1)
3.45,m
1.40, m
1.28, m

47 1.27, m 18.3, t
48 0.86, t (6.6) 14.1, q
49 3.27, s 56.6, q

9
10/14
11113
12
15
16
17
18
19

37
38/42
39/41
40
43
44
45
46

20
21
22

23
24
24-NH
25
26
27
28
29
30
31
32
33
34
35
35-NH
36

8 Recorded at 500 MHz. 6 Recorded at 125 MHz. C Multiplicity deduced from HSQC.
d Protons showing long-range correlation with indicated carbon. e If not indicated otherwise, correlations
were observed for DJCH = 7 Hz.

N-Me-Gly-Thiazole 1 7.64, d (3.3) 142.0, d 2
2 7.26, d (3.3) 120.1, d 1
3 IMAs
4 4.88, d (-15.1) 48.9, t

4.38, d (-15.1)
2.56, s

N-Me-Phe

3-methoxyhexanoic acid

Phe

N-Me-lle

Val

N-Me-Val
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1.2.2.2 Stereochemistry

OH 0 OMe 0 OMe 0 C02Me

[

~OMe.JJl~oi~.~OAph
Chiral (R)-1.5 (R)-1.6 1.7
HPLC

OH 0 OMe 0 ... OMe 0 C02Me

~
···~IIJ ~1I1

-h..!!. -~~OMe OH 0 Ph

1.5 1.6 1.8

(i) Dimethyl sulfate, KOH, Et3N, Petroleum Ether; (ii) 0.5 N KOH, MeOH;
(iii) DCC, DMAP, Methyl o-Mandelate

Figure 2. Synthesis of (Methyl D-Mandelate) 3-Methoxyhexanoate

The absolute stereochemistry of the units in 1.4 was determined by a combination

of chiral and RP-HPLC. Ozonolysis and acid hydrolysis liberated the amino acid-derived

centers in 1.4 that were analyzed by chiral HPLC. This established the configuration of

the stereocenters derived from N-Me-L-Ile, N-Me-L-Phe, N-Me-D-Val, L-Val, and L-Phe.

To determine the configuration of the polyketide-derived moiety, 3-methoxyhexanoic

acid, we initially envisioned demethylation ofl.4 and subsequent analysis of this product

as the (R)- and (S)-Mosher's derivatives. Despite the clean conversion of the model

compound, attempted demethylation of 1.4 with BBr3 in CH2Ch31 afforded neither the

desired product nor starting material, thus forcing a more circuitous route with the

remaining 0.5 mg of 1.4 (Figure 2).

Racemic methyl 3-hydroxyhexanoate (1.5) was resolved on a chiral column and

the enantiomers were identified based on comparison of their optical rotations with the

reported values.32 The alcohols were subsequently methylated in petroleum ether wi1h

dimethyl sulfate, potassium hydroxide and a catalytic amount of triethylamine,33 before

saponification of the methoxyesters. Unfortunately, attempts to resolve these
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methoxyacids (1.6) on the OD and OJ chiral columns that were available to us failed, but

separation of these compounds was achieved as their methyl D-mandelate derivatives

(1.7,1.8) by CI8 HPLC. The remaining quantity of 1.4 was therefore hydrolyzed with 6 N

HCI at 118 °C for 24 h and the residue exhaustively extracted with CH2Ch. Subsequent

derivatization of this residue with methyl D-mandelate, followed by purification and

analysis by CI8 HPLC established the configuration of C-45 to be R. Thus the absolute

stereochemistry of 1.4 is 7S,17S,18S,24S,29R,35S,45R.
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1.2.3 Micromide B (1.9)

Micromide B (1.9) was isolated from the same collection as 1.4. It was slightly

less cytotoxic against KB cells with an ICso value of 1.2 IlM. This lipopeptide contains

the simplest example of a 4-amino-3-hydroxyacid, which in this case was likely formed

by condensation of acetate to glycine with subsequent reduction. These amino acid-

derived units are relatively rare in marine organisms.

21

o 91 ~ t3
.. H 9H 0

10 o/*~*i"N~oMe
o 0 0 22

I'"

Micromide B (1.9)·

1.2.3.1 Isolation and Stmcture Elucidation

Examination of the Sephadex LH-20 fractions from the crude extract of VP727

led to the isolation ofmicromide B (1.9, 1.7 mg, 0.12 % of the dry extract weight). High-

resolution FABMS established the molecular formula of 1.9 as C2s~sN06 based on a

pseudo-molecular ion peak at 488.3225 ([M + Ht 0.2 mDa error), and revealed four

degrees of unsaturation. These could be accounted for by the l3C NMR spectrum which

contained four carbonyl signals (Be 173.3, 173.1, 172.6, and 170.3). From the proton

NMR spectrum, it was apparent that 1.9 contained one acetate (BH 2.11), one secondary

amide (BH 6.17), one methoxy (BH 3.72), and two methyl proton signals (~ 1.23 and

1.17). These fragments were expanded with the aid of the 2D NMR data (Table 5) to

provide the gross structure depicted for 1.9.

• Only the relative stereochemistry of these centers has been determined. The absolute configuration
remains unassigned.
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Table 5. NMR Spectral Data for Micromide B ~1.9) in CDCh

2,22
3
2,4a
2

4b, NH, 7,23
7,23
6,9,8,23
6,7,9
7,8
8, 11
12
11

21
21

6, 7
7,25

3
3,4a
3,4b,NH
4a,NH
4

7,23
6,8
7,9
8

12
11, 13
12

21
20

6

a Recorded at 500 MHz. 6 Recorded at 125 MHz. C Multiplicity deduced from HSQC.
d Protons showing long-range correlation with indicated carbon. e If not indicated otherwise, correlations
were observed for nJCH = 7 Hz. f These carbon signals may be interchanged.

1 172.6, s
2 2.50, dd (4.3, 2.1) 38.6, t
3 4.14,m 67.1,d
4 3.62,ddd(-11.6,7.4,4.4) 44.5,t

3.08, ddd (-11.6,7.4,4.4)
NH 6.17,t(4.4)
5 173.1, s
6 2.55, P (7.1) 42.4, d
7 5.25, dd (7.1,4.4) 74.1, d
8 5.00, qd (6.5,4.4) 69.5, d
9 1.23, d (6.5) 14.4, q
10 173.3, s
11 2.26, t (7.4) 34.4, t
12 1.58, m 24.8, t
13 1.20, m 24.0, t
14 1.20, m 29.6, r
15 1.20, m 29.6, r
16 1.20, m 29.5, r
17 1.20, m 29.3,r
18 1.20, m 29.3, r
19 1.20,m 31.9,t
20 1.21, m 22.6, t
21 0.87,t(6.9) 14.1,q
22 3.72, s 52.0, q
23 1.17, d (7.1) 13.5, q
24 170.3, s
25 2.11, s 20.8, q

1.2.3.2 Stereochemistry

-0.02

-0.04 -0.12
o CH3 CH -0.74 9MPA

-O~ 3 H ~HQOO
-0.17,,;.\H N~C02Me

\ +0.07 +0.22
h ' I

0-0.09 0 H H
-0.21 -0.07

-0.02

Figure 3. ,1.0 (OR - Os) values in ppm for the MPA esters of Micromide B (1.9).
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To establish the configuration of C-3, 1.9 was derivatized with 0.-

methoxyphenylacetic acid (MPA). Preparation of the (R)- and the (5)-MPA derivatives

and comparison of the ()H values (Figure 3) indicated that C-3 possessed the R absolute

configuration.34

8

H
H
-Me

-A--OH

6R*,7S*,8R*

8
0-::7

,.f
H-O H 0

~H/

6R*,7S*,8S*

1.10

Figure 4. Possible Configurations of the 3,4-Dihydroxy-2-methylpentamide

To determine the relative stereochemistry between C-6 and C-7, 1.9 was

saponified with barium hydroxide in methanol. In the resulting adduct H-7 displayed two

large couplings eJH-61H-7= 9.5 and 3JH_71H_8= 7.7 Hz) when the proton NMR spectrum was

recorded in CD3CN (See experimental section for IH NMR data). Since rotation around

C-6 and C-7 would be restricted by hydrogen bonding between the hydroxy group on C-7

and the amide carbonyl, the large coupling between H-6 and H-7 was indicative of an

anti relationship between the two protons.J5 Furthermore calculated energies of hydrogen

bonding between various groups suggested that the hydroxy group on C-7 in this adduct

acts simultaneously as an intramolecular hydrogen donor and acceptor (1.10), to lock the

conformation of this unit (Figure 4).36 If this was the case, then only the 68*,7R*,8R*

stereochemistry explained the large coupling constants.37 Attempts to verify the relative

stereochemistry of the vic-diol by NOE experiments failed because the limited amount of
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material did not provide any NOE correlations. Thus the relative stereochemistry of C

7/C-8 must be regarded as tentative.

1.2.3.3 Comments on the Micromide-Containing Collection

Micromides A (1.4) and B (1.9) are part of an ever-increasing class of

lipopeptides that have been isolated from marine cyanobacteria. The most common of

these metabolites are the malyngamides, characterized by a (-)-7-methoxy-4(E)-enoic

acid moiety of varying length that is appended through an amide linkage to a

functionalized cyclohexane ring (cf. 1.34).10 Micromide A (1.4) contains structural

features common to many cyanobacterial metabolites, including N-methylated amino

acids, a D-amino acid, and a modified cysteine unit in the form of a thiazole ring. It

should be noted that despite the structural similarity between micromide A and the

apramides, the ICso of the former compound against KB cells was an order of magnitude

greater than that of any member of the latter series.

Despite the comparatively simple structures of the micromides, these compounds

might be of pharmacological interest. In recent years simple lipopeptides have been

implicated in a variety of biological roles, including the regulation of cellular signaling. 38

Micromide B (1.9), therefore, may potentially be useful as a tool to probe these

interactions.

The apramides (1.1-1.3) were originally isolated from an earlier collection of

VP417 (cf. section 1.3.3). One puzzling fact surrounding the apramides was the

inconsistency with which they appeared over the eight years of the re-collections of

VP417 examined. This phenomenon was originally explained as arising from the

elimination or modification of the gene cluster responsible for the biosyntheses of the
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apramides. The isolation of some members of this structural family from other strains of

Symploca and Lyngbya (cf. section 1.3.1) suggested, however, that the initial collections

may have been an assemblage of cyanobacteria and not a single species as originally

thought. Subsequent analysis of the partial sequence of the 16S rRNA gene revealed that

apparently homogenous re-collections of VP417 consisted of at least two different

strains, which likely belonged to the same species (Genbank Accession nos. AY049750

and AY049751).39 Varying degrees of contamination over the eight years VP417 was

collected might explain why the apramides were only isolated from the earlier re

collections.
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1.2.3 Tasiamide A (1.11)

Tasiamide A (1.11) was isolated from a large re-collection of the cyanobacterium

designated VP643 made during a drift dive at Short Drop-off in Palau. The prefix of the

trivial name of 1.11 and all subsequent compounds isolated from this collection was

derived from the Chamorroan word "tasi" meaning ocean. Tasiamide (1.11) was

cytotoxic against KB cells with an ICso value of 0.55 JlM.

N-Me-o-Phe l-lle l-Leu

o ~o H -= 0 1-= 0

&N~ :2:26 N~ ~OHN 17 II N II N 38
I 0 H 0 H ."

\\\\

29
H2N 0

O-Me-l-Pro Gly N-Me
l-Gln

(2S,3S)-2-hydroxy-3
methylvaleric acid

Tasiamide A (1.11)

1.2.3.1 Isolation and Structure Elucidation*

VP643, a Symploca sp. collected at Short Drop-off in Palau, was repeatedly

extracted with a 4:1 mixture ofCH3CN-CH2Ch to afford a total of2.67 g oflipophilic

extract. Subsequent solvent partitioning and purification by silica gel, Cs and repeated

HPLC yielded tasiamide A (1.11) as an amorphous powder (2.1 mg, 0.08 % dry extract

weight).

* Reproduced in part with permission from Williams, P. G.; Yoshida, W. Y.; Moore, R. E.; Paul, V. J. J.
Nat. Prod 2002,65,1336-1339. Copyright (2002) American Chemical Society.
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Table 6. NMR Spectral Data for Tasiamide A (1.11) in CDCh

ClHno. 15N_ OHb(Jin Hz) occ,d COSyb HMBCe,f ROESyb
HSQC·

1 172.5, s 2,3,6
2 4.39, dd (8.7,6.4) 58.9, d 3a, 3b 3,4 3
3 2.12,m 28.8, t 2,4,5

1.87, m
4 1.93, m 24.9, t 3a

1.81, m 3a
5 3.36, m 46.8, t 4a,4b 3 3,8

3.29,m 4a,4b
6 3.72, s 52.3, q
7 167.9, s 8, 9a, 9b
8 5.52, dd (8.7, 6.8) 56.3,d 9a, 9b 16 5,9,11
9 3.29, dd (-13.5, 8.7) 35.1, t 8,9b 8 4,11

2.82, dd (-13.5, 6.8) 8,9a 8
10 136.8, s 8, 9a, 9b, 12
11115 7.22, d (7.5) 129.4, d 12 9a, 9b, 11, 13
12114 7.26, dd (7.5,7.1) 128.4,d 11, 13 12
13 7.20, t (7.1) 126.8, d 12 11
16 2.96, s 29.7,q 8
17 167.6, s 16,18
18 4.07, dd (-17.5, 4.8) 41.1, t 18a, NH-Gly 16, 23,24, NH-Gly

3.82, dd (-17.5, 3.6) 18b,NH-Gly 16, 23,24, NH-Gly
NH-Gly -270.9 6.96, dd (4.8, 3.6) 18a, 18b 21
19 171.4, s 18,20, NH-Gly
20 4.31, dd (8.9, 6.4) 57.7, d 21, NH-I1e 24 8, NH-Gly
21 1.84, m 37.1, d 22,24 20 NH-Gly
22 1.41, m 24;7, t 21, 22b, 23 20,21,23,24

1.11, m 22a, 23
23 0.87, t (7.6) 11.3, q 22 22
24 0.88, d (6.8) 15.6, q 21 20,22
NH-I1e -264.0 7.05, d (8.9) 20
25 169.7, s 20,26,27, NH-I1e
26 5.06, dd (7.5, 7.3) 56.2,d 27a, 27b 27,30 3,27,30, NH-I1e
27 2.31,m 22.9, t 26, 27b, 28a, 28b 26 30

2.00,m 27a, 28a, 28b 30
28 2.23,m 32.2, t 27b,28b 26

2.19, m 28a
29 174.1, s 27,28
29-NH -276.4 5.89, brs 29-NHb

-276.4 5.57, br s 29-NHa, 18b, 38
30 3.18, s 31.0, q 26 27a, 27b, 33, 34, 36
31 174.4, s 26,30,32
32 4.97, dt (8.4,7.3) 47.1,d 33, NH-Leu 34 33,34
33 2.23,m 41.0, t 32,34,35,36 30

1.60, m
34 1.60, m 24.9,d 35 33 30
35 0.96, d (6.4) 22.1, q 34 34,36 30
36 0.95, d (7.1) 23.0,q 34 34 30
NH-Leu -26Q.4 7.12, d (8.4) 32
37 174.0, s 38, NH-Leu
38 3.94, d (3.9) 76.5, d 39 40,42 39, 40a, 42, NH·Leu
39 1.84, m 38.3,d 40,42 38,40
40 1.46, m 23.7, t 39, 40b, 41 39,41,42

1.23, m 39,40a 38,39
41 0.90, t (7.3) 11.8, q 40a 40
42 0.97, d (6.9) 15.5, q 39 38,40

• Recorded at 50 MHz. b Recorded at 500 MHz. c Recorded at 125 MHz. d Multiplicity deduced from
HSQC.e Protons showing long-range correlation with indicated carbon. f If not indicated otherwise,
correlations were observed for RJCH = 7 Hz.
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The initial examination of the spectral data revealed many of the basic

substructures that comprise 1.11. The optically active powder ([a]2ID +150 c 0.4, CHCh)

displayed IR bands at 1737 and 1643 cm-I that were characteristic of ester and amide

carbonyl vibrations, respectively. The UV/vis spectrum of 1.11 contained an absorbance

at 254 nm indicating a phenyl chromophore. HR-FABMS provided a molecular ion peak

at m/z 852.4833 ([M + Na] + !!. 0.8 mmu) that established the molecular formula for 1.11

as C42H67N701O. The IH NMR data, recorded in CDCh (Table 6), revealed seven a-proton

signals between 3.94 and 5.52 ppm while the l3C NMR spectrum showed eight carbonyl

signals. Five amide proton signals in the form of two broad singlets (OH 5.57, 5.89), two

doublets (OH 7.05, 7.12) and one doublet of doublets (OH 6.96) were visible in the IH

NMR spectrum. The two broad singlets suggested a primary amide, while the doublet of

doublets was reminiscent of the coupling pattern of an amide proton in a glycine unit.

Other distinctive structural features consisted of two N-methylamides (OH 2.96 and 3.18)

and one methoxy group (OH 3.72).

Analysis of the data from the HMBC and COSY experiments (Table 6)

established the remaining fragments. Spin systems that corresponded to N

methylphenylalanine, glycine, isoleucine, leucine, and 2-hydroxy-3-methylvaleric acid

residues were readily identified. The latter was easily distinguished from isoleucine by

the downfield chemical shift of C-38 (oe 76.5). Another amino acid residue that was

either glutamine or glutamic acid was identified based on COSY (H-26/H-27 and H

27/H-28) and HMBC (H-27 to C-25 and C-29) correlations. The two broad exchangeable

proton signals at 5.57 and 5.87 ppm, along with the lack of a proton signal indicative of a

carboxylic acid at 10 ppm in the IH NMR spectrum, suggested the presence of a N-Me-
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GIn unit. This was confirmed by a 15N-HSQC experiment (Table 6) which indicated that

these two protons (OH 5.89 and 5.57) were attached to the same amide nitrogen at -276.4

ppm.40

The six remaining carbons were assembled to form the last amino acid residue. A

linear chain was constructed based on HMBC correlations to C-1 from H-2, H-3, and H

6, and from COSY correlations between H-3/H-4 and H-4/H-5. The downfield carbon

chemical shift of the terminus of this linear chain (C-5, Oc 46.8) indicated that this carbon

was attached to a nitrogen atom and suggested that this residue was either 0

methylproline or O-methylornithine. Careful consideration of all the fragments, along

with the degrees of unsaturation implied by the molecular formula, indicated that the final

residue was proline.

The HMBC data provided the majority of the peptide sequence. Correlations from

the N-methylamide signal at OH 2.96 (H-16) to C-8 and C-17 connected the nitrogen of

phenylalanine to the carbonyl of glycine. Cross"j)eaks from the second N-methylamide

signal (H-30) to C-26 and C-31 established the glutamine-leucine linkage. The majority

of the remaining sequence was obtained from HMBC correlations from the amide proton

signals of glycine, isoleucine, and leucine to C-19, C-25, and C-37 respectively. The 0

methylproline-N-methylphenylalanine linkage was discerned by a ROESY experiment

that showed strong cross-peaks between H-5 and the a-proton signal ofPhe (H-8).

The FAB mass spectrum of 1.11 provided support for the amino acid sequence in

the expanded structure (Figure 5). Key fragmentations included m/z 348, 291, and 128

from the cleavage of the amide bond between glycine and isoleucine followed by

sequential loss of glycine and N-Me-Phe respectively. Key "N-terminus" containing
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fragments at m/z 483, 370, and 228, resulted from cleavage of the same glycine-

isoleucine amide bond and loss of isoleucine and glutamine respectively. Cleavage of the

proline-phenylalanine bond resulted in a prominent m/z of 701 supporting the location of

the proline unit.

603
483 M+2

Ph 0 307 }-;

9N)(~~.~.~~~L(~lfll.~~OOH
O~ 0 R 332 0 0~ \\\.,.

o M+1 200
Me' 142 228

291 H2N 0
R-Me 348

128 - M+2M+2

Figure 5. FABMS Fragmentations of Tasiamide A (1.11).

1.2.3.2 Stereochemistry

The absolute stereochemistry of 1.11 was deduced after chiral HPLC analysis of

the degradation products of the acid hydrolyzate. The HPLC chromatogram from the

hydrolyzate was compared with authentic standards to establish the stereochemistry of

the amino acid-derived units as L-Pro, N-Me-D-Phe, L-Ile, L-Leu and L-2-hydroxy-3-

methylvaleric acid. The N-Me-L-Gln unit was detected as N-Me-L-Olu by chiral HPLC

after acid hydrolysis.

1.2.3.3 Comments on Tasiamide A (1.11)

It is the structural simplicity of 1.11 that makes it unusual for a cyanobacterial

metabolite. The biosynthesis of 1.11 likely involves just non-ribosomal peptide

synthetases with no contribution from polyketide biosynthetic machinery, which is

atypical for these organisms. Only the N-methylation and the presence of a D-amino acid

suggested that 1.11 was a cyanobacterial metabolite. At the time of publication, the
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closest structurally related metabolite to 1.11 was the linear peptide malevamide A,26

isolated from a Hawaiian Symploca sp., which shared the amino acid sequence from 0

methylproline through isoleucine.

Tasiamide A (1.11) is only the third example of a glutamine-containing peptide

from marine cyanobacteria.41 The vast majority of marine cyanobacterial peptides and

depsipeptides contain only hydrophobic amino acids. 1o This contrasts sharply with

freshwater cyanobacterial metabolites that are traditionally rich in polar amino acid

residues, e.g. microcystin-LR, a well-known compound from freshwater cyanobacteria,

contains three polar amino acid residues: methyl aspartic acid, glutamic acid, and

arginine.42 The reason for this difference is unknown.
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1.2.4 Tasiamide B (1.12)

Tasiamide B (1.12) was isolated from the aqueous extract of VP643. Structurally

1.12 is similar to tasiamide A (1.11) and was named in a manner that reflected this

relationship. Tasiamide B was distinguished by the unusual amino acid, 4-amino-3-

hydroxy-5-phenylpentanoic acid (Ahppa) residue. The ICso value for 1.12 against KB

cells was 0.83 J..lM.

N-Me-L-Phe L-Leu N-Me-L-Gln L-Lactic Acid

Tasiamide B (1.12)

1.2.4.1 Isolation and Structure Elucidation

The freeze-dried Symploca sp. VP643 was extracted with 30 % aqueous ethanol

after initial extraction with 4:1 CH3CN/CH2Ch. Bioactivity-guided fractionation of the

aqueous extract by Sephadex LH-20 and repeated reversed-phase HPLC afforded 2.6 mg

of 1.12, in 0.13 % yield based on the crude aqueous extract.

Inspection of the carbon, proton, and mass spectral data laid the framework for

the structure determination of 1.12. The elemental composition of 1.12 was deduced as

CSOH74NS012 (18 units ofunsaturation) based on a high-resolution pseudo-molecular ion

peak at m/z 1001.5347 ([M + Na] +, /12.9 mDa). The proton spectrum of 1.12 recorded in

CDCh indicated the existence of two conformers in a ratio of approximately 5: 1, but the

signals were well enough dispersed to interpret those from the major conformer.
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Table 7. NMR Spectral Data for the Major Conformer of Tasiamide B (1.12) in CDCh

Unit C/Hno. ilHa(Jin Hz) llcb.c IH)HCOSY HMBCd'·
D-Me-Pro 1 172.6, s 2,3,6

2 4.43, t (6.7) 59.2,d 3,4
3 2.22,m 28.8, t 2,4 2,5

1.83, m 2
4 1.91, m 25.3, t 2,3,5

1.81, m
5 3.42, ddd (l0.9, 6.9, 4.5) 46.9, t 4,5b 3

3.25, m 4,5a
6 3.75, s 52.3, q

N-Me-Phe 7 168.1, S 8
8 5.63, dd (9.1,6.7) 55.6, d 9,16
9 3.20, dd (-14.8, 6.7) 34.7, t 8 8, II

2.95, dd (-14.8, 9.1)
10 136.7, S 8
1lI15 7.20, d (7.8) 129.5, d 12/14
12/14 7.23, dd (8.0,7.8) 128.4, d 11115, 13
13 7.18, t (8.0) 126.7, d 12/14
16 3.06, S 31.8, q 8

Ala 17 172.4, S 16,18,19
18 4.69, P (7.1) 45.2, d 18-NH,19 19, 18-NH
18-NH 6.98, d (7.1) 18
19 0.82, d (7.1) 17.3, q 18 18

Leu 20 171.7, S 18-NH,21
21 4.32, q (7.9) 51.9, d 21-NH,22 22
21-NH 7.35, d (7.9) 21
22 1.48, m 41.0, t 21,23 21,23
23 1.56, m 24.7,d 22,24,25 24,25
24 0.88, d (6.4) 22.9,q 23 23
25 0.86, d (6.2) 21.9, q 23 23

Ahppa 26 171.6, S 21-NH,27
27 2.42, dd (-14.6, 9.3) 40.7, t 28

2.29, dd (-14.6, 4.4)
28 4.02, ddd (9.4, 4.4, 2.4) 69.4, d 27,29 27,29,30
29 4.16, dddd (8.9,7.1,6.5,2.4) 53.8, d 28, 29-NH, 30 27,30
29-NH 7.10, d (7.1)
30 2.94, dd (-14.1, 6.5) 37.2, t 29 29,32

2.84, dd (-14.1,8.9) 29
31 137.9, S 30
32/36 7.20, d (7.8) 129.0, d 33/35 30
33/35 7.23, dd (8.0,7.8) 128.2, d 32/36,34
34 7.18, t(8.0) 126.4, d 33/35

N-Me-Gln 37 169.9, S 29-NH, 38, 39
38 4.97,m 55.9, d 39 42
39 2.13, m 22.9, t 38

1.83, m
40 2.15, m 31.2, t 39
41 175.5, S 39,40
41-NH 6.52, br S

6.37, br S

42 2.82, S 30.9,q
Val 43 173.4, S 42,44

44 4.47, t (7.6) 54.0,d 45 44-NH, 45, 46, 47
44-NH 7.23, d (7.6) 44
45 1.94,m 30.4, d
46 0.95, d (6.7) 17.8, q 45 44
47 0.93, d (7.1) 19.3, q 45 44

Lactic Acid 48 176.2, S 44-NH,49
49 4.15, q (6.9) 68.7,d 50 50
50 1.39, d (6.9) 20.8, q 49 49

a Recorded at 500 MHz. 6 Recorded at 125 MHz. C Multiplicity deduced from HSQC.
d Protons showing long-range correlation with indicated carbon. e If not indicated otherwise, correlations
were observed for nJCH = 7 Hz.
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The BC NMR spectrum showed only 46 resonances for the major conformer; therefore,

in accord with the mass spectrometry data, elements of symmetry had to be present in

some part of the molecule. Signals in the proton and carbon NMR spectra allowed us to

attribute this symmetry to the presence of two monosubstituted phenyl rings, which

accounted for eight of the double bond equivalents. Among the other resonances present

in the BC NMR spectrum were nine carbonyls (oc >168), two amide type N-methyl

groups (OH 3.06, 2.82), and two oxygen- and seven nitrogen-bearing methines (oc 69.4,

68.7,59.2,55.9,55.6,54.0,53.8,51.9,45.2).

Further NMR analysis (Table 7) established several of the amino acids. COSY

and HMBC experiments established the presence of alanine, leucine, valine, N

methylphenylalanine, and N-methylglutamine units. Two primary amide proton signals

(OH 6.52 and 6.37) distinguished this latter possibility from N-methylglutamic acid,

despite the lack of HMBC correlations from these exchangeable proton signals to the E

carbonyl (C-41). Another unit was assembled into a lactic acid residue based on a COSY

correlation between the methyl group at OH 1.39 (H-50) and the methine quartet at oH4.15

(H-49), which showed a IJCHcoupling to one of the oxygen-bearing methines (oe 68.7) in

the HSQC spectrum. The second carbinol proton signal (H-28) showed COSY cross

peaks to a methine proton signal at OH 4.16 (H-29) and methylene proton signals at 8H

2.42 and 2.29 (H-27). HMBC correlations from H-27 to C-26, from H-30 to C-29, and

from H-30 to C-31, indicated that this fragment was 4-amino-3-hydroxy-S

phenylpentanoic acid (Ahppa). Further analysis of the COSY spectrum established an

isolated chain (C-2 to C-5) consisting of one methine and three pairs of diastereotopic

proton signals. A HMBC correlation between the methine proton (H-2) and the carbonyl
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at Oc 172.6 (C-1) established that this was an a-amino acid, while the proton and carbon

chemical shifts (OH 3.42, 3.25, and Oc 46.9) for the other end of this moiety (C-5)

indicated a nitrogen-bearing methylene. Based on the molecular formula this unit was 0

methylproline. Thus 1.12 was composed of the following fragments: Ala, Leu, Val, N

Me-Phe, N-Me-Gln, lactic acid, Ahppa, and O-Me-Pro.

The sequence of these fragments was determined by HMBC and ROESY

correlations. Cross-peaks from the secondary amide proton signals to the adjacent

carbonyls connected the amino acid units into two fragments: Ala-Leu-Ahppa-(N-Me

GIn) and Val-Lactic acid. These two fragments were joined by a HMBC correlation

between the N-methylamide signal of GIn (H-42) and the carboxy terminus of valine (C

43). A similar correlation from the N-methylamide signal ofN-Me-Phe (H-16) appended

it to the alanine terminus of this linear chain (C-17), while a ROESY correlation from H

5 of proline to H-8 confirmed the attachment of the final unit, O-methylproline, to the

carboxy terminus ofN-methylphenylalanine (C-7).

1.2.4.2 Stereochemistry

The absolute configurations of the amino acid-derived units in 1.12 were

determined by chiral HPLC of the hydrolyzate. Comparison of the components of the

hydrolyzate with authentic standards indicated stereocenters derived from L-Pro, N-Me

L-Phe, L-Ala, L-Leu, L-Val, and L-Iactic acid. The configuration of the glutamine-derived

center was determined by the presence ofN-Me-L-Glu in the hydrolyzate.

There are few reports of naturally occurring y-amino-~-hydroxy acids in the

literature and no general method has been developed for determining the configuration of

the chiral centers. However, reports in the literature indicated that 4-amino-3-hydroxy-5-
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methylheptanoic acid, found in the didemnins, underwent an epimerization at C-3 via an

acid-catalyzed dehydration/hydration sequence, and that significant quantities of the

intermediate a,~·unsaturated acid existed after prolonged hydrolysis.43 This suggested

that the absolute configuration of C-29 could be determined by acid hydrolysis and

subsequent ozonolysis, with oxidative workup, to D-Phe or L-Phe. Treatment of 1.12 in

this manner did not afford any significant amount of phenylalanine. Instead the

hydrolyzate contained a peak., presumably derived from the ozonolysis of phenylalanine,

which co-eluted with L-aspartic acid that proved the configuration ofC_29.44 To relate the

configuration of vicinal centers C-28 and C-29, we attempted to prepare an oxazolidinone

derivative by treatment ofl.12 with triphosgene. This failed and so instead we prepared

the (R)- and (S)-methoxyphenylacetic acid (MPA) derivatives.45 Unfortunately, the (R)

MPA adduct decomposed upon purification over silica, leaving only the (S)-MPA

derivative.

It has been reported that the absolute configuration of a secondary alcohol can be

determined from the IH NMR spectra of a single MPA derivative. In these techniques

two proton spectra are recorded under different conditions, e.g. before and after the

addition of a barium (II) salt46 or at two different temperatures.47 The net shielding or

deshielding experienced by the protons reflects the different conformational equilibrium

under the two set of conditions for the MPA group, Le. the methoxy group is syn

periplanar or anti-periplanar to the carbonyl. In essence, the anti-periplanar conformer

acts as the second MPA derivative that is needed to determine the absolute configuration.

Unfortunately, when these techniques were applied to (S)-MPA-l.12 positive L\l)H values

were obtained for all the protons adjacent to the derivatized alcohol, rather than one side
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displaying positive ~OH values and other side negative ones as is expected. It appears that

any differences in the chemical shifts of the peptide were determined primarily by a

change in the overall conformation of in 1.12 which overwhelmed the contribution of the

MPAgroup.

Even though the stereochemistry of C-28 could not be determined by chemical

means, NMR analysis pointed to a 288,298 stereochemistry for the Ahppa unit.

Inspection of the IH NMR data in the literature for synthetic 4-amino-3-hydroxy-5

phenylpentanoic acid units and related compounds (Table 8) suggested that the chemical

shifts and the coupling constants for the C-2 methylene protons (C-27 in 1.12), recorded

in CDCh, were indicative of the C-3/C-4 relative stereochemistry, i.e. the downfield

methylene proton signal (H-2) generally showed a larger coupling with H-3 when the

configuration is 38*,48* and the smaller coupling when 3R* ,48* .48,49 In our case, the

downfield H-27 signal (OH 2.42) showed a larger proton coupling (JH-27/H-28 = 9.4 Hz) to

H-28, suggesting a 288,298 configuration. The same conclusion was reached by a

modeling study on the (L-Gln)-Ahppa-(L-Leu) tripeptide fragment (Figure 6). Regardless

of the stereochemistry of the Ahppa unit, the preferred conformation placed the Ahppa

carbonyl (C-26) oxygen and the secondary amide proton (29-NH) on the same face on the

molecule where both were hydrogen bonded to the secondary alcohol group on C-28.

These results implied that the conformation of the Ahppa unit was locked.50 Assuming

this hydrogen bonding was occurring in 1.12, then only a 288,298 stereochemistry was

consistent with the proton-proton coupling constants and all of the ROESY correlations

observed around these stereocenters. Specifically cross-peaks were observed between H

27ufH-29,H-27ufH-28, H-28/ H-32, H-29/H-36, and H-28/H-30u• Low energy conformers
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could not be found for the tripeptide fragment containing a 28R,298-Ahppa unit that were

in agreement with the proton-proton coupling constants and the observed NOE

correlations. Based on these considerations, a 8 configuration was tentatively assigned for

C-28.

Table 8. Synthetic 'Y-Amino-~-hydroxyAcid Units

3R*,48* ~H-2 (J in Hz) 38*,48* ~H-2 (J in Hz)

Ph 2.63 (16.3,2.5) Ph 2.40 (16.0, 9.5)
Bn,~~ol'BU 2.22 (16.3, 1O.1i1 Bn ...~~OI'BU 2.04 (16.0, 2.4)51

Bn OH 0 Bn OH 0

BOC...~O~BU
2.52 (16.5, 2.9) Ph~ 0 2.54 (15.3, 9.8)
2.38 (16.5, 8.9)51 BocoN _ ~yAOEt 2.28 (15.3, 3.1i2

H OH 0 H OHO Y
Bn'~OI'BU

2.64 (16.0, 2.1) Ph~ 0 2.38 (15.0,9.0)
2.32 (16.0, 10.6)51 BocoN _ ~yAOEt 2.19 (15.0, 4.oi2

H - -
Bn OH 0 OH 0 'Ph

BOC'~OEI
2.58 (16.6, 2.9) Ph ~ 2.55 (14.9,9.5)

H O. OM
2.47 (16.6, 9.1i3 BOC'N~N~N 2.32 (14.9, 3.0)52

H OH 0
H OH O';::;""H 0

.OO'~OEI
2.60 (16.7, 2.7) Ph 2.59 (16.8, 9.9)
2.48 (16.7,9.1)43 BOC-N~OEt 2.37 (16.8, 2.6)54

H OH 0 H OH 0

Boc'~OM'
2.60 (16.5, 2.7) Ph 2.57 (16.8, 1O.2~

2.42 (16.5, 8.7)43
Soc, ~OEt 2.38 (16.8, 2.6) 5

N .
H OH 0 H 5H 0

"j(~;(
3.24 (17.0)

O~
2.57 (17.3, 1O.3~

2.61 (17.0, 10.5)43 )l~. OEI 2.38 (17.3, 3.0) 5
CH 0

H OH 0

B"'~~O<~
2.48 (16.2, 2.9)

B",~~ot_BU
2.34 (15.6, 7.9)

2.29 (16.2, 10.0)51 2.27 (15.6, 3.4)51

Bn OH 0 Bn OH 0
OTs 2.84 (16.1, 2.6)

Boc'N~O<-,,"
2.48 (16.8, 10.1;

x:~
2.45 (16.1, 10.3)56 2.35 (16.8,2.7) 1

Bn'N O~ H OH 0
I
Bn OH 0
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Figure 6. Model of (L-Leu)-(28S,29S-Ahppa)-(L-Gln) fragment

1.2.4.3 Comments on Tasiamide B (1.12)

The main difference between the tasiamide A (1.11) and B (1.12) was the

incorporation of an Ahppa unit into 1.12. This was the first time that this modified amino

acid residue has been found in a metabolite from a marine cyanobacterium,57 although it

has been identified as part of the freshwater cyanobacterial metabolite hapalosin.58 The

Ahppa unit has been found in acid protease inhibitors from Candida59 and Streptomyces60

spp. and has been widely utilized in the field ofpeptidomimetics. Other, related b-amino

p-hydroxyacids from marine cyanobacteria include valine and proline derivatives in

lyngbyabellin D (cf. section 1.3.3) and symplostatin 1,61 respectively. The incorporation

of modified amino acids formed by a combination of polyketide synthases and non

ribosomal peptide synthetases is a common theme among cyanobacterial metabolites lO

and is one of the reasons investigations into these organisms remain so fruitful.
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1.2.5 Tasipeptins A (1.13) and B (1.14)

-...:::::
L-Le:Q I b N-Me-L-Phe

~
OH 16~15
2 N 17 6

Ahp 2 0 L-Val

230 0 rHN 0 HN
L-Leu ,'""~ Cfl 351 1

~N~O 0
H H~ 0

L-Thr 0 f L-Val

~~ ""Ir

Tasipeptin A (1.13)

L-Le:Q I : N-Me-L-Phe

~
OH 16~15
26 N 17 6

Ahp 2 0 L-Val

230 0 rHN 0 HN
L-Leu I' ""~ Cfl 351 1

~N~O 0
H H~ 0

L-Thr 3~

Tasipeptin B (1.14)

Tasipeptin A (1.13) and B (1.14) were isolated from the aqueous extract of

VP643. They differ from the other metabolites in this collection by the incorporation of a

3-amino-6-hydroxy-piperidone ring. Both were cytotoxic towards KB cells with ICso

values of 0.93 and 0.82 11M, respectively.

1.2.5.1 Isolation and Structure Elucidation*

Solvent partitioning and gel permeation chromatography of the aqueous extract of

Symploca sp. VP643 yielded several fractions that displayed cytotoxicity. One such

fraction after further purification by repeated reversed-phase HPLC provided 4.3 and 2.2

mg of tasipeptins A (1.13) and B (1.14) in 0.24 % and 0.12 % yield, respectively, based

on the mass of the crude aqueous extract.

* Reproduced in part with permission from Williams, P. G.; Yoshida, W. Y.; Moore, R. E.; Paul, V. J J.
Nat. Prod 2003,5,620-624. Copyright (2003) American Chemical Society.
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Table 9. NMR Spectral Data for Tasipeptin A (1.13) in CDCh

Unit C/Hno. SH
a(J in Hz) Scb,o IH_IH COSya,d HMBC(J;e ROESya

Val I 172.5, s 3,35
2 4.57, dd (7.9, 4.7)f 57.4, d 2-NHf 4,5
2-NH 6.96, d (7.8) 2f

3 2.15, m 31.1, d 3f

4 0.92, d (6.6) 18.9, q 3
5 0.87, d (6.7) 18.1,q 3 15,36

N-Me-Phe 6 169.6, s 2-NH,7
7 5.40, dd (11.5, 2.5) 62.0,d 8 15 17
8 3.45, dd (-14.3, 2.5) 34.0, t 7

2.91, dd (-14.3,11.5) 7
9 137.1, s 7,8
10/14 7.27, d (7.0) 129.1, d 11 8
11/13 7.18, t (7.0) 129.2, d 10,12
12 7.22, t (7.0) 126.9, d 11
15 2.89, s 31.0, q 7 4

Leu 16 174.0, s 15,17
17 4.84, dd (10.9, 4.2) 49.6, d 18 7
18 1.68, m 37.4, t 17 17,20,21 26

0.33, m 17 17
19 0.97,m 24.2,d 20,21 20,21
20 0.46, d (6.5) 21.6, q 19 21 17
21 0.68, d (6.6) 23.6,q 19 20

Ahp 22 170.2, s 17,26
23 4.53, ddd (12.7, 8.0, 5.6l 50.6,d 23-NHf 23-NH,24.,.
23-NH 7.23, d (8.0) 23f

24.,. 2.43, qd (12.7, 2.2) 21.8, t 23,25eq 23-NH,25.,. 24eq, 25.,., 23-NH
24eq 2.05,m 24.,.
25eq 2.04,m 29.5, t 26 26
25.,. 1.83, td (13.5, 2.9) 24.,.,26 26
26 5.14, br d (5.0) 74.9,d 18, 25, 26-0H
26-0H 4.32, br d (5.0) 26 26

Leu-2 27 171.2, s 23-NH,29a
28 4.48, br dd (9.4, 7.9l 52.1, d 28-N~,

29a
28-NH 6.41, d (7.9) 28f 30 34
29 1.91, ddd (-13.5, 9.4, 4.1) 38.8, t 29b 28

1.57, m 29a
30 1.53, m 24.7, t
31 0.90, d (6.1) 23.3, q 30 30,32
32 0.83, d (6.6) 21.1, q 30 29,30

Thr 33 168.8, s 28-NH, 34, 35
34 4.74, d (9.2) 55.0, d 34-NH,35 35 28-NH, 35, 36
34-NH 6.92, d (9.2) 34 38
35 5.49, q (6.4) 71.6, d 34 1,36 34,36
36 1.32, d (6.4) 18.3, q 35 4,34,35

Val 37 172.4, s 34, 34-NH
38 4.47, t (8.1)f 58.5, d 38-NHf,39
38-NH 6.36, d (8.1) 38f 43
39 1.24, m 31.4, d
40 0.96, d (7.4) 19.2, q 38
41 0.95, d (7.2) 18.1, q 38

Butanoic 42 173.5, s 38-NH, 43, 44
43 2.35, t(7.1) 38.3, t 44 44,45 38-NH,44
44 1.71, m 19.2, t 43,45 43
45 . 0.98, t (6.8) 13.3, q 44 38-NH

aRecorded at 500 MHz. 6 Recorded at 125 MHz. C Multiplicity deduced by HSQC. dProtons showing long-
range correlation with indicated carbon. eCorrelations were observed for DJCH = 7 Hz. f Confmned by ID-
TOCSY experiments on the appropriate 2° amide proton.

Tasipeptin A (1.13) was a colorless amorphous powder whose UV/vis spectrum

showed end absorptions only. Examination of the lR, 13C NMR, and RSQC spectra of
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1.13 recorded in CDCh (Table 9) indicated fourteen Sp2 carbons, thirteen methines, seven

methylenes and eleven methyl groups in accordance with a molecular weight of892.5140

established by MADLI-TOF (C4sH71N701ONa, /). 1.5 mmu). Based on chemical shifts,

eight of the fourteen Sp2 carbons were carbonyls (oc 174.0, 173.5, 172.5, 172.4, 171.2,

170.2, 169.6, and 168.8) and the remainder constituted a monosubstituted phenyl ring (oc

137.1, 129.2, 129.1, and 126.9). This accounted for a total of twelve of the fourteen

degrees of unsaturation implied by the molecular formula, with the remaining two double

bond equivalents in the form of rings. The thin-film IR spectrum of 1.13 suggested a

depsipeptide with vibrations characteristic of amides, esters, and hydroxyl groups at

1643, 1731, and 3291 cm-} respectively. These conclusions were corroborated by five

signals for exchangeable protons - one hydroxyl and four secondary amide proton

signals- deduced by the lack ofcorrelations in the HSQC spectrum.

Irradiation of the secondary amide proton signals of 1.13 in a ID TOCSY

experiment established the presence of one threonine, two leucine, and two valine

residues. Subsequent irradiation of the a.-proton signal at OH 5.40 (H-7) showed transfer

to a pair of geminal methylene proton signals with a -14.3 Hz coupling (H-8). The

magnitude of this proton-proton coupling denoted an adjacent 1t system and revealed that

this unit was phenylalanine. Finally, irradiation of the alcohol proton signal (26-0H) and

the secondary amide proton signal at OH 7.23 (23-NH) in two separate TOCSY

experiments established the final fragment as the modified amino acid, 3-amino-6

hydroxy-piperidone (Ahp).

The remaining protons were assigned based on the COSY spectrum that showed

a methylene multiplet at OH 1.71 (H-44) that had cross-peaks to a methyl triplet at OH 0.98
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(H-45) and to a methylene triplet at DH 2.35 (H-43). This aliphatic chain was expanded

into a butyric acid moiety by HMBC correlations between the carbonyl signal at 173.5

ppm and both methylenes (H-43, H-44).

The sequence of 1.13 was determined primarily by 2JCH HMBC correlations

between the 2° amide proton signals and the corresponding carbonyl carbons.

Specifically cross-peaks between C-27/23-NH, C-33/28-NH, C-37/34-NH, C-42/38-NH,

and C-6/2-NH established two partial fragments: Ahp-Leu-Thr-Val-Butyrate and Val

Phe. The latter unit was expanded based on HMBC cross-peaks from H-15 to carbons

within the Phe unit (C-7) and the other Leu residue (C-16). Finally, 3JCH correlations

between H-17 and C-22 of the Ahp unit and between C-l and H-35 unambiguously

established the cyclic structure of 1.13.

The NMR signals of 1.14 (Table 10) were almost superimposable on those of 1.13

and this suggested a minor variation in the gross structure. High-resolution mass

spectrometry data of the optically active ([a]21o _13° c 0.7, MeOH) amorphous powder

1.14 revealed a molecular formula of C4oH62N609 (MNa+ 793.4454) indicating a smaller

compound than 1.13. Analysis of the one-dimensional TOCSY data clearly established

all the isolated spin systems and indicated that one of the valine residues had been

eliminated in 1.14, which accounted for all of the differences in the molecular formula.

Once again HMBC correlations from the N-methylamide and the 2° amide proton signals

provided two fragments, Val-(N-Me-Phe)-Leu and Ahp-Leu-Thr-Butyrate that could be

linked by HMBC cross-peaks (H-17/C-22, H-17/C-26) to form a linear chain. Finally, a

HMBC correlation between C-l and H-35 of threonine confirmed the cyclic nature of

1.14.
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1.2.5.2 Stereochemistry

The stereochemistry of all the proteogenic and N-methylated amino acids was

determined by chiral HPLC analysis of the acid hydrolyzate of 1.13, which contained

diagnostic peaks for L-Thr, L-Val, L-Leu, and N-Me-L-Phe. PCC oxidation of 1.13 prior

to acid hydrolysis and chiral HPLC analysis led to L-glutamic acid from the Ahp unit.

The absolute stereochemistry of C-23 in the Ahp unit was therefore S. Analysis of the

2,3JHH coupling constants, obtained through one-dimensional TOCSY and selective

decoupling experiments, established the relative stereochemistry around the piperidone

ring. Two large 3JHH couplings to H-23 and the small 3JHH couplings to H-26 indicated an

axial and equatorial orientation, respectively, for these protons. Therefore the absolute

configuration of the Ahp moiety was 238, 26R.

The absolute configuration of 1.14 was deduced in a manner analogous to 1.13

leading us to conclude the tasipeptins had the same stereochemistry for all remaining

units (2S,7S,17S,23S,26R,28S,34S,35R).
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Table 10. NMR Spectral Data for Tasipeptin B (1.14) in CDC!]

Unit C/Hno. 8H
a (JinHz) 8c

b• c IH.IHCOSY HMBCa:e ROESya

Val 1 172.4,8 3,35
2 4.57, dd (7.2, 4.7t 57.3, d 2-NHf 3,4,5
2-NH 6.94, d (7.2) 2f 7,15
3 2.13, m 31.1, d 2f

4 0.89, d (6.6) 18.8, q 3
5 0.86, d (6.7) 18.1, q 3

N-Me- 6 169.5,8 2-NH,7
Phe

7 5.41, dd (8.9, 2.4) 62.1, d 8 15 2-NH
8 3.45, dd (-14.7, 2.5) 33.9, t 7 17

2.90, dd (-14.7, 8.9) 7
9 137.1,8 8, Il
10/14 7.27, d (5.9) 129.0, d Il 8,10
11/13 7.19, t (7.4) 129.3, d 10,12 1l,12
12 7.22, t (6.0) 126.8, d Il
15 2.86,8 31.0, q 7

Leu 16 174.0,8 15,17
17 4.82, t (9.5) 48.5, d 18b 7
18 1.69, m 37.4, t 18b 17,20,21

0.31, dt (10.4, 9.5)
19 0.99,m 24.2,d 18b 20,21
20 0.46, d (6.5) 21.7, q 19 17
21 0.69, d (6.6) 23.6,q 19

Ahp 22 170.3,8 17,26
23 4.55, ddd (11.6, 8.4, 3.5)f 50.6,d 23-NHf

23-NH 7.21, d (8.8) 23f 24.,.
24.,. 2.45, qd (11.6, 2.2) 21.8, t 23f, 25 23 NH-23, 24eq, 25eq
24eq 2.04,m 25
25eq 2.01,m 29.5, t 24 23
25.,. 1.85, td (13.5, 2.9) 24f 26
26 5.1 0, br d (5.0) 74.8, d 25,26-0H 17 26
26-0H 4.42, br d (5.0) 26

Leu-2 27 171.4,8 23·NH
28 4.50, br dd (8.3, 9.3)f 51.9, d 28-Nff 23
28·NH 6.65, d (8.3) 29b,34,35
29 1.97, ddd (-14.1, 9.3, 4.4) 39.2,t 28f 31,32 26

1.57, m 26
30 1.53, m 24.7, t
31 0.90, d (6.6) 23.2,q 30 298
32 0.85, d (6.6) 21.3, q 30 29a

Thr 33 169.3,8 34,28·NH
34 4.85, d (9.2) 54.7, d 34-NHf 36 28-NH, 34·NH
34-NH 6.75, d (9.2) 38
35 5.50, q (6.4) 71.8, d 36 34
36 1.30, d (6.4) 18.2, q 35 34

Butanoic 37 174.1,8 34·NH, 38, 39
38 2.35, t (7.1) 38.3, t 39 39,40
39 1.71, m 19.2, t 38,40 38
40 0.98, t (6.8) 13.3, q 39

a Recorded at 500 MHz. b Recorded at 125 MHz. C Multiplicity deduced by HSQC. dProtons showing long
range correlation with indicated carbon. e Correlations were observed for nJCH = 7 Hz. {Confmned by 1D-
TOCSY experiments on the appropriate 2° amide proton.

1.2.5.3 Comments on Tasipeptins A (1.13) and B (1.14)

Tasipeptins A and B display many characteristics typical of many ~anobacterial

metabolites. Features such as N-methylation, the incorporation of polyketide units and

modified amino acids are biosynthetic signatures of cyanobacteria and probably serve to
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enhance the biological efficacy. To date, the unusual Ahp unit has appeared In

approximately fifty secondary metabolites isolated primarily from terrestrial and marine

cyanobacteria (Microcystis,62 Oscillatoria,63 Anabaena, 64 Nostoc,65 Microchaete,66

Scyonema,67 Lyngbya,68 and Symploca spp.), although this moiety has also appeared in

natural products from the terrestrial bacterium Streptomyces resistomicijicus.69

Surprisingly, regardless of the source, all known Ahp-containing metabolites share the

same basic structure of a 19-membered ring constructed from six amino acids cyclized

through the alcohol oxygen of threonine, or in one case 3-hydroxy-4-methylproline. Most

of the variations are located in the side chains that are attached to the amino terminus of

threonine. Also, the sequence of the six amino acids which comprise the macrocycle is to

a large extent conserved in the form of cyclO(L-VallIle-N-Me-L-PheITyr70-XI-(3S,6R)

Ahp-X2-L-Thr) with Xl a hydrophobic L-amino acid (Leu, Ile, Val and Phe) or in a few

cases Thr. The identity of X2 appears to play a crucial role in determining the biological

activity since compounds which possess a nonpolar amino acid in this position are often

reported to be inhibitors ofchymotrypsin while those with polar residues generally inhibit

trypsin but have little effect on chymotrypsin.n ,n,73 A crystal structure of a complex

between trypsin and an Ahp-containing compound (A90720A; XI=L-Leu, X2=L.Arg)

indeed showed that the guanadinium provided a number of key hydrogen bonds within

the specificity pocket, while hydrogen bonds around the Ahp unit defined the elliptical

shape ofA90720A.74
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1.2.6 Tasihalides A (1.15) and B (1.16)

Tasihalides A (1.15) and B (1.16) were isolated from the extracts of the Palauan

cyanobacterium designated VP643. It was surprising that tasihalide A, which appeared to

be the more polar of the two compounds, was isolated only from the lipophilic extract,

while tasihalide B was isolated from the polar extract. The reason for this discrepancy

was unclear. The simplest explanation, that 1.16 was an artifact, seemed unlikely given

that readily apparent acylating agents, such as ethyl acetate or ammonium acetate, were

not used during the isolation.

Tasihalide A (1.15) R = H
Tasihalide B (1.16) R = Ac

The tasihalides are unusual for two main reasons. First, the ring system in 1.15

and 1.16 has not been found in other diterpenes. Secondly, these compounds represent the

first example of the incorporation of iodine into a cyanobacterial secondary metabolite.

Unfortunately, both compounds did not display cytotoxicity against KB or LoVo cell

lines.

1.2.5.1 Isolation and Structure Elucidation

Tasihalide A (1.15) was isolated from the lipophilic extract of the cyanobacterium

designated VP643. After repeated extraction with 4:1 CH3CN:CH2Ch, the residue was

separated by a combination of solvent partitioning, silica chromatography, and repeated
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reversed-phase HPLC. Final purification of 1.15 was achieved on an Ultracarb 30 ODS

with 70 % aqueous CH3CN (tR 19.6 min) to afford 0.8 mg of an optically active oil

{[a]23D -180 (c 0.6, MeOH)} in 3.4 x 10-2 % yield.

Inspection of the richly detailed proton and carbon NMR spectra (Table 11),

along with IR and UV/vis data, set the framework for the gross structure determination.

The Be NMR spectrum revealed that 1.15 was composed of 26 carbons that could be

further divided into seven methyl, three methylene, ten methine, and six quaternary

carbon signals. The three carbonyl signals were ascribed to acetate groups based on the

methyl singlets at OH 2.21, 2.13, and 2.08. The attachment of these acetate groups to the

carbon skeleton also accounted for three of the six oxygenated sp3-carbons (oc 76.8, 76.6,

73.4, 73.9, 69.8, and 68.8). The number of carbons that remained (20) suggested, from a

biosynthetic perspective, that 1.15 was a diterpene formed from four isoprene units. The

NMR spectrum of 1.15 revealed a single signal indicative of an exchangeable proton at

OH 2.15 that was attributed to an alcohol proton on account of the 3501 cm- l vibration in

the IR spectrum. The chemical shifts and coupling constants for the methylene signals

were also noteworthy. Surprisingly, the proton NMR spectrum revealed two pairs of

methylene proton signals that possessed geminal coupling constants with an absolute

magnitude greater than 15 Hz. A geminal coupling constant of this size is usually

indicative of a methylene directly attached to a 1t-system, which, given that all the sp2

carbons were present in the form of acetates, was not possible in 1.15. The third set of

methylene proton signals comprised an AB system atoH 3.27 and 3.10 that showed a lJCH

of 150 Hz to a carbon which resonated at Oc 15.3. This unusual combination of values

was indicative of a heavy-atom effect and indicated that either bromine or iodine was
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attached to this carbonP The presence of iodine in 1.15 was confirmed by the UV/vis

spectrum, recorded in MeOH, which showed an n-a~ transition at 254 run characteristic

of this halide.

Difficulties arose in obtaining a clear-cut molecular ion peak for 1.15. FAB and

MALDI-TOF mass spectrometry failed to provide useful data under a variety of

conditions, but pseudo-molecular ion peaks at m/z 707 and 709 [M + Na] were eventually

obtained by ESI. These two ions had an isotope pattern in a 1:1 ratio that indicated that

bromine was incorporated into 1.15. The fragmentation of the 709 ion peak was followed

in a series of MS/MS experiments which provided ions at m/z 627, 499, 439, and 383

from loss ofHBr81
, HI and two successive McLafferty rearrangements that resulted in the

elimination of two molecules of acetic acid (-60). The elemental composition of 1.15 was

therefore C26H370SBrI as confirmed by a high-resolution ESI peak [M + N~] + at m1z

702.1154 (2.1 mDa error).

,'MOAC OHa Me '1; ~~ OAe
Me 5 I I ACO~II ~ 16~~rhr.·

21 /,;, Me"""" ..,.,... .,.,.,..
.,.,.,.. IS I "1..~ /. I I

I ,~ ,

A B

Figure 7. Partial Fragments of Tasihalide A (1.15).

The structure of 1.15 was elucidated from the 2D NMR data (Table 11). Analysis

of the COSY and HMBC data, recorded in CDCh at 500 MHz, established three

fragments (Figure 7). The proton and carbon chemical shifts of fragments A, B, and C

suggested that the halides were attached to C-4 and C-16. The iodine was connected to C-

16 (Be 15.3) and the bromine to C-4 (Be 54.5) based on the carbon chemical shifts in
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accordance with literature values.75 An HMBC correlation from H-21 to C-6 and a COSY

cross-peak from H-9 to H-lO established the C-5/C-6 and C-9/C-I0 junctions,

respectively. Fragment C was linked to this unit by a COSY correlation from H-12 to H-

13 and a HMBC cross-peak to C-I0 from H-9. The two downfield carbons (C-14 and C-

15) were connected via an ether linkage to account for the remaining oxygen atom and

the final degree of unsaturation required by the molecular formula.

Table 11. NMR Spectral Data for Tasihalide A (1.15) in CDCh

NOESY

1, 3ax,3eq, IS
21

7-oH,21
7-oH, S, 24

7,10.24

12,17, IS
11, 13eq, 16a
12, l3ax, 16a
7-oH, 12, 13eq, 24

12, l3eq, 16b
16a, 17
10, IS
1,2, 10, 11,20

3eq,9,13ax

4,7-oH

11, 1680 16b
1,2
2,20

S, 12, l3eq, l3ax, 24
9,11,12, 1680 16b, 17
11,17

2, 3ax, 3eq, 6, 10,21
3ax,3eq,4,6,9,21
7, 7-oH, S, 21
6,7-oH

6,7, 7-0H, 9,10,11,
l3eq, 13ax, 24
5,7, S, 10, 11, 12
1,2,6, S, 9, IS, 21
9, l3eq, 16b, 17
9,11, l3ax
S, 11,24

16b, 17
16a
16a
1

7
6, 7-0H, S
7
9, 13eq

S,IO
9
12, l3eq
11, l3eq, l3ax
S,13b
l3eq

73.4, s
76.S, s
15.3, t

2S.S,d
51.0, d
37.0, d
6S.S,d
50.0, t

47.2,d

2.93, t (11.1)
2.37, dd (11.1 3.5)
2.94, d (4.9)
5.34, t (4.9)
2.36, dd (-15.6 4.9)
1.47, d (-15.6)

I 2.40, qd (7.3, 3.6) 33.1, d 2, IS 3ax,3eq, 10, IS
2 5.04, br s 73.9, d I, 3ax, 3eq 3ax,3eq, IS
3ax 2.53, ddd (-15.4,11.5, 4.S) 39.0, t 2, 3eq, 4 4
3eq 2.49, ddd (-15.4,5.5,1.7) 2, 3ax, 4

4 5.34, dd (11.5 5.5) 54.5, d 3ax,3eq
5 45.3, s
6 5.50, d (3.1) 76.6, d
7 4.05, br s 69.S, d
7-oH 2.15, d(l.5)
S 1.71,d(l1.1

4,6,10
6,23

I, 3ax, 6,10

l3eq, l3ax
12,26

7, 7-0H, S, 13eq

A related compound, tasihalide B (1.16, 0.8 mg), was isolated from the 30 %

aqueous EtOH extract of the cyanobacterium. The proton NMR spectrum of 1.16 was

nearly identical to 1.15 except for the downfield shift of H-7 and the presence of an extra

methyl singlet at OH 2.17. HR-ESI established a molecular formula of C2sH«N09BrI
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based on a [M + Nli4] + of 744.1246 (0.7 mDa error) for the peracetylated analogue 1.16.

NMR analysis (Table 12) confirmed the gross structure to be otherwise identical to 1.15.

Table 12. NMR Spectral Data for Tasihalide B (1.16) in CDCh

3,18,20,21
2
2
9,28

7,8, 13b

6

12,13a
17
9, 11, 16b, 20, 28
2,9

7,21,26
6,8,24
7, 10, 13b,24
4,17
8
12,17
11, 1380 16a
12, 16a
8,24

2,17,21
3,6,9,20

18

21
21
21

18,21
1680 17
11,13b

26

24
1680 17
17

20

23

52.8, d
45.9, s
73.9,d 7
69.6,d 6,8
45.5, d 9
31.1, d 8,10
50.3, d 9
37.0, d 12
68.6,d 11,13
45.4, t 12,13b

12,13a
72.7, s
76.4, s
15.3, t 16b

16a

2.13, s

5.53, d (3.0)
5.13, dd (2.6, 1.3)
1.85, d (11.1, 1.3)
2.91, dd (11.1, 10.5)
2.39, d (10.5)
2.96,d(4.7)
5.33, dd (8.6, 4.9)
2.33, dd (-15.5, 8.4)
1.47, d (-15.5)

2.10, s
1.03, s

2.25, s
1.09, s

3.25, dd (-10.2,1.0)
3.09, d (-10.2)
1.70, s
1.17, d(7.1)

26.3,q
17.8, q

171.2, s
22.24, q

18.5, q
168.7, s
21.0, q

22.16, q
169.8, s

21.7,
q

27 169.2, s 28
28 2.17, s 21.4, q 4,17

I 2.40, m 33.1, d
2 5.06, br s 73.8, d 3
3 2.59, m 39.0, t 2

2.40,m 2
5.10, dd (7.3, 5.1)4

5
6
7
8
9
10
11
12
13

14
IS
16

17
18
19
20
21
22
23
24
25
26

1.2.5.2 Stereochemistry
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The relative stereochemistry of the ring system in 1.15 was established by

analysis of proton-proton coupling constants and ROESY correlations (Figure 8). A large

proton-proton coupling between H-3ax and H-4 eJH-3ax1H-2 = 11.5) established the axial

orientation of both these protons. Likewise a small proton-proton coupling between H-3ax

and H-2 (JH-21H-3ax =4.5) established this latter proton was in an equatorial position. Three

other protons H-8, H-9, and H-IO were also assigned axial configurations based on large

proton-proton couplings. ROESY correlations from H-4 to H-9 and from H-21 to H-I

indicated that the AlB ring junction was cis, while the axial position of H-8 and H-9,

determined from coupling constants; indicated that the B/C ring junction was trans. The

configuration of the B-ring with respect to the oxabicyclic systems was elucidated from

ROESY cross-peaks from H-8and H-16 to H-13. The relative configuration of 1.16 was

determined by a similar analysis.

1.15

O.2M NaOMa,

OH

Figure 9. Degradation of 1.15.

Although this required the preparation of a suitable derivative, determining the

absolute configuration of 1.15 by circular dichroism seemed the most viable option of all

the possible alternatives. Inspection of a model suggested that the hydroxyl groups on C

6 and C-12 were the least hindered and perhaps the acetate groups at these centers could



50

be replaced with more appropriate chromophores. Deacetylation of 1.15 (Figure 9) with

sodium methoxide proceeded smoothly and yielded the triol 1.17, but two subsequent

attempts to derivatize C-6 and C-12 have so far been unsuccessful. The treatment ofl.17

with an excess of anisoyl chloride and a stoichiometric amount of DMAP in pyridine for

two days at room temperature and at 70°C have resulted only in recovered 1.17. Thus,

the absolute configuration of the tasihalides remains unassigned.

1.2.5.3 Comments on the Tasihalides.

Numerous halogenated natural products have been isolated from terrestrial and

marine organisms. 76 Given the relatively high concentration of halides in ocean water

(0.5 Min cr, O.lmM in Br", 1 J.lM in 1")77 it is not surprising that marine natural products

incorporate these atoms more frequently than secondary metabolites from terrestrial

sources. But of the approximately 3000 halogenated natural products known, less than

100 contain iodine78 and half of these compounds are simple hydrocarbons of less than

eight carbons.79,80 Examples of more complex iodine-containing metabolites include the

depsipeptides geodiamolides81 and doliculide (iodotyrosines), iodinated nucleosides,82

lukianol B,83 and the structurally intriguing calicheamicin.84 The placement of iodine in

the tasihalides is unusual, though. It is one of the few examples of a structurally complex

molecule in which this halide is attached to a Sp3 rather than a Sp2 carbon. Tasihalides A

and B are, to our knowledge, also the first examples of iodine incorporation into a marine

diterpene.
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Figure 10. Possible Biosynthesis of the Tasihalides.

The tasihalides also appear to be the first examples of this structural core in a

natural product. It is the fonnation of an oxabicyclic system in the C-ring that makes the

carbon skeleton of 1.15 and 1.16 unusual. The structures most closely related to 1.15 and

1.16 are synthetic tricyclic compounds, lacking the oxabicyclic system, which are fonned

by treatment of cembrane diterpenes with electrophiles.85 This makes it tempting to

speculate that 1.15 and 1.16 arise from the cyclization of an oxygenated cembrane

diterpene initiated by a bromoperoxidase (BPO) halogenation. Such haloperoxidase

mediated electrophilic cyclizations have been demonstrated in vitro using

bromoperoxidases cloned from red algae (Rhodophyta).86,87 Two general types of

peroxidases have been identified: vanadium bromoperoxidases and FeHeme

bromoperoxidases. The latter are capable of generating both electrophilic and radical

species while the fonner are much more common and only generate an electrophilic

halogenating agent (Br+ or 1\ A cationic biosynthetic scheme88 based on a hypothetical

intennediate is shown in Figure 10.
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1.27

Me Me

--..~
t!I Br

1.25

~x-·MUtl
~~~

1.26

o!.r:~H H~ ~--'~-(
~ y, Br y,

1.28 1.29

Figure 11. Formation ofA-B ring system.

The cis stereochemistry of the AlB-ring system89 would be consistent with a

peroxidase-catalyzed cyclization. After formation of the bromonium ion, the chair-like

transition state (1.26) that would lead to a trans ring junction (1.27) would be destabilized

by a 1,3-syndiaxial interaction (Figure 11). The corresponding twist;..boat transition state

(1.28) that would lead to a cis ring junction (1.29) does not have this unfavorable steric

strain.90

The hydride shift, which would be required to convert 1.19 to 1.20, could occur

via either two successive 1,2-hydride shifts or a single 1,3-hydride shift.91 The latter

would retain the cis-ring junction but would be problematic for stereochemical reasons.

For example, if the A-ring were in a chair conformation, the vacantp orbital would point

directly at the methylene protons (Figure 12). This alignment would facilitate hydride

transfer, but would result in a final product with the hydrogen in the equatorial position in

the A-ring rather than the axial position as seen in 1.15.92 Conversely, a mechanism

involving two successive 1,2-hydride shifts93 would circumvent these stereoelectronic

problems, but would generate a carbocation at the AlB ring junction (C-I0) after the first
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1,2-hydride shift. The binding pocket of the enzyme would have to control the

stereochemistry of the AlB ring junction to produce the thermodynamically less favored

cis junction.

Br Br

-I.~~-!J Me _r~JrMe

~ rr
1.30 1.31

Figure 12. Stereochemical Outcome of 1,3-Hydride Migration

The configurations of the remaining centers would be consistent with

thermodynamically controlled conditions (Figure 13). After formation of the AlB ring

junction and hydride migration, the remaining two rings could be cyclized via a trans-

decalin system to generate a 3° carbocation that could be trapped by water. The axial

position of the alcohol would be consistent with placement of the larger group in the

equatorial position. The formation of the trans B/C ring junction would generate an

unfavorable steric interaction between the methyl and isopropenyl substituents on the A-

and C-rings, respectively. This interaction could be alleviated by double bond

isomerization placing the isopropenyl group in the equatorial position. Subsequent

conversion to the twist-boat conformation would be necessary to cyclize the final ring

system. In the isomerization to the terminal double, the protonation would have to occur

from the pro-S face, as proposed, since this would result in a chair conformation.

Addition of a proton from pro-R face would result in a twist-boat conformation, in which

conversion to a chair conformation with an axial isopropenyl group would require that
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the two groups with the unfavorable steric interaction to be initially brought closer

together.

Br~ 1-1

Me~
/'...

1.20

Br~
-Me

I

~
1.21

Br~_L nl-l
_Me~

1.22

Br~
--- Me OH

Isomerization

1.23

=:~Ulodin~~lon :~----,.__,_...-

Me
1.23

Me

Figure 13. Hypothetical Biosynthesis of the Tasihalides.
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1.3 CYTOTOXINS FROM LYNGBYA

1.3.1 Overview ofLyngbya Metabolites

Table 13. Cytotoxins Isolated from the Extracts of Lyngbya spp. Investigated

Strain Genus and Species Compounds Collection Site
Designation
VP680
VP755

VP417

NIHI99,
154, 143
VP637

VP664
NIH288
VP694
VP557

Lyngbya confervoides
Lyngbya sp.

Lyngbya sp.

Lyngbya majuscula

Lyngbya majuscula

Lyngbya sp.
Lyngbya sp.
Lyngbya majuscula
Lyngbya majuscula

Obyanamide
Ulongapeptin
Palau'amide
15-Norlyngbyapeptin A
Lyngbyabellin D
Lyngbyastatin 3
Ibu-epilyngbyastatin 3
Lyngbyastatin 1
Ibu-epilyngbyastatin 1
Dolastatin 12
Ibu-epidolastatin 12
Apramides A, B, & G
Lyngbyic Acid
Malyngamide C
Oscillatoxin A
Debromoaplysiatoxin A

Obyan Bay, Saipan
Ulong Channel,
Palau
Apra Harbor, Guam

Apra Harbor, Guam

Apra Harbor, Guam

Guam
Guam
Palau
Guam

In tropical and sub-tropical areas, the most frequently encountered cyanobacteria

belong to the genus Lyngbya. 12 As a consequence, this genus accounts for more than 30

% of all the natural products that have been isolated from marine cyanobacteria. lO During

this research, eleven of the sixteen strains of Lyngbya examined yielded cytotoxins

(Table 13). Of these eighteen secondary metabolites, eleven were known compounds,

four were analogues of known compounds (l5-norlyngbyapeptin A, lyngbyabellin D,

lyngbyastatin 3, and Ibu-epilyngbyastatin 3), and three were new structures (obyanamide,

ulongapeptin, and palau'amide).
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Table 14. Corbett Assay Data for the Lyngbya spp. Investigated

Extract Leukemia Murine Human Fibroblast
(LI21O) Solid (C38t Solid (H15t

VP680 400-500 700 800 800
VP755 600 430 600 580
VP417 N/A N/A N/A N/A
NIH199 (1/25)8 440 780 820 0-200
NIH154 (1/4)8 0-80 380 440-550 0-550
NIH143 650 850 750 220-250
VP637 (1/100t 370 600 380 300-500
VP664 320 450 440 160-430
NIH288 N/A N/A N/A N/A
VP694 N/A N/A N/A N/A
VP557 550 390 400-460 300-500

8Dilution 6 Colon solid tumor C Colon multidrug resistant tumor

Of the known compounds re-isolated, several are noteworthy for a variety of

reasons. For example, during the summer months of 1980, 86 cases of severe contact

dermatitis were reported from various beaches on the windward side of Oahu.94 The

source of the dermatitis was traced to filaments of Lyngbya majuscula that had broken

loose from the sea floor during heavy surf and later came into contact with swimmers.

Isolation of the major inflammatory agents from this cyanobacterium led to the discovery

of the oscillatoxins and aplysiatoxins (1.32,1.33).95 Further biological evaluation of these

toxins indicated that the aplysiatoxins were potent tumor promoters at nanomolar

concentrations.95 At that time, only two other classes of compounds displayed such potent

activity: the phorbol esters, found in a variety of terrestrial organisms, and lyngbyatoxin,

from Lyngbya majuscula found on the south shore of Oahu. It has been suggested that the

presence of strains of Lyngbya, which produce these toxins, in the coastal waters of

Hawaii and their mistaken consumption as seaweed were two of the factors which

contributed to people in Hawaii having the highest rate of gastrointestinal cancer in the

world during the late 70s and mid-80s. 12
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Malyngamide C (1.34) was one of the other known compounds isolated. The

malyngamides are one of the largest classes of cyanobacterial metabolites. They are

characterized by a lyngbyic acid unit (1.35) connected to a six-membered ring via an

amide bond. There are currently 23 analogues known, having been isolated from a variety

of organisms around the globe. Despite the prevalence of these compounds, their

ecological significance and biological function are currently unknown.

QMe

OH

Oscillatoxin A R = H (1.32)

Debromoaplysiatoxin R= Me~1~.33)I CI 0

b N

OMe 0 0'):

.
OH

OH
Malyngamide C (1.34)

OH

OMe 0

Lyngbyic Acid (1.35)
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1.3.2 15-Norlyngbyapeptin A (1.36)

One of the best-characterized strains of Lyngbya can be found in Palau and

Guam.96 This field-collected cyanobacterium, easily identifiable by the presence of a

small shrimp97 within the algal mat, produces an extraordinary array of secondary

metabolites. Collections of this cyanobacterium made over the last ten years have yielded

eight distinct classes of metabolites, consisting of some twenty-six different

compounds.96,98

Several large re-collections of this cyanobacterium from Guam were undertaken

during the Spring of 2002 to facilitate further biological evaluation of two of these

cytotoxins, the apratoxins and the lyngbyabellins. Fractionation of this extract provided

15-norlyngbyapeptin A (1.36) in a yield of 3 x 10-4 %. An ICso value of 1.3 ~M was

obtained for 1.36 against KB cells.

15-Norlyngbyapeptin A R=H (1.36)
Lyngbyapeptin A R=Me (1.37)



59

1.3.2.1 Isolation and Structure Elucidation·

Table 15. NMR Spectral Data for 15-Norlyngbyapeptin A (1.36) in CDCh

C/H no.- OHb (J in Hz) occ
1 2.18,s 19.1,q
2 Im~s

3 5.17, s 90.4, d
4 1~~s

5 3.64, s 55.0, q
6 5.81, dd (9.7,5.2) 54.3, d
7 169.5, s
8 3.24, dd (-12.9,9.7) 34.7, t

2.68, dd (-12.9, 5.2)
9
10/14
11/13
12
15
16
17
18
19

20
21
22
23
24
25
26
27

28
29
30
31
32

33

34

7.14, d (8.5)
6.67, d (8.5)

5.60, br s
3.00, s
5.44, dd (9.4, 5.5)

1.63, ddd (-14.4, 9.4, 5.0)
1.51, ddd (-14.4, 9.1, 5.5)
1.30, m
0.94, d (6.4)
0.92, d (6.7)
2.80, s
4.97, d (11.2)

1.92, m
0.98,m
0.75,m
0.74, t (6.5)
0.83, d (6.7)
2.59, s
5.43, dd (9.4, 5.5)
2.33,m
2.17, m
2.12,m
1.96, m
3.94,m
3.75,m

129.0, s
130.7, d
115.2, d
154.5, s

29.9,q
51.7,d
171.2, s
37.9, t

23.4, d
22.3, q
24.5, q
30.2, q
58.0,d
169.9, s
33.4, d
23.4, t

10.2, q
15.0, q
30.2, q
58.4,d
31.5, t

24.3, t

47.4, t

35 171.7,s
36 7.67, d (3.3) 142.1, d
37 7.22, d (3.3) 118.0, d

* Reproduced in part with permission from Williams, P. G.; Luesch, H.; Yoshida, W.Y.; Moore, R. E.;
Paul, V. J J. Nat. Prod 2003,5,595-598. Copyright (2003) American Chemical Society.
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The molecular formula of 15-norlyngbyapeptin A (1.36) was determined to be

C36HS3Ns06S by high-resolution FABMS (m/z [M+Nat 706.3649, +3.5 mmu error),

which was consistent with the IH and BC NMR data (Table 15). The richly detailed

proton spectrum displayed a characteristic pattern of resonances that suggested that 1.36

belonged to the family of metabolites known as the lyngbyapeptins,96~9 viz. a pair of

vicinal thiazole protons (OH 7.67, 7.22), a pair of aromatic doublets (OH 7.14, 6.67), a

vinyl singlet (OH 5.17), three N-methylamide signals (OH 3.00, 2.80, 2.59), and a methyl

enol ether singlet at 3.64 ppm. Conspicuously absent from both the proton and carbon

NMR data were the signals for the aromatic methoxy group on the tyrosine unit (C-15).

The loss of this methyl ether explained the longer retention time of 1.36 relative to

lyngbyapeptin A (1.37) during silica chromatography and the 14 amu difference between

1.36 and 1.37. The strong similarity between the spectral data of 1.36 and 1.37, in

conjunction with fragments observed during FABMS, suggested the same amino acid

sequence (Figure 14). Fragments derived from the sequential loss of Thz-pro, N-Me-Ile,

and N-Me-Leu gave rise to major ion peaks at m/z 530, 403, and 276 respectively.

~530 pOH
mlz403 r; ~

I mlz276 -
~

;r0N~NrrO11 ~ ~NUO/5
31 II _. I II I 3

S ~ 0 0
6:::;N

Figure 14. FABMS Fragmentation of 15-Norlyngbyapeptin (1.36).

1.3.2.2 Stereochemistry

The absolute stereochemistry of the amino acid-derived units in 1.36 was

determined by chiral HPLC after ozonolysis and acid hydrolysis. Comparison with
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authentic standards established the stereochemistry as 68,178,248,268,318, analogous to

lyngbyapeptin A (1.37).99 The configuration of the C-2/C-3 double bond was E, since

irradiation ofH-3 (8H 5.17) showed a NOE to the adjacent methoxy proton signal (H-5).

1.3.2.3 Comments on 15-Norlyngbyapeptin A (1.36)

The most unusual structural feature of lyngbyapeptin A and 15-norlyngbyapeptin

A is the proline-thiazole unit. In fact, these compounds are one of the few examples of

secondary metabolites from marine cyanobacteria that contain a thiazole ring at the

carboxy terminus of proline. lOO Generally, proline residues are not modified in marine

cyanobacterial metabolites.1o It is interesting to note that the other two members of this

structural family, lyngbyapeptin B and C, have replaced this proline-thiazole unit with an

alanine-thiazole moiety. Traditionally, amino acids are more likely to be substituted by

units with the same hydrophobicity or polarity, i.e. neutral, acidic or basic, since this

involves little modification to the enzyme. According to the model of NRPS substrate

binding pockets, substitution of proline by alanine would require the exchange of three of

the eight core amino acid residues in the binding pocket (alanine to glutamine, glycine to

methionine, and cysteine to histidine).lOl,102 This means at least 6 of the 24 DNA base

pairs that encode for these eight key positions must be modified.103 The scale of these

modifications suggests a single organism cannot be responsible for the production of all

the lyngbyapeptins. The isolation of 1.36 and 1.37 only from Guamanian collections and

lyngbyapeptin B and C from Palauan collections corroborate this hypothesis.
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1.3.3 Lyngbyabellin D (1.38)

°
~O\-
O~8"9 0

HN~~
25 0 33~

1 HOII.'(' 36

;>0 0"
S N ~,-I.: 0 0 0 CI CI

~'~/O~~~~
~e"OH 1J I,;) - - I ( ~

Lyngbyabellin D (1.38)

Of all the compounds isolated from VP417, the potency of the apratoxins98 and

the lyngbyabellins (1.33-1.35)96 are particularly noteworthy. The latter were analogues of

dolabellin (1.42),104 a sea hare isolate, and their isolation further supported the proposal

that many of the dolastatins were of cyanobacterial origin.6 Lyngbyabellin A10S was also

a nanomolar microfilament disrupter and a related compound, hectochlorin, displayed an

unique profile of cytotoxicity by the COMPARE algorithm, which suggests that this class

ofcompounds may have a novel mode ofaction. 106

Further examination ofVP417 led to the isolation oflyngbyabellin D (1.38) in 3 x

10-4 % yield, based on the dry weight of the extract. Lyngbyabellin D (1.38) was the

largest member of this structural family isolated, and displayed an ICso value of 0.1 IlM

against the KB cell line.



r!{:,HR
HN HN
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OOOCICI

HO O~
Lyngbyabellin A R =Me (1.39)
Lyngbyabellin B R= H (1.40)

OH

H~~r!:e N')
. SiN A,
y'o~

Dolabellin (1.42)

1.3.3.1 Isolation and Structure Elucidation*

OH

:L~S
r=( -0 N'~

S /.N A,_-1 0 0 o. CI CI

'H'oY'o~

Lyngbyabellin C (1.41)

Hectochlorin (1.43)
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The molecular formula of 1.38 was established as C3sHssChN3013SZ by high-

resolution MALDI-TOF, which indicated twelve degrees ofunsaturation. These could be

ascribed to six carbonyls, two carbon-carbon double bonds, two carbon-heteroatom

double bonds, and two rings. The downfield singlets at OH 8.22 and 8.17 (H-22, H-4), in

conjunction with the MS data, indicated the presence of two 2-alkylthiazole-4-

* Reproduced in part with permission from Williams, P. G.; Luesch, H.; Yoshida, W. Y.; Moore, R. E.;
Paul, V. J J. Nat. Prod. 2003,5, 595-598. Copyright (2003) American Chemical Society.
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carboxylate rings which were consistent with the UV absorption at 223 nm. These

resonances, plus the unusual quaternary carbon at Oc 90.1 (C-17) and the downfield

methyl singlet at OH 2.12 (H-18), implied that many of the abnormal structural features

characteristic of this class of metabolites were still intact.' Based on the fragments already

identified, it was clear that 1.38 was linear, bearing a closer relationship to dolabellin

(1.42io4 rather than the cyclic lyngbyabellins (1.39-1.41)96 and hectocWorin (1.43).99

Analysis of the two-dimensional NMR data of 1.38 rapidly led to the

identification of several fragments including an acetate, a butyric acid, a 2-(1,2

dihydroxyethyl)thiazole-4-carboxylate unit, and a methyl 2-(1,2-dihydroxy-2

methylbutyl)thiazole-4-carboxylate unit. This latter unit was present in another member

of this family, but its stereochemistry had not been determined due to the paucity of

material.96 A 7,7-dichloro-3-hydroxy-2-methyloctanoic acid fragment was also easily

sequenced. These fragments accounted for a total OfC31~3ChN201lS2.

On the basis of a HMBC correlation from H-25 to C-26, the remaining C7H12N02

was clearly attached to the 13-hydroxyl group of the glyceric acid-derived moiety via an

ester linkage. The secondary amide proton signal at OH 5.47 (29-NH) showed a strong

COSY correlation to H-29, which in turn showed three vicinal couplings eJH-29/29.NH =

11.8, 3JH.291H-28 = 8.4, 3JH-291H-30 = 3.2 Hz). Using HMBC and COSY correlations, this

fragment was expanded into a modified valine unit (C-26 to C-32). A IJCH from H-28 to a

downfield carbon at 70.3 ppm indicated that this carbon was oxygenated, while a COSY

correlation to the methylene protons (H-27) and two HMBC correlations to carbonyls at

Oc 170.6 and Oc 169.5 (C-37, C-26) from H-28 established the acetylated structure

depicted.
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Table 16. NMR Spectral Data for Lyngbyabellin D (1.38) in CDCh

12

25,27

22, 24-0H, 25
24-0H,25

I
4

4,6
8,10
6,8,9,10
9,10

6,12,19
19
19
15

18

16
18

22

27
27,31,32

31,32
32
31
34,35
35,36
34,36

34,35
28,38

24-0H,25
24
24,25b
24,25a

12

15
15

12,19
12,14
13

9

35
34,36

35

28
28
27,29
28, 29-NH, 30
29
29,31,32
30
30

21.56, t
49.0, t

90.1, s
37.4, q
13.6, q
160.9, s
146.7, s
129.1, d
172.8, s
69.6,d

68.1, t

169.5, s
36.5, t

70.3, d
54.4, d

2.12, s
1.25, d (7.1)

5.25, ddd (8.7, 5.5, 3.3)
5.60, d (5.5)
4.56, dd (-11.3, 3.3)
4.44, dd (-11.3, 8.7)

8.22, s

I 3.95, s 52.5, q
2 161.7, s
3 1~~s

4 8.17, s 128.8, d
5 1~~s

6 6.22, s 76.9, d
7 U~s

8 1.78, q (7.4) 31.5,t
9 0.934, t (7.4) 8.1, q
10 1.06, s 21.58, q
II 170.9, s
12 2.98, dq (7.1, 6.9) 43.8, d
13 5.41, m 74.7, d
14 1.78, m 31.7, t

1.67, m
1.85, m
2.24,m
2.20,m

15
16

17
18
19
20
21
22
23
24
24-0H
25

26
27
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1.3.3.2 Stereochemistry

1. AD mix-13
)=/C02Et 2. Ba(OHh

Et 1.44
3:1 E:Z

)=/C02Et 1. NaOCI, pyr • ~C02Et
Et Et

1.44 1.45
3:1 E:Z

"\.._/C02Et 1. AD mix-a HO ,c02H
.r- _2_._B_a(:.....0_H:..=h_..::.Et,h

B 1.44 OH
3:1 E:Z (2R,3S)-1.46

• ~~)-(C02H

Et OH
(2S,3R)-1.46

2. Ba(OHh, MeOH HO CO H HO CO H
3. 1% H SO ..,----.::'< 2 ,,,\__/ 2

__--=2'----'4"--_. I"~ + Etl/, \

Et 1.460H 1.47 0H

3:1 de

Figure 15. Synthesis ofa,B-Dihydroxy-B-methylpentanoic Acid Standards.

The configuration of 1.38 was determined by analysis of the degradation

products. Ozonolysis and base hydrolysis liberated C-5 through C-I0 as 2,3-dihydroxy-3-

methylpentanoic acid (Dhmp) and C-23 through C-25 as glyceric acid. Dhmp standards

were prepared by diastereoselective and enantiospecific routes (Figure 15). First, a

mixture of all four diastereomers was synthesized by epoxidationl07 of a 3:1 mixture of

E:Z ethyl 3-methyl-2-pentenoateI08 (1.44). Subsequent acid-catalyzed ring opening, with

nucleophilic attack on the epoxide occurring adjacent to the carbonyl afforded 1.46 and

1.47. Comparison of this mixture (1.46, 1.47), after deprotection, with the ozonized base

hydrolyzate of 1.38, established the threo relative stereochemistry for this unit (1.46,

2R* ,38*), since it contained a peak that co-eluted with the synthetic standard derived

from epoxidation of the Z-enoate. Asymmetric dihydroxylation with AD-a and AD-

Bmixtures of the a,B-unsaturated ester provided enantiomerically pure (2R,3S)- and

(28,3R)-1.46 respectively from the trans olefin. 109 Subsequent chiral HPLC established
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the absolute stereochemistry of the Dhmp and the glyceric acids as shown in 1.38, viz.

6R,7S,24R. The configuration of C-6 was opposite of that found in the a,J3-dihydroxy-J3

methylbutanoic acid of lyngbyabellin A (1.39) and hectochlorin (1.43). The configuration

at C-24 was identical to the glyceric acid unit in dolabellin (1.42), but opposite to that of

the corresponding dihydroxy acid unit found at this position in hectochlorin (1.43).

The relative stereochemistry of the polyketide-derived J3-hydroxy acid was

determined to be 12R*,13S* by comparison of coupling constants and chemical shifts

with other members of this family. Specifically H-12 exhibited two large couplings of

approximately 7 Hz, almost identical to the ones for dolabellin, whose configuration was

determined by synthesis.104
,110 The absolute stereochemistry of C-13 is probably S, since

despite the numerous structural and stereochemical variations, 1.39, 1.40, 1.42, and 1.43

all have the S absolute configuration at the J3-position of the polyketide chain. 104
,105,106

The stereochemistry of the y-amino-J3-hydroxy acid residue in 1.38 was

determined by a combination of techniques. First, the relative stereochemistry of H-28

and H-29 was determined by a NOE correlation between 29-NH and H-27. Using NOE

correlations to determine the configuration around these centers was possible owing to a

large 3JH-29/H-28 value (8.4 HZ).lll Then the absolute configuration of C-29 was

determined by acid hydrolysis and subsequent ozonolysis, with oxidative workup to L·

valine as determined by chiral HPLC. The stereochemical assignment of lyngbyabellin D

(1.38) was therefore 6R,7S,12R,13S,24R,28S,29S.

1.3.3.3 Comments on Lyngbyabellin D (1.38)

One significance of the isolation of the lyngbyabellins from cyanobacteria is to

further the hypothesis that many of the dolastatins, originally isolated from the sea hare
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Dolabella auricularia, are acquired by the mollusk through its diet.6 In the case of

lyngbyabellin D, the stereochemistry of the P-hydroxy and the glyceric acid-derived

moieties are identical to those found in the sea hare isolate dolabellin and opposite in

configuration to the corresponding stereocenters in the other cyanobacterial metabolites.

The structure of lyngbyabellin D (1.38) suggested that dolabellin may not be an

artifact of the isolation procedure. This had been suggested based on the preferential

methanolysis of the C-l to C-25 ester linkage in lyngbyabellin C (1.41).96 In the case of

lyngbyabellin D (1.38), the methyl ester at C-l cannot arise from methanolysis of the C

l/C-25 ester linkage since C-25 is derivatized with the y-amino-p-hydroxyacid.112 This

suggests that the methyl ester at C-l of 1.38 arises via the biosynthetic machinery of the

cyanobacterium, most likely by S-adenosylmethionine (SAM) methylation of the acid.

Evidently, this organism is able to produce concurrently both cyclic and acyclic

analogues of these compounds with a variety of stereochemical configurations, a tactic

which, if these metabolites are antifeedants, may provide an evolutionary advantage by

delaying the development of detoxification mechanisms by predators.I13

It is also interesting to note, that a,p-dihydroxy-p-methylpentanoic acid,

contained within 1.38 is the penultimate intermediate in isoleucine biosynthesis.

Therefore the configuration of this unit depicted in 1.38 is likely the stereochemistry

produced by the primary metabolism of this cyanobacterium. Subsequent dehydration

and transamination would adjust the stereochemistry of these vicinal centers as required

to produce either D- or L-Ile.
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1.3.4 Obyanamide (1.48)

Obyanamide (1.48) was isolated from a strain of the marine cyanobacterium

Lyngbya confervoides collected from Saipan, Commonwealth of the Northern Mariana

Islands. Obyanamide (1.48) exhibited moderate cytotoxicity against KB cells with ICso

value of 0.98 IlM.

L-Ala-thiazole

I~ ~' 0
h N 6" ~,N ;:r-NH
o~

N-Me-L-Phe N 0 ;l,... (S)-Apa1';( /27 0 023N0
N-Me-L-Val 0

L-Lactic Acid

Obyanamide (1.48)

1.3.4.1 Isolation and Structure Elucidation*

The lipophilic extract of VP680 showed slight solid tumor selectivity in the

Corbett assay.114 Solvent partitioning of this extract followed by Si gel chromatography

and repeated reversed phase HPLC, yielded 1.48 as a white amorphous powder.

* Reproduced in part with permission from Williams, P. G.; Yoshida, W. Y.; Moore, R. E.; Paul, V. J J.
Nat. Prod 2002,65,29-31. Copyright (2001) American Chemical Society.
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Table 17. NMR Spectral Data for Obyanamide (1.48) in CDCh

C/Hno. SRa (Jin Hz) S b,c JH-JHCOSY HMBCd;ec
3-aminopentanoic acid
1 170.4, s H-2, H-29
2 2.74, dd (-11.8,5.0) 39.1, t H-3

2.38, dd (-11.8, 3.0)
3 4.36,m 47.6,d H-2, 3-NH, H-4 H-4, H-5
3-NH H-3
4 1.63, m 26.2, t H-3, H-5 H-2, H-5
5 1.05, t (7.4) 11.3, q H-4 H-4

Ala-Thz
6 160.4, s H-8
7 149.0, s H-8
8 7.98, s 123.2, d
9 170.1, s H-8, H-ll, 10·NH

10 5.04, q (7.6) 48.3,d 10-NH, H-ll IO-NH, H-ll
IO·NH 7.90, d (7.6) H-1O
11 1.42, d (7.6) 24.1,q H-1O
N-Me-Phe
12 168.2, s 10-NH
13 5.42, dd (8.2, 6.9) 60.9,d H-14 H-14, H-21
14 3.25, dd (-13.7, 8.2) 37.2, t H-13

2.87, dd (-13.7, 6.9)
H-14
H-14

H-16
H-13
H-21, H-23, H-13
H-26, H-25, H-27
H-23
H-26
H-25
H-23

H·24
H-23, H-25, H-26
H-24
H-24

H-17
H-16, H-18
H-17

137.0, s
128.9, d
129.4, d
127.1, d
29.1,q

169.8, s
57.9, d
27.6, t
18.5, q
18.6, q
29.9,q

5.06, d (10.2)
2.28,m
0.84, d (6.6)
0.48, d (6.6)
3.094, s

7.17, d (7.9)
7.21, dd (7.9,7.2)
7.08, t (7.2)
3.085, s

15
16120
17/19
18
21
N-Me-Val
22
23
24
25
26
27
Lactic Acid
28 173.2, s H-27, H-30
29 5.20, q (6.9) 67.9, d H-30 H-30
30 1.23, d (6.9) 16.0, q H-29 H-29

HR-FABMS analysis established the molecular formula for 1.48 as C30~IN506S,

which indicated 13 degrees of unsaturation. Inspection of the 13C NMR spectrum showed

14 Sp2 carbons in the form of four carbon-carbon double bonds and six carbon-

heteroatom double bonds, which accounted for ten degrees of unsaturation. The

remaining three degrees of unsaturation must then be in the form of rings. The IR

spectrum revealed that 1.48 contained both amide (1628 em-I) and ester bonds (1734

em-I), indicating it was in fact a peptolide. This peptidic nature was further supported by
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the presence of two amide (8H 9.11, 7.90) and two N-methylamide proton signals (8H

3.085, 3.094) in the IH NMR spectrum. The COSY, HSQC and HMBC data, summarized

in Table 17, suggested the presence of N-methylvaline, N-methylphenylalanine, and 3

aminopentanoic acid (Apa) fragments. The low-field resonance for C-29 (8c 67.9) and

the corresponding proton (8H 5.20) indicated that the acyloxy group was attached to this

carbon. A COSY correlation to H-30 and a HMBC cross-peak to C-l from H-29 along

with a HMBC correlation from H-30 to C-28 expanded this particular fragment into a

lactic acid moiety, which was attached to the ~-amino acid (Apa) unit via an ester

linkage. The downfield singlet in the IH NMR spectrum at 8H 7.98 as well as the Sp2

carbon resonances at 123.2, 149.0, 160.4, and 170.1 ppm were characteristic of a 2

alkylthiazole-4-carboxylic acid unit (C-6 to C_9).IIS HMBC correlations to C-9 and C-I0

from H-ll and to C-9 from H-8 connected the remaining carbons to form an Ala-thiazole

fragment.

As always, HMBC couplings from the N-methyl groups were quite informative in

sequencing the peptolide. From the N-methylamide signal at 3.085 ppm (H-21), HMBC

cross-peaks to the signals for the a.-carbon of phenylalanine (C-13) and to the carbonyl

carbon of valine (C-22) were visible. This clearly indicated that the N-Me-Phe nitrogen

was attached to the N-Me-Val carbonyl. Similarly the N-methylamide signal at 8 3.094

(H-27) showed HMBC correlations to the signal for the a. carbon of the valine (C-23) and

to the carbonyl carbon of the lactic acid fragment (C-28). Finally, a HMBC correlation

between the 8 7.90 amide proton of the Ala-thiazole moiety (lO-NH) and C-12 of the N

Me-Phe residue firmly established the connection of the Ala nitrogen to the N-Me-Phe
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carbonyl. Since one degree of unsaturation remained, 1.48 had to be cyclic with the

amine of the Apa attached to the cysteine-derived carbonyl of the thiazole ring.

1.3.4.2 Stereochemistry

NH2

~OH •
69%

1.49

NHBoc.. NHBoc

~OH~OTS
100 %

1.50 1.51

iii NHBoc.. ,
44% ~CN

1.52

iv NH2

92:-~CN
1.53

V NH2

87::~C02H

1.54

(i) BOC20, t-BuOH, H20; (ii) TsCI, pyridine; (iii) NaCN, DMSO;
(iv) TFA; (v) 6 N HCI.

Figure 16. Synthesis of (R)-3-Aminopentanoic Acid.

The absolute stereochemistry of 1.48 was established by analysis of the

degradation products. Obyanamide was subjected to ozonolysis followed by acid

hydrolysis, and the product mixture was analyzed by HPLC on a chiral column [Chirex

phase 3126 (D)]. Comparison of the components of the hydrolyzate with authentic amino

acid standards established an L configurations of the all the amino acids. Pure L· and D·

lactic acid standards were prepared from alanine116 and chiral TLC and chiral HPLC

determined the L-stereochemistry of this unit. Due to the limited amount of material

available, determination of the final stereocenter at C-3 necessitated the synthesis of (R)-

and (S)-3-aminopentanoic acid (Figure 16). Commercially available (R)- and (8)-2-

aminobutanol served as the chiral starting block for the five step synthesis. Hoc

protection and tosylation of the amino alcohol followed by sodium cyanide substitution
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(1.52) and acid hydroylsis provided the necessary standards (1.54). A comparison of the

hydrolyzate mixture and these standards showed no sign of the (R}-Apa under a variety

of solvent strengths and flow rates. Conversely a peak co-eluting with the (S)-Apa

standard was clearly evident.

1.3.4.3 Comments on Obyanamide (1.48)

Obyanamide (1.48) is a new depsipeptide containing two N-methyl amino acids,

an Ala-thiazole unit and a ~-amino acid. ~-amino acid fragments are not uncommon in

marine cyanobacterial metabolites. Structurally related units include the (2S,3R)-3

amino-2-methyl-pentanoic acid found in majusculamide C,117 dolastatin 11,118 dolastatin

12,1l9 and lyngbyastatin 1.119 Similarly, dolastatin 16120 possesses a 3-amino-2,4

dimethylpentanoic acid fragment of unknown stereochemistry, while dolastatin DI21 has a

(2R,3R)-3-amino-2-methylbutanoic acid unit.

Obyanamide (1.48) was the first compound reported from 1. confervoides.

Subsequently another class of depsipeptides from this species, lobocyclamides A_D,122

was identified, which like 1.48 contain a long chain ~-amino acid. Since then a Palauan

collection of 1. majuscula has afforded ulongamides A_F123 that have a strong structural

similarity to 1.48. In fact, the sequence of ulongamide A differs from 1.48 just by the

reversal of the N-Me-Val and N-Me-Phe residues. This variation has a negligible effect

on the cytotoxicity, as both compounds had ICso value of approximately 1 IlM against

KB cells.

Interestingly, ulongamide F was inactive against KB cells at 10 IlM, which

suggested that either the aromatic amino acid residue or the N-methylation adjacent the

hydroxy acid was important for the cytotoxicity.
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1.3.5 Ulongapeptin (1.55)

Ulongapeptin (1.55), a cyclic depsipeptide, was isolated from a Palauan strain of

the marine cyanobacterium Lyngbya. Ulongapeptin (1.55) was cytotoxic against KB cells

at an ICso of 0.64 IlM.

N-Me-D-Phe ~I
~ 0

L-Val ,", ~ 15 II 1N-Me-D-Val
/" ..( N'2~
1~ 0 241 30 N 0

H~ 0 ,... 3:(
(~'" 1..41~J;t""L-Val

, 0 0-;3")( : 0
o ~40

L-Lactic Acid N-Me-L-Val

Ulongapeptin (1.55)

1.3.5.1 Isolation and Structure Elucidation*

Lyophilized VP755 was extracted with a 1:1 mixture of methanol/ethyl acetate

and the resulting concentrate fractionated by normal and reversed-phase chromatography

to afford 1.1 mg ofulongapeptin (1.55) in 9.9 x 10-2 % yield after RP-HPLC.

Ulongapeptin (1.55) had a molecular weight of 808 Da based on FABMS pseudo-

molecular ion peaks at m/z 809, 831, and 847 for [M + Hr, [M +Nar, and [M + Kr

respectively. HR-MALDI, in conjunction with the proton and carbon spectral data,

* Reproduced in part with permission from Williams, P. G.; Yoshida, W. Y.; Quon, M. K.; Moore, R. E.;
Paul, V. J J. Nat. Prod 2003,5,651-654. Copyright (2003) American Chemical Society.
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established an elemental composition for the amorphous powder as C44H6SN60g. From

the proton and carbon spectral data, 13 Sp2 carbons, in the form of seven carbonyls and

three carbon-carbon double bonds, constituted ten of the 14 degrees of unsaturation

implied by the molecular formula of 1.55. According to the IH NMR data, the six

nitrogens were accounted for by three secondary amide (aH 6.19, 8.18, 8.24) and three

tertiary N-methylamide groups (aH 2.75, 2.90, 3.40). In addition to a broad band at 1654

cm- l for amide carbonyls, the IR spectrum showed a strong vibration at 1727 cm- l

characteristic of an ester moiety. The eight oxygens were therefore located in one ester

and six amide carbonyl groups, which suggested that 1.55 was a depsipeptide that

consisted ofone hydroxy and six amino acid units.

One-dimensional TOCSY experiments enabled us to identify the amino acids that

constituted 1.55. Excitation of the 2° amide proton signals at aH 8.18 (32-NH) and 8.24

(ll-NH) produced spectra with signals for protons that were either directly- or relay

coupled to these NH groups and suggested the presence of two valine units. Likewise

excitation of the doublets at aH 3.95 (H-37) and 4.90 (H-26) generated spectra consistent

with two more valine units whose nitrogens were part of tertiary amide groups. Analysis

of the HMBC spectra showed 3JCH cross-peaks from the methyl singlets at aH 3.40 (H-30)

and 2.75 (H-41) to C-26 and C-37, respectively, which verified this conclusion and

thereby expanded these fragments into two N-Me-Val units. Another unit was generated

starting from the a-proton signal at 4.99 ppm (H-16) that showed 3JHH couplings to a pair

of geminal doublet ofdoublets at 3.90 and 2.53 ppm (H-17). This fragment was expanded

into a N-methylphenylalanine unit via HMBC correlations to C-18 from H-17 and H-20,

and to the a-carbon (C-16) from the methylamide signal at aH 2.90 (H-24).
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Table 18. NMR Spectral Data for Ulongapeptin (1.55) in CDCh

C/Hno. OHa (Jin Hz) ocb,c IH- 1HCOSY HMBC((e ROESY
AMO
I 177.7,5 2,9
2 2.82, qd (7.0, 3.6) 41.8, d 3,9 9 3,9
3 4.27,m 49.4, d 2,3-NH,4 9 2,9
3-NH 6.19, d (10.1) 3 4, ll-NH
4 1.59, m 33.0, t 3,4b 2,3 2, 3-NH, 5, 6, 19

1.30, m 4a
5 1.28, m 24.1, t 3 4a
6 2.18, m 17.7, t 5,8

2.02,m 5,8
7 83.9,5
8 1.98, t (2.6) 68.9,d 6
9 1.13, d (7.0) 14.7, q 2 2,3,13

Val
10 171.4,5 3-NH, II
II 4.28, t (10.2) 61.2, d ll-NH,12 13,14
ll-NH 8.24, d (10.2) II 3-NH,16
12 1.62, m 31.8, d ll, 13, 14 11,13,14 13,14
13 0.97, d (6.7) 19.5, q 12 12,14 9, ll, 12, 14
14 0.78, d (6.6) 20.3,q 12 II, 12, 13 II, 12, 13,24

N-MePhe
IS 167.5,5 ll, 16, 17b, ll-NH
16 4.99, dd (l1.5, 1.9) 62.0,d 17 17a, 17b, 24 II-NH, 17b, 26
17 3.90, dd (-13.2, 11.5) 35.8, t 16, 17b 17b,24

2.53, dd (-13.2, 1.9) 16,17a 17a, 19,28
18 137.6,5 17,20
19/23 7.26, d (7.4) 129.4, d 20 17,19,21 4, 17b,28
20/22 7.30, dd (7.4,6.0) 128.6, d 19,21
21 7.25, t (6.0) 126.7, d 19
24 2.90,5 29.2,q 14, 17a

N·Me-Val
25 170.9,5 16,24,26
26 4.90, d (10.9) 58.4, d 27 28,29,30 16,28,29
27 2.39,m 28.5, d 26,28,29 28,29 30
28 1.07, d (6.5) 20.l,q 27 27,29 17b, 19,27
29 0.94, d (6.4) 19.6, q 27 26,27,28 26,30,35
30 3.40,5 31.6, q 26 27,29,32,35

Val
31 175.7,5 26,30,32
32 4.76, t (9.4) 54.6,d 32-NH,33 34,35 30,34,35
32-NH 8.18, d (9.4) 32 37
33 2.06,m 31.2, d 32 32,34,35 34,35
34 0.87, d (6.7) 18.6, q 33 32,35 32,33
35 0.84, d (6.8) 19.7, q 33 34 29,35

N·Me-Val
36 167.6,5 32, 32·NH, 37
37 3.95, d (10.5) 66.5,d 38 39,40,41 32-NH, 39, 40, 43
38 2.46, m 26.1, d 37,39,40 37,40 38,40,41
39 1.03, d (6.3) 20.7,q 38 37,38,40 37
40 0.87, d (6.7) 19.2, q 38 37,38,39 38,44
41 2.75,5 29.3,q 37 34,38,40

Lac
42 170.7,5 37,41,44
43 5.45, q (6.6) 66.4,d 44 44 37,44
44 1.50, d (6.6) 17.7, q 43 43 40,43

a Recorded at 500 MHz. b Recorded at 125 MHz. c Multiplicity deduced by HSQC. dProtons showing long
range correlation with indicated carbon. e Correlations were observed for nJCH = 7 Hz.
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The two isolated spin systems that remained were assigned as follows. Irradiation

of the methine quartet at OH 5.45 (H-43) in a ID-TOCSY experiment showed

magnetization transfer to a methyl doublet at OH 1.50 (H-44) to form a 2-carbon unit. A

IJCH cross-peak obtained from the HSQC spectra connected this downfield methine to a

carbon signal at Oc 66.4 (C-43); a chemical shift suggestive of a carbinol and hence a

lactic acid moiety. An initial one-dimensional TOCSY experiment on the final secondary

amide proton signal at OH 6.19 (3-NH) gave correlations to a nitrogen-bearing methine at

OH 4.27 (H-3), a methyl doublet (H-9), a quartet of doublets at OH 2.82 (H-2), and the

proton signals for H-4. These diagnostic resonances implied an a-methyl-p-amino acid

unit common in cyanobacterial metabolites. lO A second TOCSY experiment with a longer

mixing time showed the secondary amide proton (3-NH) was relay-coupled to the

terminal alkyne proton at OH 1.98 (H-8). Considering all the fragments previously

identified and the constraints imposed by the molecular formula, this had to be a Cg unit,

viz. a 3-amino-2-methyl-7-octynoicacid unit.

With the molecular formula satisfied, the gross structure was assembled via

HMBC correlations. Cross-peaks from the amide proton signals to C-lO, C-15, and C-36

established the sequences (AMO)-(Va1)-(N-Me-Phe) [C-l to C-24] and (Val)-(N-Me-Val)

[C-31 to C-41]. These two fragments were linked by 3JCH correlations from the N

methylamide signals to the remaining units. Specifically, cross-peaks to C-25 from H-24,

to C-31 from H-30, and to C-42 from H-41 connected all of these fragments into a linear

chain, i.e. (AMO)-(Val)-(N-Me-Phe)-(N-Me-Val)-(Val)-(N-Me-Val)-(Lactic acid).

HMBC 124 and ROESY experiments failed to show any correlations which supported a

connection between C-l of the AMO unit and the lactic acid oxygen, but given the ester
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carbonyl vibration in the IR at 1727 cm-1 and the degrees of unsaturation required by the

molecular formula, ulongapeptin had to be the cyclic depsipeptide 1.55.

1.3.5.2 Stereochemistry

The absolute configuration of 1.55 was established by analysis of the degradation

products. A small sample of 1.55 was hydrogenated to reduce the terminal alkyne and

then hydrolyzed with 6 N HCI to liberate the amino acids. These were analyzed by chiral

HPLC and the retention times compared with authentic standards. The proteogenic amino

acids and the hydroxy acid were shown to all have the L configuration. Of the N-

methylated amino acids, the phenylalanine-derived unit was clearly 0, but both

enantiomers of N-methylvaline were encountered in an equal amount. Hydrolysis of1.55

at a lower temperature (90°C) gave the same result and confirmed the presence of both

enantiomers ofN-Me-Val in 1.55.

Figure 17. Key ROESY Correlations around C-26.

Analysis of the ROESY data, suggested a 0 configuration around C-26 (Figure

17). Specifically, a cross-peak from H-16 to H-26 indicated a cis geometry of the amide

bond between these two units, while a correlation between H-17b and H-28 revealed that

the side chains of these units were on the same face of the molecule. Molecular modeling

of this dipeptide fragment indicated that both stereocenters must have the same absolute
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configuration in order to explain these cross-peaks. Similar correlations between the

lactic acid moiety and the adjacent N-Me-Val unit were in line with this conclusion and

further suggested an L configuration around C_37.125

0 0 0
II~ i, ii

~OMe
iii

(Meor: OMe
..

1.56 1.57

Me Ph Me Ph

PhAN) 0 iv PhAN) 0 v,vi NH2 0

~OMe ~OMe "~OH

1.58 1.59 1.60

5:2 de 5:2 de

(i) n-BuLi, THF; (ii) hexanal; (iii) n-BuLi, THF (R}-N-Benzyl-a-methylbenzylamine;
(iv) KHMDS, Mel; (v) H2, 20 % Pd/C; (vi) 6 N HCI.

Figure 18. Synthesis of (2R,3R)-AMO.

The a.-methyl-13-amino acid was synthesized as a 5:2 mixture ofC-2

diastereomers (2R,3R and 2S,3R) as shown in Figure 18. The Homer-Wadsworth-

Emmons elongation of hexanal produced a 1:1 mixture ofE:Zmethyl oct-2-enoate,

which was easily separated by flash chromatography. Michael addition ofN-benzyl-a.-

methylbenzylamine to trans-l.57 afforded 1.58 after purification.126 Subsequent

methylation produced a mixture of diastereomers127 that were separated after deprotection

(1.60) as their 1-fluoro-2,4-dinitrophenyl-Ieucinamide derivatives (FDLA) to afford the

(2R,3R)- and (2S,3R)-AMO standards. The enantiomers of the other two standards

[(2S,3S) and (2R,3S)] were prepared by derivatization of the synthetic reaction mixture
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with DL-FLDA and subsequent separation of the four resulting peaks by HPLC. 128

Comparison with the L-FDLA derivatized hydrogenated hydrolyzate established the

absolute configuration of the 3-amino-2-methyl-7-octynoic acid as 28,38 under standard

Marfey conditions.

1.3.5.3 Comments on Ulongapeptin (1.55)

The trivial name of 1.55 has been assigned after the collection site of the

cyanobacterium. Ulong channel has proven to be a rich source of interesting metabolites

including the lyngbyabellins (1.38-1.41),33 and the apramides (1.1-1.3).30 Both classes of

compounds possess C8 units similar to 1.55. The AMO unit found in 1.55 has been

previously identified in the mollusk metabolite onchidin.129 Such a-methyl-13-amino acid

units frequently occur in cyanobacterial metabolites and their appearance in compounds

isolated from other marine organisms has often been suggested as being indicative of

either a dietary or a symbiotic relationship between the two organisms.6

The structure of 1.55 is an excellent example of the metabolic themes of

cyanobacteria. Four of the five amino acid-derived units are valine, which is the most

commonly encountered amino acid in cyanobacterial compounds, and half of these valine

units are N-methylated, a percentage which mirrors that found in the literature. tO The

presence of two amino acids, which have been·epimerized to a D configuration, is

unusual though, since over 90 % of amino acids incorporated into cyanobacterial

metabolites have an L configuration. 10
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1.3.6 Palau'amide (1.61)

Bioassay-guided fractionation of the lipophilic extract of a Lyngbya sp. from

Palau has yielded palau'amide (1.61). This was the most potent cytotoxin isolated from

the strains of marine cyanobacteria examined. The IC50 value of 1.61 against KB cells

was 13 nM.

~L-A~a23 -'.
\ .25 NH D-Hydroxy
N--C- 2 isocaproic acid

N-Me-o-Phe 0 0 0
14 0 0 33

4442

fj
(34E,38R,39R)-Dddd

13N

Gly >
O==<ll

\ NH \ VO

-""'}-Nr-%O
o \4

L-lle N-Me-L-Ala

Palau'amide (1.61)

1.3.6.1 Isolation and Structure Elucidation

In the spring of 2000, a strain of Lyngbya was collected from Ulong Channel,

Palau. Since the lipophilic extract of these dark reddish-brown clumps was slightly solid

tumor selective, the cyanobacterium was re-collected for further study. Bioassay-guided

fractionation of the lipophilic extract provided palau'amide (1.61) in 0.2 % yield (2.8

mg).
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Table 19. Spectral Data for the Major Conformer of Palau'amide (1.61) in MeOH-d3

Unit C/Hno. aH
8(Jin Hz) a b,c 'H-'HCaSy HMBc(eC

N-Me-Ala I 171.7,5 2,3
2 3.84, q (6.7) 61.3, d 3 4
3 1.44, d (6.7) 13.8, q 2
4 3.36,5 39.0,q 2

lie 5 172.6,5 4,6
6 4.89, t (9.6) 53.9,d 6-NH,7 7, to
6-NH 8.17, d (9.6) 6
7 1.87, m 38.8, d
8 1.84, m 25.5, t 9, to

1.32, m 9
9 0.94, t (7.4) 10.9,q 7
10 0.88, d (6.6) 11.5, q 7 7

N-Me-Gly II 170.6,5 6-NH,6,12
12 4.18, d (-18.7) 52.7, t 12u 13

3.13, d (-18.7) 120

13 2.87,5 36.8,q 12
N-Me-Phe 14 172.4,5 12, 13, 15, 16

15 5.43, dd (9.9, 5.5) 55.2, d 16 16,23
16 3.01, dd (-14.5, 9.9) 35.9, t 15 18122

2.95, dd (-14.5, 5.5) 15
17 138.3,5 16
18/22 7.14, d (6.9) 130.7, d 16,20
19/21 7.18, t (6.9) 129.1, d
20 7.16, t (6.9) 127.5, d 18122
23 3.01,5 30.7, q 15

Ala 24 174.9,5 15,23,25,26
25 4.47, P (6.8) 46.4,d 25-NH,26 26
25-NH 8.57, d (6.8) 25
26 0.82, d (6.8) 15.3, q 25 25,25-NH

Hiea 27 173.8,5 25-NH,28
28 4.91, dd (12.0, 9.8) 74.2,d 29
29 1.79, m 41.9, t 28,2911,30

1.51, m 28,29... 30
30 1.37, m 30.6, t 31,32
31 0.95, d (6.6) 23.8,q 30 32
32 0.92, d (6.0) 21.7, q 30 31

Dddd 33 169.9,5 35,45
34 146.5,5 45
35 6.84, t (6.7) 141.7, d 36,45 45
36 2.83, ddd (-15.2, 6.7, 3.7) 29.3, t 35,36.37

2.46, ddd (-15.2, 6.7, 5.9) 35,36",37
37 4.93, ddd (6.7, 5.9, 3.7) 76.2,d 36,38 46
38 1.79, qdd (7.0, 6.7, 5.6) 43.3,d 37,39,46 46
39 3.49, ddd (8.8, 5.6,2.0) 73.0,d 40 46
40 1.58, m 33.7, t 39,41d 39

1.41, m
41 1.65, m 26.0, t 42 42

1.48, m 40.
42 2.19, td (7.2, 3.6) 18.8, t 41,44
43 85.0,5 42
44 2.20, t (3.6) 70.0,d 44 42
45 1.93, br 5 12.9, q 35 35
46 0.85, d (7.0) 15.9, q 38

8 Recorded at 500 MHz. 6 Recorded at 125 MHz. C Multiplicity deduced by HSQC. dProtons
showing long range correlation with indicated carbon. e Correlations were observed for DJCH = 7 Hz.
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High-resolution mass spectrometry produced a [M + Na] + ion at 874.5003 that

afforded a molecular formula of C46H69NSOIO (0.1 mDa error). The proton and carbon

NMR data, recorded in CDCh, of the apparently chromatographically homogeneous

material revealed a complex mixture of conformers (1:1 :0.3:0.3). By changing the solvent

to MeOH-d3 (Table 19) the conformational ratio improved to an acceptable level

(2:1:0.1) and provided reasonably well-dispersed signals. Examination of the IH NMR

spectrum of 1.61 recorded in MeOH-d3 indicated that it was a peptide containing both

aliphatic and aromatic residues. The l3C NMR spectrum contained seven carbonyls, five

of which were amides based on the presence of two secondary amide (~H 8.17,8.57) and

three N-methylamide proton signals (~H 2.87, 3.01, 3.36). Two degrees of unsaturation

were assigned to a terminalalkyne based on the characteristic carbon chemical shifts (~c

85.0, 70.0) and a diagnostic 250 Hz IJCH from ~c 70.0 (C-44) to a proton signal at ~H 2.20

(H_44).l30 Based on the carbon NMR data, the seven remaining double bond equivalents

were assigned to five carbon-carbon double bonds and two rings.

COSY, HMBC and TOCSY experiments determined the individual units which

comprised 1.61. TOCSY experiments, which produced spectra with signals that were

directly- or relay-coupled to the secondary amide protons, established the presence of Ala

and lIe units. HMBC correlations to the tertiary N-methylamide signals provided the

starting point for the elucidation of the N-Me-Ala, N-Me-Phe, and N-Me-Gly units. A

TOCSY experiment on the doublet of doublets at ~H 4.91 (H-28) showed relay-transfer to

three multiplets (~H 1.79, 1.51, 1.37) and two doublet methyl proton signals (~H 0.95,

0.92) that suggested a leucine-derived unit. The downfield chemical shift of the a.-carbon
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C-28 (oc 74.2) clearly indicated that this was the acyloxy carbon of an ester linkage, i.e.

the final amino acid-derived unit was 2-hydroxyisocaproic acid.

Table 20. NMR Spectral Data for Conformer A ofPalau'amide (1.61) in CDCh

Unit C/H OH
a (JHz) ocb,c JH)HCOSY HMBCd;e ROESY

no.
N-Me-Ala I 169.5,5 2,3,37

2 4.50, q (6.9) 54.6,d 3 3,4 6, 7, 8d
3 1.39, d (6.9) 14.1, q 2 2
4 2.51,5 27.7, q 2

I1e 5 170.5,5 4,6
6 5.15, dd (9.6, 4.2) 53.2, d 6-NH,7 7,8,10 2
6-NH 7.10, d (9.6) 6 7,8u,13
7 1.69, m 38.4,d 6,10 9,10
8 1.46,m 23.4, t

1.25, m 9
9 0.852, t (7.2) 12.3, q
10 0.892, d (6.6) 16.5, q

N-Me-Gly 11 168.1,5 6,6-NH,12
12 4.95, d (-17.1) 51.0, t 12u 13

3.10, d (-17.1) 1~

13 2.60,5 35.8, q 12d 6-NH,15
N-Me-Phe 14 173.2,5 13,15,16

15 5.23, dd (10.5, 6.1) 55.7, d 16 16d,23
16 3.21, dd (-13.2,10.5) 35.5, t 15, 16- 18/22 13

3.09, dd(-13.2, 6.1) 15,16d 15
17 136.7,5 16,19/21
18/22 7.14, d (7.1) 129.5, d 16, 18/22, 20 15
19/21 7.20, dd (7.1,6.3) 128.0, d 19/21 13, 16
20 7.15, t(6.3) 126.5, d 18/22
23 3.20,5 31.5, q 15 25

Ala 24 172.9,5 23,25,26
25 5.09, dq (9.9, 6.6) 44.9,d 25-NH,26 26 23
25-NH 8.05, d (9.9) 25 25, 26, 29u

26 1.20, d (6.6) 16.5, q 25
Hica 27 169.7,5 25,28,29

28 5.53, dd (8.4, 3.7) 71.7, d 29 29u 25-NH
29 1.96, ddd (-13.8, 9.8, 3.7) 40.9, t 28 31,32 28

1.73, ddd (-13.8, 8.4, 4.4) 28 28
30 1.57, m 24.43, d 29d, 31, 32 28,31,32
31 0.939, d (6.4) 21.7, q 30 32
32 0.902, d (6.5) 23.1,q 30 31

Dddd 33 166.5,5 28,45
34 130.5,5 35, 36d, 45
35 6.52, br d (11.8) 139.0, d 36 36d,45 37
36 3.03, dt (-15.1,11.8) 30.9, t 35, 36u, 37

2.20, dd (-15.1, 3.3) 35, 36d, 37
37 5.27, dt (11.8, 3.3) 76.8, d 36,38 36d,46 35, 36u, 38, 46
38 1.93, m (8.3, 7.0, 3.3) 42.4, d 37,39,46 46 37
39 3.52, m (8.3) 72.1, d 38,40 46 36u, 40, 41d, 46
40 1.61, m 31.4, t 39,40u 39 37

1.46, m 39, 40d, 41d
41 1.75, m 24.1, t

1.62, m 42
42 2.23, td (6.0, 2.6) 18.2, t 41,44
43 84.3, s 41,42
44 1.954, t (2.6) 68.6,d 42 42
45 1.75, br s 12.2, q 35
46 0.971, d (7.0) 13.4, q 37 36d, 37, 39, 40

a Recorded at 500 MHz. b Recorded at 125 MHz. c Multiplicity deduced by DEPT. dProtons showing long
range correlation with indicated carbon. e Correlations were observed for DJCH = 7 Hz.
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Table 21. NMR Spectral Data for Conformer B of Palau'amide (1.61) in CDCh

Unit C/H OHa (Jin Hz) ocb,c IH_1H HMBCd;e ROESY
no. COSY

N-Me-A1a I 170.1, S 2,3
2 3.59, q (7.1) 60.1, d 3 3,4
3 1.51, d (7.1) 13.6, q 2 2 4
4 3.34, S 38.3, q 2 3,6,6-

NH

lie 5 171.2, S 2,4,6
6 4.86, t (9.7) 52.2, d 6-NH,7 10 7,8
6-NH 7.81, d (9.6) 6 12,35
7 1.98, m 37.2, d 6,9,10
8 1.84, m 24.40, t 6

1.44, m
9 0.979, t (7.5) 10.4, q
10 0.896, d (6.7) 14.9, q 6

N-Me-Gly II 168.6, S 6-NH,6,12 16d
12 4.06, d (-18.1) 51.1, t 12u 13 15

3.19, d (-18.1) 12d 15
13 2.97, S 36.7,q 12d

N-Me-Phe 14 169.6, d 12,13,15,16u

15 5.45, dd (10.8,5.4) 53.7, d 16 16,23 1418122
16 3.12, dd (-14.9,10.8) 34.8, t 15,16u 15,18/22 15

3.02, dd (-14.9,5.4) 15,16d 15
17 135.9, S 16, 19/21
18/22 7.192, d (6.4) 129.0, d 16,18/22, 19/21,20 15,16
19/21 7.31, dd (6.6, 6.4) 128.7, d 19/21
20 7.28, t (6.6) 127.4, d 18122
23 2.955, S 29.9,q 15 25

Ala 24 173.0, S 15,23,26
25 4.60, dq (8.6, 7.1) 44.5,d 25-NH,26 26 23,26
25-NH 6.26, d (8.6) 25 25,26,28
26 0.760, d (7.1) 16.1, q 25 25

Hica 27 171.4, S 28,29d
28 4.70, dd (10.1, 3.9) 73.3, d 29 29
29 1.87, ddd (-14.5,10.1,4.9) 40.7, t 28 28,31,32

1.47, m 28,30
30 1.78, m 24.6,d 29u, 31, 32 28
31 0.936, d (6.7) 23.1, q 30
32 0.894, d (6.5) 21.6, q 30

Dddd 33 168.3, S 28,45
34 128.4, S 35, 36u, 45
35 6.84, dd (6.6, 6.2) 139.8, d 36,45 45
36 2.88, ddd (-16.7, 6.2, 3.8) 28.4, t 35,36u

2.39, ddd (-16.7, 9.0, 6.6) 35,36d

37 4.82, ddd (9.0,5.2,3.8) 75.5, d 36,38 40d,46
38 I.72, ddd (8.5, 6.4, 5.2) 42.1, d 46 6, 36d, 37,

40,46,.
39 3.61, m (8.5) 71.5, d 38,40u 40u, 46
40 1.75, m 33.9, t 39

1.44, m 41u

41 1.80, m 24.38, t
1.62, m 40u

42 2.22, td (6.7, 2.5) 18.0, t 41, 44
43 84.1, S

44 1.955, t (2.5) 68.9,d 42 41,42
45 1.88, br S 12.6, q 35 42
46 0.818, d (6.4) 10.7,q 36.,37,

39,40ci,
41u

a Recorded at 500 MHz. b Recorded at 125 MHz. c Multiplicity deduced by DEPT. dprotons showing long
range correlation with indicated carbon. eCorrelations were observed for nJCH = 7 Hz.
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The structure of the remaining C14H2103 was assembled as follows. Chemical

shift considerations indicated that the last unassigned Sp2 proton signal (OH 6.84, H-35)

was the {3-proton of an a,{3-unsaturated ester bearing an a-methyl group (BH 1.93, H-45).

The methylene group (H-36) adjacent to H-35 was easily identified by a geminal proton

proton coupling constant of -15.2 Hz. These methylene proton signals showed COSY

cross-peaks to a oxygenated methine proton at OH 4.93 (H-37), whose proton chemical

shift indicated an ester linkage to this oxygen. HMBC correlations from a methyl doublet

(H-46) to C-37, C-38, and C-39 established this 1,3-dihydroxy-2-methylpropyl subunit.

The remainder of this fragment was elucidated by a long-range COSY correlation from

the terminal alkyne proton (H-44) to H-42 and HMBC cross-peaks from H-39 and H-42

to C-40 and C-41 respectively. The polyketide unit was therefore 5,7-dihydroxy-2,6

dimethyldodec-2-en-ll-ynoic acid (Dddd).

The sequence of 1.61 was established by HMBC correlations. Cross-peaks from

the tertiary N-methylamide proton signals (H-4, H-13, H-23) to the adjacent carbonyls

(C-5, C-14, C-24) established two fragments: (N-Me-Ala)-(Ile) and (N-Me-Gly)-(N-Me

Phe)-(Ala). Correlations from the secondary amide proton signals (6-NH and 25-NH) to

C-ll and C-27 linked these two units in a linear chain with the 2-hydroxyisocaproic acid

appended to the amino terminus ofN-Me-Ala. The carboxy terminus of the Dddd unit (C

33) was linked to the hydroxyisocaproic acid and the carboxy terminus of alanine (C-l)

was linked to C-37. The latter (C-37) was.chosen over the other secondary alcohol in the

Dddd unit (C-39) based on the proton chemical shifts of the two centers (8H4.93 vs 3.49).

Although no HMBC or ROESY correlations, in MeOH-d3, supported these linkages, the

molecular formula necessitated the cyclic structure depicted. Later, both of these
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connections (C-lIC-37 and C-28/C-33) would be confinned by HMBC correlations

observed in CDC!) (vide infra).

1.3.6.2 Stereochemistry

Several techniques were used to detennine the stereochemistry of 1.61. The

amino acid-derived units were detennined by chiral HPLC of the acid hydrolyzate.

Comparison with authentic samples established the presence ofL-Ala, L-Ile, N-Me-L-Ala,

N-Me-n-Phe, and n-hydroxyisocaproic acid.

The geometry of the a,~-unsaturated ester was detennined by an NOE

experiment. Irradiation of H-36 revealed the close spatial proximity of H-45 and

established an E configuration of the double bond.

We had initially hoped to detennine the relative configuration of the diol unit via

J-based analysis techniques,IlI but HETLOC and HSQMBC spectra, with an adequate

signal-noise ratio needed to detennine the carbon-hydrogen coupling constants, could not

be obtained due to the limited amount of material. Analysis of the proton-proton

couplings observed in MeOH-d4 indicated the 3JHH were of an intennediate magnitude

eJ H-371H-38 = 6.7 Hz, 3JH-381H-39 = 5.6 Hz), which were perhaps the result of an

interconverting mixture of rotamers around these stereocenters. III We sought to change

this ratio and increase the magnitude of these coupling constants, which would allow us

to detennine the configuration through NOE experiments, but cooling the sample from 15

to -so °C resulted in only a minimal increase in the magnitude of these coupling

constants.

Analysis of the IH NMR data recorded in other solvents revealed that in CDC!)

(Table 20, Table 21) the major confonners of 1.61 had a large proton-proton coupling
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eJH-38/H-39 ca. 8.3 Hz) between H ..38 and H-39. Subsequent NOE experiments (Figure 19)

indicated that the methyl group on C-38 and the hydroxy group on C-39 were anti.

Changing solvents did not increase the magnitude of the coupling constant between H-37

and H-38 to above 8 Hz, so the relative configuration of H-37/H-38 would have to be

determined by chemical manipulations.

OH

Figure 19. NOE Correlation around C-38/39.

Owing to the limited amount of material, the absolute configuration of C-39 was

determined prior to degrading 1.61. To this end, the MPA derivatives were prepared and

purified by silica chromatography. The chemical shifts of the protons in the Dddd units

were determined by ID TOCSY experiments in MeOH-d4 at 50 °C.131 Comparison of the

!:i.'{,Rs values for the MPA derivatives of 1.61 established the R absolute configuration of

C-39 (Figure 20).
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Next we attempted to determine the stereochemistry of C-37 via the acetonide

derivative 1.62 by comparing 3JH-51H-6 constants with the literature values for 2-methyl

1,3-diols. 132 Since all of the available sample of 1.61 had been converted to the MPA

derivatives, this first required the cleavage of the ester linkage at C-37 and removal of the

MPA groups from C-39 to provide the free hydroxy groups. Three attempts were made to

isolate this fragment. First, the acid hydrolyzate of 1.61, used to determine the amino acid

stereochemistry, was exhaustively extracted with CH2Ch. Inspection of the 1H NMR

spectrum of this extract showed no sign of the most distinctive signals expected for this

unit, Le. the p-proton signal of the a,p-unsaturated acid or the terminal alkyne proton

signal. There was also no sign of these proton signals in the residue after methanolysis of

the MPA adduct using sodium methoxide. This last result was surprising since

methanolysis of similar polyketide-derived units in other natural products had been

reported in the literature with satisfactory yields. 133 The final attempt involved cleavage
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of the ester linkages by DIBAL reductions, which would have also reduced the terminal

alkyne. Once again, no proton signals corresponding to the polyketide--derived unit could

be identified in the I H NMR spectra of the HPLC fractions from the reaction mixture.

Due to these difficulties the stereochemistry ofC-37 remains unassigned.

1.3.6.3 Comments on Palau'amide (1.61)

Palau'amide (1.61) displayed strong cytotoxicity against KB cells with an ICso

value of 13nM. Compounds that display a similar level of activity in this assay are the

lyngbyabellin, lyngbyastatins, and majusculamide C, while cryptophycin I, recently in

phase II trials, has an ICso of 10 pM.

Palau'amide (1.61) was likely formed by a combination of the polyketide and the

non-ribosomal peptide biosynthetic machinery and in this regard was a typical

cyanobacterial metabolite. The degree of functionalization in the polyketide chain was

unusual for marine cyanobacterial depsipeptides, which rarely have heteroatoms

incorporated after the (3-position.

Analysis of the NMR data indicated the locations of conformational differences.

Comparison of the major conformers of 1.61 in CDCh revealed approximately a full ppm

difference in the proton chemical shifts of H-4. Analysis of the ROESY correlations

around this stereocenter established a cis-amide bond between N-Me-Ala and He in

conformer A, while conformer B had cross-peaks consistent with a trans-amide bond in

this position.134 Specifically, conformer A gave cross-peaks from H-2 to H-6 and H-3 to

H-4, while conformer B showed a strong correlation between H-4 and H-6 in CDCh.

Also the configuration of the amide bond between Gly and N-Me-Phe is opposite in the

two major conformers, with a trans-amide bond in conformer A and a cis-amide bond in
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conformer B.135 The similarity between the chemical shifts of conformer B in CDCh and

the major conformer of 1.61 in MeOH-d3 suggests a predominance of 4-trans-13-cis

amide bonds in this latter solvent. This conclusion was supported by ROESY correlations

observed in MeOH-d3from H-4 to H-6 and from H-13 to H-15.
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1.3.7 Lyngbyastatin 3 (1.63)

Lyngbyastatin 3 (1.63) was isolated from three collections ofLyngbya (NIHI99,

154, 143) in yields ranging from 0.3 to 0.8 % of the dry extract. This compound was

similar to a series of known metabolites (1.64-1.67) that were discovered in the extracts

of the cyanobacteria Lyngbya sp. and the sea hare Dolabella sp. Two unusual amino acids

(3-amino-2-methylpentanoic acids [MAP] and 4-amino-3-oxo-2,2-dimethylpentanoic

acid [Ibu]) are usually incorporated in the structures of these metabolites. Lyngbyastatin

3 (1.63) was the first member of this structural class to incorporate a different p-amino

acid, viz. a 3-amino-2-methylhexanoic acid (Amha).

In 1998, we reported the isolation and biological evaluation of samples of

lyngbyastatin 1 (1.64) and dolastatin 12 (1.65), from a Lyngbya majuscula/Schizothrix

calcicola assemblage. 119 The structure determinations of these cyanobacterial samples

were hampered by the extensive signal broadening and doubling observed in the NMR

spectra. This phenomenon had not been observed in the NMR spectra of majusculamide

C (1.66)117 and dolastatin 11 (1.67)118 from cyanobacteria or the sample of dolastatin 12

(1.65)118 isolated from the sea hare. Based on epimerization experiments on 1.66, we

concluded that the unusual spectral broadness observed in the cyanobacterial samples of

1.64 and 1.65 was due to these samples being mixtures of diastereomers arising from

epimerization of the acid-sensitive Ibu unit. Synthetic studies have now established the S

configuration for the Ibu unit of dolastatin 11136 (1.67) and more recently have suggested

that the Ibu units of the cyanobacterial metabolites 1.64 and 1.65 have an R

configuration. In other words, R-Ibu-l.65 had been isolated from the cyanobacteria
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whereas S-Ibu-1.65 had been isolated from the sea hare.137 Degradation of these natural

products (1.63-1.66) has proven that the cyanobacterial samples of 1.63 - 1.65 are

mixtures of Ibu epimers [R (major) and S (minor)], whereas the structurally related

majusculamide C (1.66) is a single diastereomer having the S-Ibu unit.

1.3.7.1 Isolation and Structure Elucidation

R3I N,O-diMe-L-Tyrl
N-Me-L-Phe

N-Me-L-ValGly

Gly

~

I ° H
N:Me:t-:Leub 0yN

0N N:5t4-aminO-2,2-dimethYI-
N Me~4~leJl ) ~ ° 3-oxopentanoic acid

'I -N ° (Ibu)

/N'lM 0 R2'N 0

N~ 1. ~- ~ N-Me-L-Alal
H Y'Y If ~ L-Ala

A ° 'I °
R1

L-2-hydroxy-3-methyl (2S,3R)-Amha/MAP
valerie acid

Lyngbyastatin 3
Lyngbyastatin 1
Dolastatin 12
Majusculamide C
Dolastatin 11

(1.63) R1 =Me R2 =Me R3 =OMe R4 =i-Bu
(1.64) R1 =H R2 =Me R3 =OMe R4 =i-Bu
(1.65) R1 =H R2 =Me R3 =H R4 =i-Bu
(1.66) R1 =H R2 =H R3 =OMe R4 =sec-Bu
(1.67) R1 =H R2 =H R3 =OMe R4=i-Bu

Lyngbyastatin 3 (1.63) was isolated by bioassay-guided fractionation of the

weakly solid tumor selective,20 but highly cytotoxic (even at 1/100 dilution) extracts of

NIHI43, 154 and 199. The biological activity of 1.63 was almost identical to 1.64 with

an ICso value against KB cells for 1.63 of32 nM.

Very few structural features could be elucidated from the spectral data of 1.63. A

series of 2D NMR and ID TOCSY experiments were largely unsuccessful due to the

extensive signal broadening and doubling in the IH and BC NMR spectra of the

apparently chromatographically homogeneous material. Variable temperature NMR
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experiments between 70 and -20°C in a variety of solvents with and without LiCl138

failed to alter the conformational ratio as to ameliorate the situation. These experiments

did indicate that 1.63 contained at least eight amino acids, based on four N-methylamide

and four secondary amide proton signals. Lyngbyastatin 3 (1.63) was likely a

depsipeptide based on the prominent vibrations at 1729 and 1637 cm-1in the thin-film JR

spectrum that indicated ester and amide functionalities, respectively.

These physical characteristics suggested that 1.63 was related to the known L.

majuscula metabolite lyngbyastatin 1 (1.64). While the JR, UV, and IH NMR spectra of

1.63 and 1.64 were virtually identical, a comparison of the two samples by reversed

phase HPLC139 indicated that 1.63 was more lipophilic than 1.64. This difference in

polarity was attributed to an additional methylene (Be 20.7) in 1.63 as revealed by a

DEPT experiment in CD3CN at 70°C and confirmed by high-resolution mass

spectrometry.

A small sample of 1.63 was hydrolyzed to determine if one of the a-amino acids

was modified. Chiral HPLC analysis of the acid hydrolyzate confirmed 1.63 contained

the same amino acids as 1.64. Peaks due to glycine, N, O-dimethyl-L-tyrosine, N-methyl

L-valine, N-methyl-L-Ieucine, N-methyl-L-alanine, and L-2-hydroxy-3-methylvaleric acid

were identified. Also both glycine residues were still incorporated, since alanine was not

present in the hydrolyzate. This left two possibilities. The additional CH2 in 1.63 had to

be incorporated as a modified form of either the 4-amino-2,2-dimethyl-3-oxopentanoic

acid (Ibu) or the 3-amino-2-methylpentanoic acid (MAP) moieties found in 1.64.

Analysis of the derivatized acid hydrolyzate of 1.63 by chiral GC-MS140

established the location of the methylene. The GC-MS chromatogram did not show a
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peak corresponding to the derivatized (2S,3R)-3-amino-2-methylpentanoic acid unit

(1.68, m/z 319) found in lyngbyastatin 1 (1.64). A synthetic standard141 of this MAP unit

exhibited two predominant fragmentation pathways (Figure 21). In the first pathway,

successive homolytic cleavage of the aliphatic side chain adjacent to the amide bond

(1.71), McLafferty rearrangement (1.74), and decarboxylation (1.76) generated m/z 290,

248, and 204, respectively. In the second pathway, cleavage around the ester linkage in

1.68 produced ion peaks at m/z 260 (1.70) and 204 (1.73) where the side chain is still

intact. Analysis of the hydrolyzate revealed a derivative (1.69, m/z 333) in which all

fragments derived from cleavage adjacent to the amide linkage were accounted for (1.71,

1.74, and 1.76). Two new ions, at m/z 274 (1.72) and 218 (1.75), established that the

methylene was part of the aliphatic side chain of a 3-amino-2-methylhexanoic acid

(Amha) unit, which has been found in three other natural products, viz. malevamide B,26

ulongamides A-F,123 and kulokekahilide-1.142
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Figure 21. GCIMS Fragmentations of the Amha Unit (1.69) in 1.63 and the

Synthetic MAP (1.68).

1.3.7.2 Stereochemistry

The stereochemistry of the a-amino acid units in 1.63 was determined by chiral

HPLC. Comparison with authentic standards established the configuration of the a-amino
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and a-hydroxy acids in 1.63 as N;O-dimethyl-L-tyrosine, N-methyl-L-valine, N-methyl-L

leucine, N-methyl-L-alanine, and L-2-hydroxy-3-methylvaleric acid.

Synthetic standards were prepared to establish the relative configuration of the

Amha unit. We initially attempted to prepare the syn-a-alkyl-~-amino acids by the

Michael addition of (R)-(+)-N-benzyl-N-a-methylbenzylamine to ethyl 2-methylhex

2(E)-enoate. 143 The reaction proved problematic and yielded less than 10 % of the desired

product on numerous attempts. Since the same reaction using methyl crotonate as a

substrate proceeded smoothly (over 80 % yield), it was suspected that the a-methyI group

was significantly affecting the rate of the 1,4-addition, thus allowing the reaction to

proceed via an undesired pathway. It was also evident that the 1,2-addition of the N

benzyl-N-a-methylbenzylamine was not occurring to a significant degree based on NMR

analysis of the reaction products. It became clear that the y-deprotonation was the

competing pathway, when deuterium incorporation was observed in the a,~-unsaturated

acid after quenching withD20.

The problem of y-deprotonation was circumvented by performing the Michael

addition on the unsubstituted ester and subsequent methylation to prepare the anti-a

alkyl-~-amino acids. 144 The Michael addition of (R)-(+)-N-benzyl-N-a

methylbenzylamine to ethyl hex-2(E)-enoate afforded the enantiomerically pure adduct

1.78 in 50 % yield (Figure 22). Treatment of 1.78 with potassium hexamethyldisilazane

(KHMDS) and an excess of iodomethane gave 1.79. The resulting 3:1 mixture of

diastereomers l4S was then hydrogenated and hydrolyzed to afford (2S,3R)- and (2R,3R)

1.80. Half of this mixture was then separated as their L-(l-fluoro-2,4-dinitrophenyl)-5

leucinamide (FDLA) derivatives. 146 Derivatization of the remaining amount of 1.80 with



98

D-FDLA and subsequent HPLC separation produced standards equivalent to (2R,3S)- and

(28,3S)_1.80. 128
,147,148 Comparison by LC-MS of these standards with the L-FDLA

derivatized hydrolyzate established the 28,3R configuration of the ~-amino acid unit in

1.63.149

o
~OEt

1.77

Me Ph

PhAN) 0

~OEt
1.79

3: 1 anti:syn
mixture

Me Ph

PhAN) 0
i 'II ii

--S-O-OA-o_ .. ~OEt--S":":'O-OIc-o --

1.78

iii iv NH2 0

1~O%'~OH
1.80

3:1 de

(i) n-BuLi, THF, (R)-N-benzyl-N-methylbenzylamine; (ii) KHMDS, Mel;
(iii) H2, 20 % Pd/C; (iv) 6 N HCI.

Figure 22. Synthe~is ofa-Methyl-~-aminoAcid Standards.

Next, we turned our attention to the configuration of the Ibu units in 1.63 - 1.66.

We attempted to effect a Baeyer-Villiger oxidation on 1.63 or its methanolysis product,

which would allow the configuration of the Ibu unit to be deduced from the presence of

L- or D-alanine after acid hydrolysis. Unfortunately, these efforts were unsuccessful using

m-CPBA, peracetic acid, trifluoroperacetic acid, and hydrogen peroxide. Presumably the

failure of the first three is due to the steric congestion around the ketone. Reductive

deoxygenation150 also did not yield the desired product, perhaps again due to the steric

congestion around the ketone. An attempted Beckmann rearrangement of an oxime

derivative also failed to yield alanine upon treatment with acid. Due to these difficulties,

we decided instead to reduce the ketone with sodium borohydride.
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Synthetic standards of the reduced Ibu unit, 4-amino-2,2-dimethyl-3

hydroxypentanoic acid (Adhpa), were prepared as shown in Figure 23. The ~-ketoester

(1.89) was prepared by the 1,1'-carbonyldiimidazole activated coupling of N-Boc-L-Ala

to the enolate of benzyl acetate following a procedure developed during the synthesis of

dolastatin 11 (1.67).136 The initial attempts to couple these two fragments resulted in

yields of less than 10 %. Inspection of the crude reaction mixture suggested that self

condensation of the benzyl acetate was responsible for the erosion in the yield of the

desired product. The amount of time the benzyl acetate was stirred with LDA was

reduced from 1 h to 5 min to provide 1.89 in approximately the same yield (52 %) as

reported in the literature (55 %).136 This compound was subsequently dimethylated with

NaB and MeI. 136, The gem-dimethyl adduct (1.90) was isolated in 17 % yield by silica

chromatography and eluted after the major product (53 %), (4S)-N-Boc-3-oxo-2,2,4

trimethyl-y-Iactam (1.91).151 Reduction of 1.90 with NaB~ provided a mixture of

epimeric alcohols (1.92). The relative configurations of the minor and major reduction

products of 1.92 were not established conclusively, but NaB~ reductions on related

amino acid-derived ketoesters generally occur via a chelation controlled mechanism

which suggests that the 3R,48 diastereomer is the major prodUCt.152 The residue from this

borohydride reduction was subsequently deprotected to afford a mixture of (3R,4S)- and

(38,4S)-1.93 (Adhpa). Derivatization with L- and DL-FDLA and HPLC analyses of these

mixtures established the elution order of the standards. 153,154

NaB~ reduction of the natural products produced derivatives155 that could be

degraded to liberate Adhpa (22) from which the configurations of the Ibu units could be

determined. The reductions of 1.63-1.65 afforded two products apiece (1.82-1.87) after
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HPLC purification of each reaction mixture, while the reduction of 1.66 produced a

single adduct (1.81) (Table 22). All of the reaction products were identified by HR-MS

and the major reduction products of lyngbyastatin 3 and dolastatin 12 were also

characterized by NMR (Table 23 and Table 24). In general, the IH NMR spectra of the

major reduction products were characterized by a methine doublet (J = 6.4 Hz) at

approximately OH 3.34 coupled only to the alcohol proton (OH 5.43). The minor reduction

products each appeared to be mixtures of two compounds as the HSQC spectra of each

yOBn --lJi.
o 57%

(1.88)

1.90
iv-62%

BOCHN~OBn
o 0

(1.89)

BOCHN~OBn~
OH 0 68%

(1.92)

BOCHN~OBn
o 0

(1.90)

20%

BOCHN~OH
OH 0
(1.93)

o

BOC'~!i:
", 0

(1.91)
53%

(i) LOA; (ii) N-Boc-L-Ala, 1,1'-carbonyldiimidazole; (iii) 2 eq. NaH, 18 eq. Mel;
(iv) NaBH4; (vi) H2, Pd/,C; (vi) TFA.

sample showed two protons at approximately OH 3.3 that correlated to carbons at

approximately 80 ppm.

Figure 23. Synthesis of the 4-Amino-3-hydroxy-2,2-dimethylpentanoic Acid Standards.

Acid hydrolysis of the reduction products of 1.63-1.66 and comparison with the

Adhpa synthetic standards (1.93) by Marfey analysis established the configuration of the

Ibu units in the cyanobacterial metabolites. As shown in Table 22, the reduction of the

samples of 1.63-1.66 produced adducts that contained Adhpa units in which the

configuration ofC-4 was derived from both R- and S-Ibu, with the latter stereochemistry

found in the minor products (1.82, 1.84, 1.86) in all three cases. Conversely, the
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reduction of rnajuscuIamide C (1.66) produced an adduct (1.81) which only contained an

Adhpa unit derived from S-Ibu. It should be noted that only those samples which had

broad NMR spectra (1.63-1.65) produced reduction products corresponding to both R-

and S-Ibu units.

Table 22. Stereochemistry of the Cyanobacterial Metabolites.

Cyanobacterial Sample Broad Reduction Ibu Configuration
NMR product(s) Determined8

Spectra
Yes

Yes

Yes

(1.64)

(1.63)

(1.65)

Lyngbyastatin 1

Lyngbyastatin 3

Dolastatin 12

1.83 (major) R (major) = Lyngbyastatin 3
1.82 (minor) S (minor) = Ibu-epilyngbyastatin 3
1.85 (major) R (major) = Lyngbyastatin 1
1.84 (minor) S (minor) = Ibu-epilyngbyastatin 1
1.87 (major) R (major) = Ibu-epidolastatin 12
1.86 (minor) S (minor) = Dolastatin 12

Majusculamide C (1.66) No 1.81 S·

8 This is the configuration at C-4 ofAdhpa that was detected in the L-FDLA derivatized
hydrolyzate of the reduction products.

It is unlikely these mixtures are artifacts of the reduction process. In a control

experiment, dolastatin 12 (1.65) was reduced in MeOH-d4 and the purified reaction

products were analyzed by mass spectrometry. A comparison of the minor reduction

products from the original and deuterium reduction experiments showed only an 8 %

increase in the signal intensity of the (M + I + Ht ion relative to the (M + Ht ion peak

in the latter.156 The magnitude of this deuterium incorporation suggests that very little

enolization occurs during the reduction and that the (S)-Ibu-l.65 is present in the original

sample.
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Table 23. NMR Spectral Data for 1.83 in CDC!]

Unit C/Hno. OH
a (J in Hz) ocb.c IH-1HCOSY HMBCC(e

Amha I 173.6,5 2,7,48
2 2.82,m 43.5, d 3,7
3 3.89,m 52.5, d 2, 3-NH, 4 2
3-NH 7.68, d (7.9) 3
4 1.38, m 24.2, t 6

1.20, m 3
5 1.22, m 19.9, t 6
6 0.86, t (6.4) 13.7, q
7 1.25, d (7.2) 14.9, q 2

N-Me-Ala 8 170.9,5 9,10
9 5.14, q (6.9) 54.6,d 10 II
10 1.38, d (6.9) 14.2, q 9
II 3.09,5 32.2,q 9

Adhpa 12 178.0,5 11,14,17,18
13 46.2,5 17,18
14 3.36, d (6.4) 81.3, d 14-0H 16,17,18
14.QH 5.43, d (6.4) 14
15 4.24, dq (8.6, 6.7) 44.6,d 15-NH,16 16
15-NH 6.04, d (8.6) 15
16 1.04, d (6.7) 21.2, q 15
17 1.26,5 26.3, q
18 1.27,5 22.8,q

N, O-diMe-Tyr 19 168.5,5 15,20,21
20 4.78, dd (10.2, 4.5) 60.8,d 21 21,29
21 2.96, dd (-17.7,10.2) 34.8, t 20

2.90, dd (-17.7, 4.5) 20
22 128.4,5 21
23/27 7.12, d (8.2) 130.3, d 24/26 21,23/27,25
24/26 6.81, d (8.2) 114.3, d 23/27 22, 24/26, 25
25 158.7,5 28
28 3.74,5 55.3, q
29 2.93,5 29.3,q 20

N-Me-Val 30 169.5,5 29,31
31 4.61, d (10.7) 58.4,d 32 33,34
32 2.16, m 26.8,d 31,33,34 31,33,34
33 0.62, d (6.7) 18.0, q 32 34
34 0.18, d (6.9) 18.2, q 32 33
35 2.87,5 29.9,q 31

Gly 36 169.2,5 35,37
37 4.22, dd (-18.9,7.2) 41.5, t 37.. 37-NH

4.10, d (-18.9) 37d
37-NH 7.09, d (7.2) 37d

N-Me-Leu 38 169.9,5 37,39,40
39 5.32, dd (9.5, 4.5) 54.1, d 40
40 1.72, m 36.6, t 39,41 42,43

1.66, m 39,41
41 1.36, m 24.6,d 40
42 0.98, d (6.2) 23.3, q 41
43 0.88, d (7.3) 21.9, q 41
44 2.92,5 29.4,q

Gly 45 169.0,5 44,46
46 4.46, dd (-18.1,7.1) 41.2, t 46-NH

3.81, dd (-18.1,1.7) 46-NH
46-NH 7.27, dd (7.1,1.7) 46

HMVA 47 168.9,5 46,48
48 5.15, d (4.3) 77.7, d 49
49 2.04,m 37.0,d 48,50,52 48
50 1.58, m 30.5, t 49 48

1.20, m 49
51 0.90, t (7.3) 11.4, q 50
52 0.95, d (6.2) 15.0, q 49 48

a Recorded at 500 MHz. 6 Recorded at 125 MHz. c Multiplicity deduced by HSQC. d Protons showing long
range correlation with indicated carbon. e Correlations were observed for DJCH = 7 Hz.
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Table 24. NMR Spectral Data for 1.87 in CDCh

Unit C/Hno. OH8 (Jin Hz) ocb,o JH-JHCOSY HMBCi(e
Map 1 173.6,8 2,3,6

2 2.89,m 42.5,d 3,6 6
3 3.74,m 54.4,d 2, 3-NH, 4 2,4,5
3-NH 7.73, d (7.1) 3
4 1.66, m 21.6, t 3,4.,5 2

1.18, m 3,4d,5
5 0.89, t (6.6) 11.5, q 4 4
6 1.25, d (8.2) 14.9,q 2 2

N-Me-Ala 7 171.1,8 3,8,9
8 5.18, q (6.9) 54.5, d 9 9,10
9 1.38, d (6.9) 14.2, q 8
10 3.08,8 32.2,q

Adhpa 11 178.0,8 10, 13, 16, 17
12 46.2,8 13,16,17
13 3.35, d (5.6) 81.1, d 13-0H 15,16,17
13-QH 5.44, d (5.6) 13
14 4.23, dq (8.1, 6.7) 44.6,d 14-NH,15 15
14..NH 6.05, d (8.1) 14
15 1.04, d (6.7) 21.3, q 14 14
16 1.24,8 26.1, q
17 1.27,8 22.7,q

N-Me-Phe 18 168.4,8 14,19
19 4.85, dd (10.4, 4.4) 60.8,d 20 20,27
20 3.05, dd (-14.3, 4.4) 34.8, t 19 19

2.97, dd (-14.3,10.4) 19
21 136.5,8 20,23/25
22/26 7.20, d (7.6) 129.3, d 23/25
23/25 7.26, t (7.6) 128.9,d 22/26,24
24 7.20, d (7.6) 127.1, d 23/25
27 2.92,8 29.3,q 19

N-Me-Val 28 169.5,8 19,27,29
29 4.60, d (10.4) 58.4,d 30 30,31,32
30 2.12,m 26.8,d 29,31,32 29,31,32
31 0.60, d (6.7) 18.0, q 30
32 0.09, d (6.4) 18.1, q 30
33 2.86,8 29.0,q 29

Gly 34 169.2,8 33,35
35 4.46, dd (18.1, 7.1) 41.2, t 35.

3.81, d (18.1) 35d
35-NH 7.23, d(7.1) 35d

N-Me-Leu 36 169.9,8 35,37,38
37 5.32, dd (9.9, 4.2) 54.5, d 38 39,42
38 1.75, ddd (-14.6, 36.6, t 37,38.,39 37

10.4,4.2)
1.61, ddd (-14.6, 9.9, 37,38",39
4.0)

39 1.34, m 24.6,d 37,38
40 0.93, d (6.6) 23.3, q 38
41 0.86, d (6.4) 21.8, q 38
42 2.91,8 29.3,q

Gly 43 168.9,8 37,42,44
44 4.19, d (17.1) 41.4, t 44.

3.99, dd (17.1, 5.2) 44d,44-NH
44-NH 7.06, d (5.2) 44.

HMVA 45 169.1,8 44,46
46 5.15, d (4.7) 77.8, d 47 47,48,50
47 2.04,m 36.9,d 46,48,50
48 1.49, m 24.2, t 47,48.

1.19, m 48d
49 0.88, t (7.4) 11.3, q 48d 480
50· 0.92, d (6.9) 15.0, q 47 48d

8 Recorded at 500 MHz. 6 Recorded at 125 MHz. 0 Multiplicity deduced by HSQC. dProtons showing lmg
range correlation with indicated carbon. e Correlations were observed for nJCH = 7 Hz.
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1.3.7.3 Comments on the Lyngbyastatins

These results indicate that our cyanobacterial samples of dolastatin 12 and

lyngbyastatin 1 and 3 are mixtures of two Ibu-epimers. The configuration of the major

Ibu-epimer in each of the three mixtures is R. The relative amounts of the two epimers, as

determined by HPLC analysis after borohydride reduction, was 4: 1 for both lyngbyastatin

1 (1.64) and dolastatin 12 (1.65), but 2:1 for lyngbyastatin 3 (1.61). The samples of 1.64

and 1.65 had both been isolated from the same collection of1. majuscula, but the sample

of lyngbyastatin 3 (1.63) had been obtained from several different collections of 1.

majuscula from Apra Harbor. 157 Since the collections were subjected to slightly different

isolation procedures, this variation in the ratio of 1.63 might be due to some

epimerization during the isolation. The plausibility of this event is supported by the

molecular modeling of lyngbyastatin 1 (1.64) and Ibu-epi-1.64 (data not shown), which

suggests that the S configuration for the Ibu unit is thermodynamically favored. 137

The broadness in the NMR spectra of the cyanobacterial samples of 1.63, 1.64,

and 1.65 is likely due to a combination of factors. The presence of a minor diastereomer

obviously may lead to an apparent broadening of the spectra. However, it has also been

suggested that the R- and S-Ibu diastereomers probably have appreciably different

amounts of cis and trans conformers around the (Ibu)-(N-Me-Ala) bond. Also, in the case

of the R-Ibu compounds, the overall shape of the cis and trans conformers differs

significantly.137 All of these factors likely contribute to the unusual degree of line

broadening in the NMR spectra.
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It has been proposed, that dolastatin 11 (1.67) and 12 (1.65) arise in the sea hare

from feeding on cyanobacteria. 1I8 The isolation of another dolastatin analogue,

lyngbyastatin 3 (1.63), from a cyanobacterium further supports this proposal. The

stereochemical differences in the Ibu units of the compounds isolated from cyanobacteria

and sea hares may be caused by epimerization of the R to the thermodynamically

favorable S-Ibu configuration in the digestive gut of the sea hare or during the lengthy

isolation procedure used in Pettit's lab. It is also quite possible that the cyanobacterium

eaten by the sea hare produces dolastatin 12 with only the (S)-Ibu unit, analogous to what

is found in majusculamide C.

Lyngbyastatin 3 (1.63) showed similar biological activity to lyngbyastatin 1

(1.64). Both compounds completely depolymerized the microfilament network at a

concentration of 100 nM (Figure 24). The efficacy of lyngbyastatin 3 was evaluated in

vivo against two early stage adenocarcinomas (Table 25, Table 26). In general, the

compound was poorly tolerated in mice with only marginal or no antitumor activity (TIC

%>42).

Table 25. Effects of Lyngbyastatin 3 Against Adenocarcinoma #38 in Female Mice

Treatment Drug Schedule Total Dose Drug Median Tumor TIC % Antitumor Activity
Route (mg/kg) Deaths burden in mg on

dav 14 (range
No treatment --- -- - --- 768 (708-1375) --- ---

LVDllbvastatio 1 IV D3-1I 13 0/4 832 (526-1393) 93 Inactive
Dolastatio U IV D3-1I 7.5 2/4 822 732-911 92 Inactive (toxic)

Lvol!bvastatlo 3 IV )D3-6 4.0 0/3 723 (283·1067) 92 Inactive

Table 26. Effects of Lyngbyastatin 3 Against Adenocarcinoma #16/C in Female Mice

Treatment Drug Schedule Total Dose Drug Median Tumor TIC % Antitumor Activity
Route Deaths burden in mg on

day 14 (range)
No treatment --- --- -- -- BOO 926-2777) _.. ...

LY02byastatio 1 IV OD 1-9 11.7 015 776 (663-1380) 61 Inactive
Dolastatlo 12 IV OD 1-8 6.4 015 lIoo 478·1613) 86 Inactive

Lyngbyastatio 3 IV OD 1·5 5.0 0/6 1655 (932-2643) >100 Inactive
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Figure 24. Microfilament-disrupting effects of lyngbyastatin 3 (1.52). The micofilament

network in A-lO cells when treated with the control (left) or a 100 nM solution of

lyngbyastatin 3 (1.63) (right) and visualized with rhodamine-phalloidin. Binucleated cells

can be seen in blue when visualized with 4,6-diamidino-2-phenylindole.
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1.4 Conclusion

Several new cytotoxins were discovered by the bioassay-guided fractionation of

various collections of the marine cyanobacteria Symploca and Lyngbya. Most of these

compounds were peptides or depsipeptides that incorporated modified amino acids and/or

polyketide-derived residues.. The most difficult part of the structure determination of the

natural products was often determining the stereochemistry of these modified units. The

most frequently encountered stereochemical problem in cyanobacterial metabolites is

determining the absolute and relative configurations of a-methyl-j3-amino acids. A

streamlined procedure for the analysis of this unit that combined both synthesis and

chemical derivatization was developed and applied during the stereochemical

determination of ulongapeptin and lyngbyastatin 3. Chemical degradation of several

members of the latter structural family has also proven that the cyanobacterial samples

are mixtures of Ibu-epimers, except for majusculamide C which is a single compound.

Lyngbyabellin D and tasiamide B contained y-amino-j3-hydroxyacid units, which

are rarely incorporated into cyanobacterial metabolites. A procedure for degradation of

this unit, via the a,j3-unsaturated acid, to the a-amino acid was demonstrated for

lyngbyabellin D and micromide B. A simple method of relating the configuration of the

two vicinal centers in this unit has yet to be found. Development of a chiral NMR

database or the advent of more sensitive J-based NMR methods would be an effective

solution to this problem in cases where a limited amount ofmaterial is available.

These unusual structural features seen in cyanobacterial metabolites likely serve

to enhance the chemical stability and biological effectiveness of these metabolites.

Unfortunately, due to the limited amount of material in all but one case, further biological
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evaluation of the compounds isolated was precluded. Lyngbyastatin 3, an analogue of

lyngbyastatin 1, was demonstrated to be a potent microfilament disruptor, but displayed

marginal or nil antitumor activity in vivo at non-toxic dosages. Against KB cells, only the

depsipeptide palau'amide was more cytotoxic than lyngbyastatin 3. Given this potent

activity, palau'amide would be a candidate for in vivo testing if more of the compound

was available. This paucity of material in general prevented the screening of the isolated

metabolites for a wider range of biological activities, but other potential pharmacological

uses for these secondary metabolites may appear when we develop a better understanding

of their ecological roles.

Clearly, cyanobacteria produce a large number of secondary metabolites. But

despite producing many compounds, the actual structural diversity is often small since

most of these metabolites are peptides and depsipeptides. From this perspective the

limited biosynthetic diversity is a liability for drug discovery from c)W1obacteria. On the

other hand, within these boundaries, the structural variation of the metabolites produced

is impressive, as amino acid residues are frequently swapped (e.g. Leu to Val), modified

(e.g. methylations, oxidations, reductions, dehydrations), or combined with polyketide

residues. The number of natural analogues generated by this combinatorial approach in

some cases allows the rapid assessment of the structure activity relationships, which

could expedite the development of cyanobacterial compounds as drugs.

From the results of this dissertation it is difficult to evaluate whether the Corbett

assay is the best method of prescreening cyanobacterial extracts. The presence of several

cytotoxins with the crude cyanobacterial extracts can cause mixed results in the

prescreening process and result in inaccurate prioritization of extracts. Too many
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competing modes of actions are evaluated in the same assay. As initial screen it still is

useful, but perhaps should be followed by more specific mechanism based assays.

Unfortunately the hierarchy and even the identity of the factors involved in tumor

promotion and growth are poorly understood, making it difficult to decide which

inhibitors would be the most useful. This is one area where the natural product chemists

will have to wait for the molecular biologists.

In general there are still some serious obstacles to the development of drugs from

marine sources, most of which fundamentally center on the issue of supply. The most

obvious are the low growth rates of the organisms, the small quantities of each of

secondary metabolites produced, and their complex structures, which in many cases

realistically prevent large amounts of these compounds being produced by chemical

synthesis. IS8 The first two are problems that do hamper the development of drugs from

cyanobacteria, but the third is less of an issue compared to other organisms. In all

likelihood cyanobacterial drug candidates would be peptides and depsipeptides that can

be synthesized from amino acid subunits. The fact that many of these subunits are

available as enantiomerically pure starting material eliminates many of the concerns

which plague chemical synthesis about controlling the stereochemical outcome of

reactions. These factors should make synthesis of drugs from cyanobacteria more

economically viable for a pharmaceutical company and increase the odds that

cyanobacteria may one day be an important source ofnew biomedical leads.
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1.5 EXPERIMENTAL SECTION

1.5.1 General

1.5.1.1 Spectral Analysis

Routine NMR Analysis. IH, BC NMR and 2D NMR experiments on the natural

products were carried out on Varian Unity Inova 400/500 spectrometers or on a GE

Omega 500 spectrometer, operating at 400/500 MHz and 100/125 MHz respectively. The

NMR spectra of the synthetic materials were obtained at 300 and 75 MHz using aGE

QE-300 spectrometer or a Varian 300. NMR spectra were referenced to the appropriate

residual solvent signal (OH 7.26, Oc 77.0 for CDCb and OH 3.30, Oc 49.0 for MeOH-d3/4)

with chemical shifts reported in 0 units (ppm). Multiplicities are as indicated in the list of

abbreviations. The HMQC and HSQC experiments were optimized for IJCH= 140 Hz and

HMBC experiments for 3JCH = 7 or 4 Hz. Mixing times for the ROESY and NOESY

experiments were 500 ms and generally 180 ms for the ID TOCSY experiments.

Mass Spectrometric Analysis. HRMS were generally performed at the UCR

Mass Spectrometry Facility at the Department of Chemistry, University of California at

Riverside. These spectra were recorded in the positive mode by either FAB or MALDI

TOF on VG-ZAB and DE-STRmass spectrometers respectively. The high-resolution ESI

spectra were recorded in the positive mode at Pharmacia Corporation, Chesterfield, MO.

The LCIMS and MSIMS were performed on a quadrupole ion trap mass spectrometer

(model LCQ, Thermo Finnigan Corp., San Jose, California). MSIMS was carried out by

infusing the analyte dissolved in methanol directly into the electrospray ionization unit

with a mass screening covering the range of 80-1000 amu. In these cases, the capillary

temperature was held at 200°C, sheath nitrogen flow was set at 60 corresponding to



111

approximately 60 psi. The ESI source needle voltage was set at 4.5 kV leading to an

average current of 80IlA, and the capillary voltage was set at +10 V.

IR, UV, CD, and Optical Rotations. The UV spectra were determined on a

Hewlett-Packard 8453 spectrophotometer and the IR spectra were recorded on a Perkin

Elmer 1600 FTIR instrument as a film on a NaCI disk. The optical rotations were

measured on a Jasco-DIP-700 polarimeter at the sodium D line (589 om). CD

measurements were recorded on a JASCO J-600 Spectropolarimeter.

1.5.1.2 General Chemical Procedures

Normal-phase column chromatography was performed on silica gel, 200-425

mesh, from Fisher Scientific, and reversed-phase flash columns were performed with

ODS-coated silica gel, YMC-ODS-A. Gel filtration was carried out on Sephadex LH-20

available from Sigma. Polygram Sil GlUV254 precoated plates (0.25 mm) from

Macherey-Nagel were used for most thin layer chromatography, except for the chiral

TLC, which was performed on Chiralplates from Macherey-Nagel. Isocratic HPLC

separations were performed on a Beckman 110B apparatus coupled to an Applied

Biosystems 759A absorbance detector. Gradient separations used a Shimadzu system

consisting of LC-IOAT VP Solvent Delivery Modules, a SPD-M10A VP Diode

Photodiode Array Detector, and a SCL-10A VP System Controller. The following HPLC

columns were used: Ultracarb 5 ODS 30 (5 Ilm, 250 x 10 mm, Phenomenex), Econosil

CI8 (10 Ilm, 250 x 10 mm, Alltech), Econosil C8 (10 Ilm, 250 x 10 mm, Alltech), YMC

Pack ODS-AQ-323 (5 Ilm, 250 x 10 mm, YMC), Bondclone 10 CI8 (10 Ilm, 300 x 7.8

mm, Phenomenex), Phenosphere Silica (5 Ilm, 150 x 4.6 mm, Phenomenex), and

Econosil CN (10 Ilm, 250 x 10 mm, Alltech). For the isocratic HPLC systems the
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detection was at 220 run, while the gradients had photodiode array (PDA) detection.

Chiral HPLC analyses were perfonned on the following columns: Chirex phase 3126 (D)

Penicillamine (250 x 4.6 mm, Phenomenex), CHIRALPAK MA(+) (50 x 4.6 mm, Diacel

Chemicals Ind., Ltd.), and Chiral OD gold (250 x 10 mm, Phenomenex). The analyte was

detected at 254 run when using the first two columns and at 220 run with the third. Exact

chromatographic conditions are specified in the corresponding experimental sections.

Solvents used for HPLC were generally distilled and filtered before use, while dry

solvents were prepared by distillation over calcium hydride. All synthetic yields are

unoptimized. Racemic methyl 3-hydroxyhexanoate was purchased from CTC Organics.

Commercially available amino and hydroxy acids were obtained from Sigma or Aldrich.

Lactic acid was obtained by diazotization of alanine.159 N-methyltyrosine and the

diastereomers of N-methylisoleucine were prepared by H. Luesch and F. D. Horgen,

Department of Chemistry, University of Hawaii at Manoa. Chiral GC/MS was done on a

Chirasil-Val column (25 ).lm x 0.25 m, Alltech) with an initial pressure of 12 psi.

1.5.2 Biological Material

1.5.2.1 Symploca Collections

The cyanobacterium VP727 was collected in the Spring of 2001 in Guam at

Finger's Reef. The cyanobacterium VP643 was collected at Short Drop-off in Palau

during May of 2000. V. J. Paul and E. Cruz-Rivera of the University of Guam Marine

Research Station identified the samples as Symploca spp. Vouchers are maintained in

fonnalin at UOG or the Smithsonian Marine Research Station, Ft. Pierce, FL.
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1.5.2.2 Lyngbya Collections

The dark reddish-black clumps of cyanobacterium, designated VP680, were

collected at Obyan Bay, Saipan in 1999. The cyanobacteria, designated NIHI99,

NIHI54, and NIHI43, were collected on the Tokai Maru shipwreck in Apra Harbor.

Several collections of Lyngbya sp. (VP417), from Finger's Reef, Apra Harbor, Guam,

were carried out from February to April 2002 and combined for a total weight of 300 g.

Dark reddish-black clumps of cyanobacterium were collected from Ulong Channel in

Palau and designated VP755. VP664, NIH288, and NIH139 were all collected from the

coastal waters around Guam, while VP 694 was collected from the coastal waters around

Palau. Vouchers are maintained in formalin at the University of Guam Marine Laboratory

or the Smithsonian Marine Research Station. The organisms were identified as indicated

in Table 13 by V. J. Paul.

1.5.3 Extraction and Isolation

1.5.3.1 Isolation of Symploca Metabolites

Extraction and Isolation of VP727. The cyanobacterium was exhaustively

extracted with 4:1 CH3CN:CH2Ch to afford 1.23 g of lipophilic extract. After initial

partitioning between hexane and 80 % aqueous MeOH, the organic residue from a second

partitioning with n-BuOH and water was loaded onto a Sephadex LH-20 column (360 x

20 mm) and eluted with 5 % MeOH in CHCh. The bioactive fraction eluting between

120 and 140 mL was further purified by CI8 chromatography and the two fractions

eluting with 50 and 70 % CH3CN combined. Separation by RP-HPLC [Ultracarb ODS

30, 250 x 10 mm, 70 % aqueous CH3CN, flow rate 3 mL/min, detection at 254 nm]

afforded apramide A (1.1, tR 22 min, 1.3 mg), apramide B (1.2, tR 15 min, 1.0 mg) and a
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mixture of apramide G (1.3) and micromide A (1.4, tR 41 min). This fraction was further

purified by a linear gradient of 80 to 100 % aqueous MeOH [YMC-AQ ODS, 250 x 10

mm, flow rate 3 mL/min, PDA detection] to afford the former (1.3, tR 14.2 min) and

micromide A (1.4, tR 15.9 min) in yields of 1.8 and 1.7 mg, respectively. The Sephadex

fraction eluting between 180 and 200 mL was purified by RP-HPLC with a linear

gradient of 65 to 75 % aqueous CH3CN over 30 min [YMC-AQ ODS, 250 x 10 mm, flow

rate 3 mL/min, PDA detection] to afford 1.7 mg ofmicromide B (1.9, tR 23 min).

Extraction and Isolation of VP643 - Lipophilic Extract. The freeze-dried

cyanobacterium (300 g) was thrice extracted with a 4:1 mixture of CH3CN-CH2Ch to

provide a total of 2.67 g of lipophilic extract. After partitioning between hexane and 80 %

aqueous methanol the aqueous residue was loaded on to a Si flash column and was eluted

with increasing amounts of MeOH in CH2Ch. The 8 % fraction (50 mg) was passed over

a Cs column and the 50 % aqueous CH3CN residue (9.2 mg) was subsequently

rechromatographed on a cyanopropyl column [Econosil CN, 250 x 10 mm, solvent

system a linear gradient from 30 to 70 % CH3CN in H20 over 40 min. flow rate 3

mL/min, PDA detection] to give a 6.0 mg fraction (tR 8.0 min). This fraction was further

purified [YMC-AQ ODS, 250 x 10 mm, solvent system a MeOH:O.Ol % TFA linear

gradient from 65 to 100 % MeOH over 30 min, flow rate 3 mL/min, PDA detection] to

provide 2.1 mg oftasiamide A (1.11) (tR 15.3 min).

The 5 % fraction from the initial Silica column was loaded onto a Sephadex LH

20 column (50 x 2.5 cm) and eluted with 4:1 CH2Ch:MeOH. The samples eluting

between 120 and 180 mL were again separated by Sephadex LH-20 using 5 % MeOH in

CH2Ch. The fraction eluting between 180 and 240 mL was concentrated and separated by
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repeated RP-HPLC [1. Ultracarb ODS 30, 250 x 10 mm, 60 % aqueous CH3CN, flow rate

3 mL/min, tR 34.2 min; 2. Ultracarb ODS 30, 70 % aqueous MeOH, flow rate 3 mL/min,

tR 27.0 min; 3. Ultracarb ODS 30, 85 % aqueous MeOH, flow rate 3 mL/min, tR 12.0

min; 4. Ultracarb ODS 30, 70 % aqueous CH3CN, flow rate 3 mL/min, tR 19.6 min] to

yield tasihalide A (1.15, 0.9 mg).

Extraction and Isolation of VP643 - Aqueous Extract. The cyanobacterium

(300 g), which had already been extracted with 4:1 CH3CN:CH2Ch, was exhaustively

extracted with 30 % aqueous EtOH to give 2 g of extract. After partitioning between n

BuOH and water, the dry organic residue was loaded onto a Sephadex LH-20 column (50

x 2.5 cm) and eluted with 5 % MeOH in CHCh (400 mL), 15 % MeOH (700 mL), and

pure MeOH (500 mL). The 5 % fraction eluting between 100 and 140 mL was purified

by CI8 chromatography using increasing amounts of CH3CN in H20. The 50 % fraction

was then separated by RP-HPLC (tR 10.5 min) [Ultracarb ODS 30, 250 x 10 mm, 45 %

aqueous CH3CN, flow rate 3 mL/min, detection 220 nm]. Final purification with 70 %

aqueous MeOH [YMC-AQ ODS, 250 x 10 mm, flow rate 2 mL/min, detection at 254

nm] provided 2.6 mg oftasiamide B (1.4) (tR 14.2 min).

The 5 % MeOH Sephadex fractions eluting between 80 and 140 mL were

combined, loaded on a CI8 column, and eluted with increasing amounts of aqueous

MeCN. The 50 % and 60 % fractions were combined and subjected to reversed-phase

HPLC [Ultracarb ODS 30, 250 x 10 mm, 45 % MeCN in H20, flow rate 3 mL/min,

detection 220 nm] to give tasihalide B (1.16) (tR 48 min), tasipeptin B (1.14) (tR 48 min)

and tasipeptin A (1.13) (tR 55 min). Both 1.13 and 1.14 were subsequently repurified

[YMC-AQ ODS, 250 x 10 mm, 50 % aqueous MeCN, flow rate 2.5 mL/min, detection at
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220 run] with to yield 2.2 mg (tR 23 min) of 1.14 and 4.3 mg (tR 48 min) of 1.13.

Tasihalide B (1.16) was purified by repeated HPLC [1. Ultracarb ODS 30, 250 x 10 mm,

60:40 CH3CN: 0.0025M Na2S04, flow rate 3 mL/min, detection at 220 run, tR 25 min; 2.

YMC-AQ ODS, 250 x 10 mm, 80 % aqueous MeCN, flow rate 2.0 mL/min, detection at

220 run, tR 10.5 min; 3. Ultracarb ODS 30, 250 x 10 mm, 80 % aqueous MeOH, flow rate

3 mL/min, detection at 220 run, tR 14.2 min] to yield 0.8 mg.

1.5.3.2 Isolation of New Lyngbya Metabolites

Extraction and Isolation of VP417. The cyanobacterium was initially extracted

and separated as previously described except the n-BuOH/H20 partition was omitted.5

The 5 % i-PrOH fraction contained lyngbyapeptin A (1.37), the 6 % apratoxin A, and the

8 % a mixture of apratoxin A, lyngbyastatin 2, lyngbyabellin A (1.39), 1.36, and 1.38.

This 8 % fraction was separated by RP-HPLC [Ultracarb ODS 30, 250 x 10 nun, 80 %

aqueous CH3CN, flow rate 3 mL/min, detectionat 220 run] to provide a mixture of 1.36

and 1.38 (tR 7.5 min). Further purification using 65 % aqueous CH3CN afforded pure 15

norlyngbyapeptin A (1.36) (0.8 mg, tR 14.2 min) and lyngbyabellin D (1.38) (0.8 mg, tR

18.9 min).

Extraction and Isolation of VP680. The cyanobacterium was extracted with 1:1

CH2Ch:MeOH to yield 1.49 g of lipophilic extract. This extract was then partitioned

between hexane and 80 % MeOH. After drying the aqueous methanol layer, the residue

was partitioned between water and n-butanol to afford 154 mg of material from the

organic layer. Separation on a CIS column with increasing amounts of MeCN in H20

resulted in the activity concentrated primarily in the 60 % MeCN in H20 fraction (9 mg).

Further purification on a RP column (50 %, 60 %, 70 % MeCN in H20) gave 4.7 mg of
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material in the 60 % MeCN fraction that after semi-preparative RP HPLC [Ultracarb

ODS 30, 250 x 10 mm, 65 % CH3CN in H20, flow rate 3 mL/min, detected at 220 nm]

afforded 1.6 mg of crude 1.48 (tR 16 min). Final HPLC purification with 70 % MeOH (tR

13.8 min) yielded 1.1 mg ofpure obyanamide (1.48).

Extraction and Isolation of VP755. VP755 was extracted with 1:1

EtOAc:MeOH to yield 1.11 g of lipophilic extract that was subsequently partitioned

between hexane and 80 % aqueous MeOH. After drying, the aqueous methanol residue

was partitioned between water and n-butanol. Normal-phase flash chromatography of the

organic layer with increasing amounts of methanol in dichloromethane resulted in the

cytotoxicity concentrated primarily in the 5 % methanol fraction. Subsequent separation

on a CI8 column with increasing amounts of MeCN in H20 resulted in the activity

concentrated primarily in the 60 % MeCN in H20 fraction. This sample was purified

twice by RP-HPLC [Ultracarb ODS 30, 250 x 10 mm, flow rate 3 mL/min, detection at

220 nm], first with 70 % MeCN in H20 (tR 21 min) and then with 80 % MeOH in H20 to

yield 1.1 mg of ulongapeptin (1.55, tR 25 min) and 2.8 mg of palau'amide (1.61, tR 28

min).

Extraction and Isolation of NIHI99, 154, and 143. The freeze-dried

cyanobacterium (95.11 g) designated NIH199 was sequentially extracted with a 1:1

mixture of MeOH/CH2Ch and 30 % aqueous ethanol to afford 1.29 g of lipophilic and

4.60 g of aqueous extract. NIH154 (72.44 g) and NIH143 (45.42 g) were treated in a

similar manner to provide 12.43 and 5.45 g of lipophilic extracts, respectively. These

extracts were partitioned between hexane and 80 % MeOH, and then the aqueous

residues were further partitioned between n-butanol and water. The organic fractions
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were separated on silica gel eluting with CH2Ch and increasing amounts of i-PrOH. The

biologically active fractions (5 and 8 %) were separated on a CI8 column (2000 mg,

Alltech) with increasing amounts of CH3CN in H20. Final purification of the active

fractions by RP-HPLC [Ultracarb ODS 30, 250 x 10 mm, 70 % aqueous CH3CN, flow

rate 3 mL/min, detection at 220 nm] afforded pure lyngbyastatin 3 (1.63, tR 18 min).

NIH199 yielded 10 mg and 15 mg of 1.63 from the lipophilic and aqueous extracts,

respectively, while NIH154 and NIH143 gave 49 and 48 mg of 1.63 from the lipophilic

extracts respectively.

Extraction and Isolation ofNIHI98. A 121.9 g sample of freeze-dried Lyngbya

majuscula was extracted with a 1:1 mixture of ethyl acetate and methanol to give 2.5 g of

lipophilic extract. The remaining cell mass was extracted with a 3:7 mixture of ethanol

and water to give 13.5 g of aqueous extract. These extracts were purified as described

above for NIHI99. Final purification of the 5 and 8 % MeOH fractions [Ultracarb ODS

30,250 x 10 mm, flow rate 3 mL/min, detection at 220 nm] using an isocratic system of

55 % aqueous acetonitrile afforded two active compounds, lyngbyastatin 1 (1.64) (tR 40

min, 10 mg) and dolastatin 12 (1.65) (tR 46 min, 20 mg) from the lipophilic extract.

Purification of the aqueous extract in the same manner afforded 3.6 mg of 1.64 and 6.8

mg of 1.65.

1.5.4 Physical Data

1.5.4.1 Symploca Metabolites

Micromide A (1.4) was obtained as an amorphous powder: [aflD -280 (c 0.5,

MeOH); UV (MeOH) Amax (log E) 201 (4.40),225 (3.80), 274 (2.40) nm; IR (film) Vmax

3311, 1680, 1462, 1379 em-I; IH NMR, BC NMR, IH)H COSY, and HMBC data, see
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Table 4; MALDI m/z [M + Na] + 926.5; HR-MALDI m/z [M + Na] + 926.5155 (ealed for

C49H73N707SNa 926.5184, 2.9 mDa error).

Micromide B (1.9) was obtained as an amorphous powder: [a]2Io +60 (c 0.4,

MeOH); UV (MeOH) Amax (log E) 201 (3.71) nm; IR (film) Vmax 3382, 1739, 1651, 1371,

1233, 1095 em-I; IH NMR, l3c NMR, IH)H COSY, and HMBC data, see Table 5;

FABMS m/z [M + Na] + 510; HR-FABMS m/z [M + H] + 488.3225 (ealed for C2SH46N06

488.3223, 0.2 mDa error).

Tasiamide A (1.11) was obtained as an amorphous powder: [a]2Io +150 (c 0.4,

CHCh); UV (MeOH) Amax (log E) 201 (4.27),254 (2.52) nm; IR (film) Vmax 3311, 1737,

1643, 1453 em-I; IH NMR, l3c NMR, IH)H COSY, and HMBC data, see Table 6;

FABMS m/z (intensity) [M + Na] + 852 (15), [M + H] + 830 (16), 814 (8), 701 (56),687

(13),603 (6),483 (10), 370 (71), 348 (4), 332 (6), 291 (46),228 (43), 200 (66), 142 (20),

and 128 (36); HR-FABMS m/z [M + Na] + 852.4833 (ealed for C42~7N701ONa

852.4841,0.8 mDa error).

Tasiamide B (1.12) was obtained as an amorphous powder: [a]2Io -280 (c 0.4,

MeOH); UV (MeOH) Amax (log E) 201 (7.60) nm; IR (film) Vmax 3396,3307, 1743, 1633,

1538, 1455, 1265, 1176 em-I; IH NMR, l3c NMR, IH)H COSY, and HMBC data, see

Table 7; MALDI m/z [M + Na] + 1002; HR-MALDI m/z [M + Na] + 1001.5347 (ealed for

CSOH74Ng012Na 1001.5318,2.9 mDa error).

Tasipeptin A (1.13) was obtained as an amorphous powder: [af4o -230 (c 1.5,

MeOH); UV (MeOH) Amax (log E) 202 (6.74) nm; IR (film) vmax 3371, 3291,1731,1643,

1453 em-I; IH NMR, l3c NMR, IH)H COSY, and HMBC data, see Table 9; HR-MALDI

m/z [M + Na] + 892.5140 (ealed for C4sH71N701ONa 892.5155, 1.5 mDa error).
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Tasipeptin B (1.14) was obtained as an amorphous powder: [0.]210 _13 0 (c 0.7,

MeOH); UV (MeOH) Amax (log E) 202 (2.81) run; IR (film) Vrnax 3400, 3304, 1735, 1650,

1536, 1462, 1205 em-I; IH NMR, Bc NMR, and HMBC data, see Table 10; MALDlmlz

[M + Nat 793; HR-MALDI m1z [M + Na] + 793.4454 (ealed for C4oH62N60gNa

793.4475,2.1 mDa error).

Tasihalide A (1.15) was obtained as an amorphous powder: [0.]240 -180 (c 0.6,

MeOH); UV (MeOH) A.rnax (log E) 207 (4.3), 253 (1.2) run; IR (film) Vrnax 3501, 1735,

1372, 1236, 1026,977 em-I; IH NMR, Bc NMR, and HMBC data, see Table 11; ESI m1z

(relative intensity) [M + Nat 707 and 709 (1:1); HR-ESI m1z [M + N~] + 702.1154

(ealed for C26H38 Br7gI08N~ 702.1133, 2.1 mDa error).

Tasihalide B (1.16) was obtained as an amorphous powder: [a.f30 _13 0 (c 0.4,

MeOH); UV (MeOH) A.rnax (log E) 202 (3.1) 253 (1.3) run; IR (film) Vrnax 1735, 1372,

1236, 1026, 977 em-I; IH NMR, Bc NMR, and HMBC data, see (Table 12); ESI m1z

(relative intensity) [M + Nat 744 and 746 (1:1); HR-ESI m1z [M + NH4] + 744.1246

(ealed for C28~oBr7gIOgNH4 744.1239, 0.7 mDa error).

1.5.4.2 Lyngbya Metabolites

15-Norlyngbyapeptin A (1.36) was obtained as a white powder: [0.]220 -31 0 (c

0.4, MeOH); UV (MeOH) A.max (log E) 201 (4.20), 226 (4.02) run; IR (film) Vrnax 3367,

2849, 1635, 1456, 1338 em-I; IH NMR and BC NMR data, see Table 15; HR-FABMS

m1z [M + Nat 706.3649 (ealcd for C36Hs3Ns06SNa 706.3614,3.5 mDa error).

Lyngbyabellin D (1.38) was obtained as a white powder: [a.]2So +200 (c 0.4,

MeOH); UV (MeOH) A.max (log E) 202 (7.31), 223 (6.81) run; IR (film) Vrnax 3365, 1731,

1650, 1538, 1455, 1232, 1097 em-I; IH NMR, Bc NMR, IH)H COSY, and HMBC data,
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see Table 16; HR-FABMS m/z [M + Nat 918.2386 (ealed for C3sHslsChN30l3S2Na

918.2445,5.9 mDa error).

Obyanamide (1.48) was obtained as a white powder: [a.f7 0 +200 (c 0.4, MeOH);

UV (MeOH) A.max (log E) 210 (5.20), 222 (4.32) run; IR(film) Vmax 3315, 1734, 1628,

1551, 1521, 1458, 1279,699 em-I; IH NMR, l3c NMR, IH)H COSY, and HMBC data,

see Table 17; FABMS m/z 622.4 [M + Nat; HR-FABMS m/z [M + Ht 600.2873 (ealed

for C30l!t2Ns06S 600.2859, 1.4 mDa error).

Ulongapeptin (1.55) was obtained as an amorphous powder: [0.]210 -160 (c 0.4,

MeOH); UV (MeOH) A.max (log E) 204 (3.84) run; IR (film) Vmax 3336, 1727, 1654 (br),

1508, 1458, 1259, 1078 em-I; IH NMR, l3c NMR, IH)H COSY, HMBC, TOCSY, and

ROESY data, see Table 18; FABMS m/z 809.4 [M + Ht; HR-MALDI m/z [M + Ht

809.5226 (ealed for C44H69N60S 809.5171, 4.5 mDa error).

Palau'amide (1.61) was obtained as a colorless oil: [0.]230 -220 (c 0.4 MeOH);

UV (MeOH) A.max (log E) 202 (4.54) run; IR (film) Vmax 3444, 1737, 1713, 1644, 1455,

1414, 1247, 1094 em-I; IH NMR, l3c NMR, IH)H COSY, HMBC, TOCSY, and

ROESY data, see Table 19,Table 20, and Table 21; FABMS m/z [M + Na] + 874; HR

MALDI m/z 874.5003 (ealed for C46H6901ONsNa 874.4942,6.1 mDa error).

Lyngbyastatin 3 (R-Ibu-1.63) and Ibu-epilyngbyastatin 3 (S-Ibu-1.63) were

obtained as a colorless oil: [0.]270 -620 (c 0.12, CHCh); UV (MeOH) A.max (log E) 201

(4.23), 209 (3.98), 221 (3.87), 277 (3.45) run; IR (film) Vmax 3386, 1729, 1637, 1513,

1466, 1248 em-I; FABMS m/z [M + H] + 1014, [M + Na] + 1036; HR-FABMS m/z [M +

H] + 1013.6337 (ealed for CS2HSSNSOI2 1013.6399,5.8 mDa error).
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Lyngbyastatin 1 (R-Ibu-1.64) and Ibu-epilyngbyastatin 1 (S-Ibu-l.64) were

obtained as a clear glassy oil: [a]27D _170 (c 0.3, MeOH); UV (MeOH) Amax (log e) 236

(3.15), 277 (2.80), 284 (2.75) run; IR (film) Vrnax 3320, 1791, 1673, 1637, 1525, 1461,

1402, 1279, 1161, 1079, 1008 em-I; HR-FABMS m/z 1021.5965 (calcd for

CsIHg2Ng012Na 1021.5944,2.1 mDa error).

Dolastatin 12 (S-Ibu-l.65) and Ibu-epidolastatin 12 (R-Ibu-l.65) were

obtained as a clear glassy oil: [af7D -540 (c 0.7, MeOH); UV (MeOH) Arnax (log e) 234

(2.70),241 (3.00),243 (3.66),277 (2.24),283 (2.24) run; IR (film) Vrnax 3316, 1791, 1672,

1637, 1525, 1461, 1402, 1278, 1161, 1078, 1008 em-I; HR-FABMS m/z 991.5818 (calcd

for CsoHgoNgOllNa 991.5839,2.1 mDa error).

1.5.5 Synthesis of Standards.

1.5.5.1 Standards for Micromide A (1.4)

Chiral Separation of Methyl 3-Hydroxyhexanoate (1.5). A racemic mixture of

methyl 3-hydroxyhexanoate was separated by chiral HPLC [OD gold, 15 % i-PrOH in

hexane, 1 mL/min, PDA detection] to afford (R)- and (8)-1.5 at 21.4 and 27.6 min with

[af3Dof -220 and +23 0 (c 0.8, MeOH), respectively.32

Synthesis of 3(R)-Methoxyhexanoate (R-l.6). To 0.5 mL of methyl 3(R)

hydroxyhexanoate in 20 mL of petroleum ether (bp 40-60 °C) was added KOH (4

pellets), 14 J..I.L of triethylamine, and 0.39 mL of dimethyl sulfate. The solution was

allowed to stir at room temperature for 5 h before the solvent was removed under a

stream ofN2. To this residue was then added 5 mL of 0.5 N NaOH and 5 mL of MeOH

and the solution stirred overnight. The mixture was then acidified to pH 2 with 1 N HCl

and extracted into diethyl ether. The organic layer was dried with MgS04 and
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concentrated in vacuo to afford (R)-1.6 in approximately 80 % yield. Treatment of

racemic methyl 3-hydroxyhexanoate in a similar manner provided 1.6. IH NMR of (R)

1.6 (CDCh, 300 MHz) i)H (integration, multiplicity; J in Hz) 3.64 (tH, p; 5.9), 3.39 (3H,

s), 2.53 (2H, d; 5.9), 1.61 (tH, m), 1.49 (tH, m), 1.40 (2H, m), 0.93 (3H, t; 7.3).

Mandelate Derivatives. To 10 mg of (R)-1.6 in 0.2 mL of CH2Ch were added 2

mg of DMAP, 12 mg of methyl D-mandelate and 70 JlL of 1 M DCC in CH2Ch. The

mixture was stirred at room temperature for 3 h before filtration and evaporation. The

crude residue was purified by silica chromatography eluting with a mixture of 6:1

hexane:i-PrOH to afford 1.7 in 85 % yield. The racemic mixture 1.6 was treated in the

same manner to afford 1.8 as a mixture of 3R- and 3S-(methyl D-mandelate)

methoxyhexanoate. IH NMR of (R)-I.7 (CDCh, 300 MHz) i)H (integration, multiplicity; J

in Hz) 7.46 (5H, m), 5.95 (IH, s), 3.72 (3H, s), 3.70 (tH, m), 3.34 (3H, s), 2.67 (IH, dd;

-15.3, 7.3), 2.57 (tH, dd; -15.3, 5.6), 1.6-1.4 (4H, m), 0.88 (3H, t; 6.5).

1.5.5.2 Standards for Lyngbyabellin D (1.38).

Synthesis of a.,~-Dihydroxy-~-methylpentanoicAcid (Dhmp 1.46, 1.47). A 3:1

mixture of the unsaturated ethyl ester lO8 (1.44, 100 mg) was heated to 60°C for 12 h in 7

mL of pyridine and 11 mL of 5% aqueous NaOCl. The mixture was thrice partitioned

between EtOAc and H20, the organic layers combined, dried over MgS04 and the

solvent removed in vacuo. This mixture was then stirred with 300 mg of Ba(OH)2 in 0.5

mL of methanol at room temperature overnight before the addition of 1 % H2S04 till the

pH was 3. The cloudy solution was allowed to stir overnight, before the BaS04 was

pelleted by centrifugation. The supernatant was removed by a stream of N2 to yield a
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mixture of all four diastereomers (1.46, 1.47), in a ratio of approximately 3:1:1:3 as

determined by chiral HPLC.

Asymmetric Synthesis of a,/3-Dihydroxy-/3-methylpentanoic Acids (ent-l.46).

A round bottom flask with 700 mg of AD mix-a was stirred at room temperature with 10

mL of a 1:1 mixture of I-BuOH and water till the organic layer was yellow.109 To this was

added 50 mg of methanesulfonamide and the mixture cooled to 0 °C before the addition

of 50 mg of the 1.44. After 18 h at 0 °C, 700 mg of sodium sulfite was added and the

solution allowed to warm to room temperature over 30 min. This was then partitioned

between EtOAc and water, the organic layer dried over MgS04, and the solvent removed

to yield the pure dihydroxy ester. Subsequent saponification with Ba(OHh and acid

workup followed by centrifugation provided the enantiomerically pure (2R,3S)-1.46

from the supernatant. Dihydroxylation of 1.44 with AD mix-/3 produced the

corresponding enantiomer by the same procedure.

(2R,3S)-2,3-Dihydroxy-3-methylpentanoic Acid [(2R,3S)-1.46]: [a]024 _8° (c

1.23, H20, Lit [a]020 _16i60
, [a]024 -14° (c 2.00, 0.1 N HCI, Lit [a]020 _16i61

; IH NMR

(D20, 300 MHz) OH (multiplicity, integration; J in Hz) 0.70 (t, 3H; 7.5), 0.99 (s, 3H),

1.35 (dq, IH; -13.8, 7.5), 1.45 (dq, IH; -13.8, 7.5), 3.87 (s, IH).160

(2S,3R)-2,3-Dihydroxy-3-methylpentanoic Acid [(2S,3R)-1.46]: [a]024 +7° (c

1.23, H20), [a]021 +13° (c 2.30, 0.1 N HCI, Lit [a]020 +16);161,162 lH NMR (D20, 300

MHz) OH (multiplicity, integration; J in Hz) 0.70 (t, 3H; 7.5), 0.99 (s, 3H), 1.35 (dq, IH; 

13.8, 7.5), 1.45 (dq, IH; -13.8, 7.5), 3.87 (s, IH).
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1.5.5.3 Standards for Obyanamide (1.48).

Synthesis of 3-Aminopentanoic Acid Standards: (R)-N-Boc-2-aminobutanol

(1.50).163 To a 5 mL vial containing 100 ~L of (R)-2-aminobutanol was added 50 mg of

NaOH (1 mol eq.) in 1 mL of water and 750 ~L of tert-butanol. Next, 230 mg of di-tert

butylcarbonate was added and the cloudy solution stirred overnight at room temperature.

The next day, the pH of the solution was adjusted to 7 with 6 N HCI and the solution

partitioned between ethyl acetate and water. The organic phase was dried over MgS04

and the solvent removed in vacuo to yield 151 mg (69 %) of compound 1.50. I H NMR

(CDC!), 300 MHz) BH (carbon position, multiplicity; J in Hz) 0.80 (4, t; 7.9), 1.30 (7/8/9,

s), 1.42 (3, m), 3.38 (2, m), 3.42 (1, m), 5.07 (OH, br s); BC NMR Be 64.0 (1), 53.8 (2),

24.3 (3), 10.2 (4), 156.7 (5), 79.6 (6), 28.2 (7/8/9).

(R)-N-Boc-2-aminobutanol Tosylate (1.51).164 Compound 1.50 (151 mg) was

dissolved in 1 mL of freshly distilled pyridine and the solution was stirred at 0 °c while

293 mg of p-toluenesulphonyl chloride (2 mol eq.) was slowly added. The reaction

mixture was stored at _4°C for 3 days and then poured over 30 mL of ice in a 60 mL

separatory funnel and extracted with 30 mL of diethyl ether. The organic layer was

subsequently washed with 6 N HCI, followed by saturated aq. NaHC03 and saturated aq.

sodium chloride. The organic layer was dried over MgS04 and evaporated to yield 263

mg (100 %) of 1.51. IH NMR (CDC!), 300 MHz) BH (carbon position, multiplicity; J in

Hz) 0.79 (4, t; 7.3), 1.32 (7/8/9, s), 1.40 (3, m), 2.36 (16, s), 3.49 (2, m), 3.94 (1, m), 7.70

(12/14, d; 7.1), 7.23 (11/15, d; 7.8); BC NMR Be (carbon position) 71.3 (1),65.9 (2), 24.4

(3), 10.4 (4), 155.3 (5), 79.6 (6), 28.5 (7/8/9), 145.0 (10), 128.0 (11/15), 130.0 (12/14),

158.3 (13),21.8 (16).
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(R)-N-Boc-3-amino-pentanitrile (1.52). To 250 mg of 1.51 in 2 mL of wet

DMSO was added 43 mg of NaCN with stirring. The reaction was left at room

temperature overnight .and then partitioned between diethyl ether and water. The ether

layer was evaporated and the residue chromatographed on silica gel using 10:1 hexane to

ethyl acetate to afford 66 mg (44 %) of 1.52. IH NMR (CDCh, 300 MHz) 8H (carbon

position, multiplicity; J in Hz) 0.90 (5, t; 7.3), 1.39 (8/9/10, s), 1.49 (4, m), 2.46 (2, dd; 

16.1, 5.1), 2.68 (2, dd; -16.1, 4.6), 3.62 (3, m); BC NMR 8e (carbon position) 117.4 (1),

40.9 (2), 49.0 (3), 23.5 (4), 10.4 (5), 155.3 (6), 79.9 (7), 28.4 (8/9/10).

(R)-3-Aminopentanitrile (1.53). A solution of 66 mg (0.3 mmol) of 1.52 in 1 mL

of concentrated trifluoroacetic acid was stirred for 10 minutes. Evaporation of the solvent

under N2 and partitioning of the residue between EtOAc and water yielded 30 mg (92 %)

of 1.53 from the aqueous phase. IH NMR (MeOH-d4' 300 MHz) 8H (carbon position,

multiplicity; J in Hz) 1.09 (5, t; 7.6), 1.85 (4, m), 2.98 (2, d; 5.6), 3.51 (3, m); 13C NMR

8e (carbon position) 115.8 (1), 25.4 (2), 49.3 (3),20.3 (4), 8.5 (5).

(R)-3-Aminopentanoic Acid Hydrochloride (R)-(1.54). A solution of 30 mg of

1.53 in 1 mL of 6 N HCI was refluxed overnight. Purification of the residue over

DOWEX 50 resin eluting with 1 M HCI resulted in 40 mg (87 %) of 1.54. IR (Nujol) Vmax

3415, 3300, 3100, 1712 em-I; H NMR (MeOH-d4' 300 MHz) 8H (carbon position,

multiplicity; J in Hz) 0.98 (5, t; 7.8), 1.72 (4, m), 2.69 (2, dd; -17.3,4.7),2.84 (2, dd; 

17.3,8.3),3.6 (3, m), 7.01, 7.19, 7.36 (NH3)'

(S)-3-Aminopentanoic Acid Hydrochloride (S)-1.54. The S enantiomer was

synthesized in the same manner as described for (R)-3-aminopentanoic acid, but starting

with (S)-2-aminobutanol.
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L- and D-Lactic Acid.152 A solution of L-Ala in 1 mL of 4 N HCI at 4 °C was

treated with excess sodium nitrite (500 mg in 1 mL of water) and left to stir overnight.

The mixture was repeatedly extracted with ethyl ether and evaporated to dryness to give

L-Iactic acid. D-Lactic acid was prepared in the same manner from the enantiomer.

1.5.5.4 Standards for Ulongapeptin (1.55).

Synthesis of3-Amino-2-methyloctanoic Acid (1.60). To 15 mL ofTHF in a 100

mL flask under N2 was added trimethyl phosphonoacetate (1.56) (5.5 mmol) and n-BuLi

(5.6 mmol). After stirring at -78°C for 1 h, this mixture was cannulated into 20 mL of

THF containing hexanal (5.5 mmol). The reaction was allowed to warm to room

temperature overnight and then the solvent was removed. After the residue was

partitioned between diethyl ether and water, the organic layer was dried over MgS04 and

evaporated. Purification of this residue, dissolved in a 20:1 mixture of petroleum

ether:diethyl ether, by silica chromatography yielded pure methyl oct-2(E)-enoate (1.57).

This a.,~-unsaturated ester was then treated according to Davies' procedure,l44 except the

diastereomers were not separated after methylation. The C-2 diastereomers were instead

separated by HPLC as their FDLA derivatives after deprotection.

D-FDLA + (2R, 3R)-3-Amino-2-methyloctanoic Acid (1.60). IH NMR (acteone

d6, 500 MHz) OH (integration, multiplicity; J in Hz) 9.11 (IH, s), 8.93 (IH, d;9.2), 8.55

(lH, d; 6.4), 7.55 (lH, br s), 6.63 (lH, br s), 6.11 (IH, s), 4.26 (lH, m), 3.99 (IH, m),

2.96 (IH, m), 1.86 (2H, m), 1.68 (lH, m), 1.40 (2H, m), 1.30 (6H, m), 1.23 (3H, d; 6.3),

1.01 (3H, d; 5.9), 0.93 (3H, d; 5.7), 0.85 (3H, t; 7.2).
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L-FDLA + (2R, 3R)-3-Amino-2-methyloctanoic Acid (1.60). IH NMR (acteone

d6, 500 MHz) 3H (integration, multiplicity; J in Hz) 9.11 (lH, s), 8.91 (lH, d; 8.9), 8.61

(lH, d; 6.3), 7.54 (lH, br s), 6.73 (lH, br s), 6.11 (lH, s), 4.26 (lH, m), 3.98 (lH, m),

2.93 (lH, m), 1.89 (2H, m), 1.68 (lH, m), 1.44 (2H, m), 1.31 (6H, m), 1.20 (3H, d; 7.3),

1.02 (3H, d; 6.2), 0.94 (3H, d; 6.1), 0.85 (3H, t; 7.9).

D-FDLA + (2S, 3R)-3-Amino-2-methyloctanoic Acid (1.60). IH NMR (acteone

d6, 500 MHz) 3H (integration, multiplicity; J in Hz) 9.10 (lH, s), 8.54 (lH, d; 8.9), 8.52

(lH, d; 5.5), 7.71 (lH, br s), 6.64 (lH, br s), 6.20 (lH, s), 4.35 (lH, m), 4.25 (lH, m),

2.92 (lH, m), 1.84 (2H, m), 1.68 (lH, m), 1.40 (2H, m), 1.30 (6H, m), 1.23 (3H, d; 7.0),

1.02 (3H, d; 6.0), 0.94 (3H, d; 6.2), 0.83 (3H, t; 7.0).

L-FDLA + (2S,3R)-3-Amino-2-methyloctanoic Acid (1.60). IH NMR (acteone

d6, 500 MHz) 3H (integration, multiplicity; J in Hz) 9.11 (lH, s), 8.93 (lH, d; 9.2), 8.55

(lH, d; 6.4), 7.55 (lH, br s), 6.63 (lH, br s), 6.11 (lH, s), 4.30 (lH, m), 4.11 (lH, m),

2.85 (lH, m), 1.86 (2H, m), 1.70 (lH, m), 1.47 (2H, m), 1.27 (6H, m), 1.22 (3H, d; 7.1),

1.04 (3H, d; 5.7), 0.95 (3H, d; 5.9), 0.85 (3H, t; 8.0).

1.5.5.4 Standards for Lyngbyastatin 3 (1.63).

Synthesis of 3-Amino-2-methylhexanoic Acid Standards: (3R,7R)-EthylmNm

(a.-methylbenzyl benzyl)-3-aminohexanoate (1.78). A solution of (R)-(+)-N-benzyl-N;'

a-methylbenzylamine (3.2 mmol) in THF (10 mL) was cooled to -78 °C prior to the slow

addition of n-BuLi (3.0 mmol). The resulting pink solution was stirred for 30 min before

the slow addition of ethyl trans 2-hexenoate (2 mmol) in 2 mL ofTHF. After the solution

was stirred for 2 h at -78 °C, the reaction was quenched with saturated aqueous N~C1.

The solution was warmed to room temperature and partitioned between diethyl ether and



129

water. Chromatography of the organic residue on silica with petroleum ether (bp 40-60

°C) and diethyl ether (20:1) resulted in 504 mg (50 %) of 1.78.

(2SR,3R,7R)-Ethyl-N-(a-methylbenzyl benzyl)-3-amino-2-methylhexanoate

(1.79). A solution of 1.78 (0.3 mmol) in 2 mL of THF was added dropwise to a solution

of KHMDS (0.5 mmol) in 10 mL of THF. The reaction mixture was stirred for 1 h before

the addition of neat iodomethane (5 mmol). The mixture was warmed to room

temperature over 16 h and then partitioned between diethyl ether and water to afford the

crude product (52 mg, 50 %) as a 3:1 anti:syn mixture ofC-2 diastereomers that was used

without further purification.

(2SR,3R)-3-Amino-2-methylhexanoic Acid Hydrochloride (1.80). To the C-2

epimeric mixture of 1.79 (25 mg total) in 6 mL of glacial acetic acid was added 14 mg of

20 % PdlC. After 16 h under approximately 5 atm of H2 the mixture was filtered through

a pad of celite and the solvent removed under N2. Half of this sample was dissolved in 6

N HCI and refluxed for 18 hat 118°C to yield 5.1 mg of 1.80 (100 %).

Synthesis of (4S,3RS)-4-Amino-3-hydroxy-2,2,dimethylpentanoic Acid. (4S)

Benzyl N-Boc-4-amino-3-oxo-pentanoate (1.89). This reaction was carried out as

described by Bates in the synthesis of dolastatin 11,136 except that the solution of the

enolate of benzyl acetate was stirred for only 5 min before the addition of the acyl

imidazole solution. Purification as described afforded 1.89 in a yield of 57 %. IH NMR

(CDCh, 300 MHz) ()H (integration, multiplicity; J in Hz) 7.38 (5, s), 5.18 (2, s), 5.08 (1,

d; 7.0),4.36 (1, p; 7.0), 3.64 (1, d; -16.0), 3.57 (1, d; -16.0), 1.43 (9, s), 1.32 (3, d; 7.0).

(4S)-Benzyl N-Boc-4-amino-3-oxo-2,2-dimethylpentanoate (1.90). To a

solution of 150 mg of 1.89 in THF with 9 eq. Mel was added 1 eq. of NaH (65 %
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dispersion). The solution was stirred for 1 h before the addition of one more equivalent of

NaB and 9 more equivalents of Mel. After 16 h, 100 mL of diethyl ether was added and

the mixture was sequentially partitioned with sodium thiosulfate and brine. The organic

layer was dried over MgS04 and rotovaped to dryness. Purification over silica with 6:1

hexane:EtOAc yielded 60 mg (53 %) of (45)-N-Boc-2,2,4-trimethyl-3-oxo-y-Iactam

(1.91) followed by 33 mg of 1.90 (20 %). IH NMR (CDC!), 300 MHz) OH (integration,

multiplicity; J in Hz) 7.33 (5, m), 5.15 (2, s), 4.89 (1, d; 7.9),4.63 (1, p; 7.9), 1.59 (3, s),

1.44 (3, s), 1.41 (9, s), 1.18 (3, d; 7.9); 1.91: IH NMR (CDC!) OH (integration,

multiplicity; J in Hz) 4.35 (1, q; 6.9),1.56 (9, s), 1.52 (3, d; 7.0), 1.30 (3, s), 1.28 (3, s).

(4S,3SR)-Benzyl N-Boc-4-amino-3-hydroxy-2,2-dimethylpentanoate (1.92). A

solution of 1.90 (33 mg) in methanol was added to 4 eq. ofNaB~ at 0 °C. The mixture

was stirred for 30 min until TLC gave a negative result with to treatment 2,4

dinitrophenylhydrazine, and then quenched with 1 N HCl. It was subsequently partitioned

between EtOAc and brine, and concentrated to dryness to yield 20 mg (62 %) of 1.92.

(4S,3SR)-4-Amino-3-hydroxy-2,2-dimethylpentanoic Acid (1.93). The benzyl

group of 1.92 (20 mg) was removed by hydrogenation over 30 % PdlC in methanol at

room temperature over 12 h. The suspension was filtrered through celite and evaporated

to dryness. The residue was dissolved in TFA for 15 min before removing the acid under

a stream of nitrogen to afford 6 mg (68 %) of 1.93. The IH NMR of the major

diastereomer in the mixture: (MeOH-d4' 300 MHz) OH (integration, multiplicity; J in Hz)

3.85 (1, d; 1.8), 3.51 (1, qd; 6.0, 1.8), 1.25 (3, S),165 1.24 (3, d; 6.0), 1.18 (3, s) and the

minor diastereomer: 3.67 (0.67, d; 5.6), 3.39 (0.68, qd; 6.5, 5.6), 1.30 (2, s), 1.27 (2, s),

1.24 (2, d; 6.5).26



131

1.5.6 Degradations of Natural Products.

Saponification of Micromide B (LI0). To 0.5 mg of 1.9 was added 5 eq. of

Ba(OHh in 0.5 mL of methanol. The solution was stirred at room temperature overnight.

The next day, after removing the solvent, the residue was resuspended in 0.2 mL ofwater

and the pH adjusted to 2 with cold 1 % H2S04. The barium sulfate which precipitated

was filtered and the solvent removed to yield 1.10. IH NMR values were determined by

ID TOCSY experiments on the 3,4-dihydroxy-2-methylpentanoic acid unit (CD3CN, 500

MHz) OH (position, multiplicity; J in Hz) 4.09 (y-methine, dq; 7.7, 6.2), 3.60 (f3-methine,

dd; 9.5, 7.7), 2.52 (a.-methine, dq; 9.5, 7.2), 1.35 (o-methyl, d; 6.2), and 1.18 (a.-methyl,

d; 7.2).

Dihydro-majusculamide C (1.81). A solution of 2 mg of 1.66 in 0.2 mL of

methanol was added to 4 mg ofNaBH4. After stirring 25 min, another aliquot of NaBH4

was added and the solution stirred for another 25 min before quenching with 1 N HCI.

The mixture was partitioned between ethyl acetate and water and the combined organic

residue purified by CI8 HPLC [Phenomenex Ultracarb 30, 250 x 10 mm, 60 % aqueous

CH3CN, 3 mL/min, detection at 220 nm] to afford a single product (1.81, tR 39 min) with

no sign of 1.66 (tR 50 min). BC NMR (CDCh, 500 MHz) oe 176.7, 173.4, 172.4, 170.50,

170.45, 170.0, 169.8, 169.7, 167.7, 158.6, 130.4, 128.7, 114.2, 80.3,166 77.9, 61.4, 61.0,

58.0,55.3,50.2,47.5,45.2,44.4,42.3,16641.3,16640.5, 37.5, 35.2, 32.7, 29.9, 29.5, 29.3,

27.1,26.8,25.6,24.7,23.6,22.4, 18.33, 18.26, 15.48, 15.44, 14.6, 13.8, 11.7, 10.9, to.7,

8.9; HR-MALDI m/z 1009.5991 [calcd for C~OH82N8012Na 1009.5944, 4.7 mDa error].

Dihydro-Iyngbyastatin 3 (1.82, 1.83). A sample of 1.63 (6 mg) was reduced as

described for 1.66 and purified by CI8HPLC (62 % CH3CN) to afford the minor (1.82, tR
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31 min) and the major reduction products (1.83, tR 37 min) in a ratio of 1:2. 1.82: HR

MALDI m/z 1037.6273 [calcd for CS2Hs6Ns012Na 1037.6257, 1.6 mDa error]. 1.83: IH

and BC NMR, see Table 23; HR-MALDI m/z 1037.6310 [calcd for Cs2Hs6NS012Na

1037.6257,5.3 mDa error].

Dihydro-lyngbyastatin 1 (1.84, 1.85). A sample of 1.64 (4 mg) was reduced as

described for 1.66 and purified by HPLC to afford the minor (1.84, tR 37 min) and major

reduction products (1.85, tR 45 min) in a ratio of 1:4. 1.84:167 HR-MALDI m/z 1023.6057

[calcd for Cs1Hs4NS012Na 1023.6101, 4.4 mDa error]. 1.85:167 HR-MALDI m/z

1023.6078 [calcd for CSIHs4Ns012Na 1023.6101,2.3 mDa error].

Dihydro-dolastatin 12 (1.86, 1.87). A sample of 1.65 (4 mg) was reduced as

described for 1.66 and purified by HPLC to afford the minor (1.86, tR 44 min) and the

major reduction products (1.87, tR 55 min) in a ratio of 1:4. 1.86:167 HR-MALDI m/z

993.6040 [calcd for CSOHS2NsOllNa 993.5995,4.5 mDa error]. 1.87: IH NMR, BC NMR,

IH)H COSY, and HMBC data, see Table 24; HR-MALDI m/z 993.5944 [calcd for

CSOHS2NsOllNa 993.5995, 5.1 mDa error].

1.5.7 Determination of the Absolute Stereochemistry

The absolute configurations of the a-amino and a-hydroxy acid-derived units

were determined by chiral HPLC analyses of the acid hydrolyzates by comparing the

retention times of the components of the hydrolyzates with authentic standards. To

liberate amino acids where the carboxy terminus was incorporated into a thiazole ring,

ozonolysis was performed prior to acid hydrolysis. To liberate the y-stereocenter in y

amino-~-hydroxyacids, the acid hydrolyzate was ozonized and subjected to oxidative

workup. The stereochemistry of the a-methyl-~-amino acids was determined by
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advanced Marfey analyses. 128 The stereochemistry of the secondary alcohols was

elucidated through their MPA derivatives.46 The solvents for the chiral HPLC were as

follows: Solvent A = 85:152 roM aqueous CuS04:CH3CN; Solvent B = 90:10 2 aqueous

roM CuS04:CH3CN; Solvent C = 95:5 2 aqueous roM CuS04:CH3CN; Solvent D = 2

aqueous mM CUS04; Solvent E = 1 aqueous mM CUS04; Solvent F = 0.5 aqueous roM

CUS04; Solvent G = 0.25 aqueous mM CUS04. Acid hydrolysis was carried out with 0.3

mL of 6 N HCl. The specific details are given below using the following format [mg of

natural product, temp (OC), time (h)] with the numbers in brackets referring to the acid

hydrolysis conditions.

1.5.7.1 Micromide A (1.4)

Ozone was bubbled through a solution of 0.3 mg of 1.4 in 3 mL CH2Ch for 15

mm until a blue color persisted. The solvent was then removed and the residue

hydrolyzed [0.3, 118,24]. After removal of the acid under a stream ofN2, the residue was

dissolved in 10 % aqueous methanol and passed over a small CI8 column. This solution

was then analyzed by chiral HPLC [Chirex Phase 3126, flow rate 0.8 mL/min]. The

retention times of the amino acid components of the hydrolyzate were L-Val (20.3), N

Me-o-Val (19.2), N-Me-L-Ile (28.1), N-Me-L-Phe (33.4), and L-Phe (41.0), as confirmed

by co-injection. The retention times of the standards were L-Val (20.3), D-Val (27.1), N

Me-L-Val (14.0), N-Me-o-Val (19.2), N-Me-L-allo-Ile (27.0), N-Me-L-Ile (28.1), N-Me-D·

Ile (42.0), N-Me-o-allo-Ile (42.1), N-Me-L-Phe (33.4), N-Me-o·Phe (36.2), L-Phe (41.0),

and O-Phe (42.5). The solvents were as follows: Solvent A for N-Me-Phe; Solvent C for

the other standards.
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Mandelate Derivatization of the Hydrolyzate of Micromide A (1.4). [0.5, 118,

24] After removal of the acid under a stream ofN2, the residue was dissolved in water

and exhaustively extracted with CH2Ch. The organic extracts were combined, dried over

MgS04 and the solvent removed. This residue was then dissolved in 0.1 mL of CH2Ch

and to this was added 1 crystal of DMAP, 1.2 mg methyl D-mandelate in 0.5 mL of

CH2Ch, and 0.02 mL of 1 M DCC. After stirring for 3 h, the mixture was purified by

HPLC [Bondclone Si, 250 x 10 mm, a linear gradient of 1 to 15 % i-PrOH in hexane,

flow rate 2 mLimin, PDA detection]. The fraction eluting between 9 and 10 min was then

analyzed by HPLC [Phenosphere Silica, 150 x 4.6 mm, 0.5 % i-PrOH in hexane, 0.75

mLimin, PDA detection]. The retention times of the derivatized standards were 24.1 and

27.3 min for (8)- and (R)-3~methoxyhexanoic acid respectively, while the hydrolyzate

contained (R)-methoxyhexanoate (27.3 min).

1.5.7.2 Micromide B (1.9)

MPA derivatives of 1.9: (R)-MPA-l.9. To 0.5 mg of 1.9 in 0.3 mL of CH2Ch

was added 1 crystal of DMAP, 4 mg of (R)-methoxyphenylacetic acid, and 4 mg of 1-[3

(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride. The solution was stirred at

room temperature overnight and then quenched with cold 1 N Hel (0.4 mL). The

resulting mixture was partitioned between ethyl acetate and water and the organic layer

was dried over MgS04. The organic residue was dissolved in 20 % EtOAc in hexanes and

applied to a prepacked silica column (500 mg). (R)-MPA-l.9 eluted in the 40 % EtOAc

in hexane fraction (4 mL) after 2 mL of hexane and 2 mL of 25 % EtOAc had passed

through the column. IH NMR (CDCh) BH (position, multiplicity; J in Hz) 7.47 to 7.37

(Ph-MPA), 5.29 (NH, t; 6.2), 5.31 (H-3, ddd, 6.4, 3.7, 1.5),5.15 (H-7,dd; 7.1, 5.6),4.93
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(H-8, qd; 6.6, 5.6), 4.78 (a-MPA, s), 3.65 (H-22, s), 3.45 (H-3L, ddd; -13.9,6.2, 3.7),

3.25 (H-3H' dt; -13.9, 6.2), 3.42 (OMe-MPA, s), 2.60 (H-2, d; 1.5), 2.26 (H-ll, t; 7.5),

2.18 (H-6, p; 7.1),2.08 (H-25, s), 1.51 (H-12, m), 1.28 (H-13 to H-20, m), 1.15 (H-9, d;

6.6),0.98 (H-23, d; 7.1),0.88 (H-21, t; 6.9).

(S)-MPA,;,1.9. This derivative was prepared in the same manner as (R)-MPA-l.9

except using (S)-methoxyphenylacetic acid. IH NMR (CDCh) OH (position, multiplicity;

Jin Hz) 7.44 to 7.32 (Ph-MPA), 6.01 (NH, t; 6.4), 5.31 (H-3, ddd; 6.4,4.4, 1.2),5.24 (H

7, dd; 7.1, 4.7), 4.98 (H-8, qd; 6.5, 5.5), 4.79 (a-MPA, s), 3.55 (H-3L, ddd; -13.4, 6.4,

4.4), 3.47 (H-3H, dt; -13.4, 6.4), 3.42 (OMe-MPA, s), 3.40 (H-22, s), 2.53 (H-2, d; 1.2),

2.43 (H-6, p; 7.1), 2.27 (H-II, t; 7.4), 2.10 (H-25, s), 1.51 (H-I2, m), 1.28 (H-13 to H-20,

m), 1.20 (H-9, d; 6.6), 1.10 (H-23, d; 7.1), 0.88 (H-2I, t; 6.5).

1.5.7.3 Tasiamide A (1.11)

[0.3, 118, 16 ] The amino acids in the hydrolyzate were determined by analysis on

the CHIRALPAK MA(+) column [flow rate 0.8 mL/min], except for N-Me-Glu which

was detected on the Chirex Phase 3126 (D) [flow rate 0.8 mL/min]. The retention times

(tR, min) of the authentic standards were L-Pro (11.6), D-Pro (6.2), L-I1e (34.8), L-allo-Ile

(26.0), D-Ile (16.8), D-allo-Ile (13.5), L-Leu (33.0), D-Leu (15.8), N-Me-L-Phe (32.2), N

Me-D-Phe (26.1), L-2-hydroxy-3-methylvaleric acid (65.3), L-allo-2-hydroxy-3

methylvaleric acid (52.8), D-2-hydroxy-3-methylvaleric acid (40.1), D-a11o-2-hydroxy-3

methylvaleric acid (33.8), N-Me-L-Glu (48.2), and N-Me-D-Glu (22.9). The retention

times of the amino acid components of the hydrolyzate were L·Pro (11.6), L·Leu (33.0),

L-Ile (34.8), N-Me-D-Phe (26.1), N-Me-L-Glu (48.2), and L-2-hydroxy-3-methylvaleric
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acid (65.3). The solvents were as follows: Solvent A for 2-hydroxy-3-methylvaleric acid;

Solvent B for N-Me..Phe, N-Me-Glu; Solvent D for Leu, lIe and Pro.

1.5.7.4 Tasiamide B (1.12)

[0.3, 118, 24]The. residue from the acid hydrolyzate was suspended in 10 mL of

methanol and ozone was bubbled through the solution for 2 h. The solvent was then

removed. The hydrolyzate was dissolved in a 2: 1 mixture of concentrated formic acid and

30 % H202, stirred overnight, and then refluxed for 1 h at 80°C. Analysis by chiral

HPLC [Chirex Phase 3126 (+), flow rate 0.8 mL/min] established stereocenters derived

from L-Asp (11.9), L-Ala (20.1), L-Pro (28.3), L-Leu (32.5), L-Val (37.8), N-Me-L-Phe

(38.2), L-Iactic acid (46.5), and N-Me-L-Glu (73.0). The retention times of the

enantiomers.uot present in the hydrolyzate were D-Asp (15.1), D-Ala (29.0), D-Pro (60.2),

D-Leu (36.8), D-Val (64.3), N-Me-D-Phe (42.0), D-Iactic acid (62.4), and N-Me-D-Glu

(36.2). The solvents were as follows: Solvent A for N-Me-Phe; Solvent B for Leu, N-Me

Glu; Solvent C for Asp; Solvent D for Pro, Val, and lactic acid; Solvent G for Ala.

1.5.7.5 Tasipeptins A (1.13) and B (1.14).

To 0.3 mg of 1.13 in 0.1 mL ofCH2Ch was added 2 mL ofdry CH2Chcontaining

2 mg of pyridinium chlorochromate. The reaction was stirred overnight before being

partitioned between methylene chloride and water. The organic layer was removed under

a stream of N2 and sample hydrolyzed [0.3, 118, 18]. The hydrolyzate was analyzed by

chiral HPLC [Chirex Phase 3126 (D), flow rate 0.8 mL/min]. The retention times of the

standards were L-Thr (12.0), L-allo-Thr (14.9), D-Thr (15.0), D-allo-Thr (20.0), L-Val

(21.8), D-Val (30.2), L-Leu (61.5), D-Leu (80.2), L-Glu (83.3), D-Glu (93.4), N-Me-L-Phe

(38.1), and N-Me-D-Phe (40.6). The retention times of the components of the hydrolyzate
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of 1.13 were L-Thr (12.0), L-Val (21.8), L-Leu (61.5), L~Glu (83.3), and N-Me-L-Phe

(38.1). The acid hydrolyzate ofl.14 after PCC oxidation as described above was found to

contain L-Thr (12.0), L-Val (21.8), L-Leu (61.5), L-Glu (83.3), and N-Me-L-Phe (38.1).

The solvents were as follows: Solvent D for Thr;Solvent C for Val, Leu and Glu; Solvent

A for N-Me-Phe.

1.5.7.6 Tasihalides A (1.15) and B (1.16)

To 0.7 mg of tasihalide A (1.15) was dissolved in 0.2 N NaOMe and stirred at

room temperature for 48 h. The mixture was then quenched with cold 1 N HCI and the

solvent removed under a stream ofnitrogen to yield 1.17.

The residue was then dissolved in 2 mL ofpyridine and added to a vial containing

4 mg ofanisoyl chloride and 1 mg ofdimethylaminopyridine. The resulting mixture was

stirred at room temperature for 2 days and then quenched with 0.1 mL of 3

(dimethylamino)propylamine. After the solvent was removed, then residue was applied to

a 500 mg prepack silica column and eluted with increasing amount of ethyl acetate in

hexane. The 100 % hexane and 20 % EtOAc in hexane fractions were subsequently

purified by normal phase HPLC [Bondclone, 300 x 7.80 mm, 10 min at 10% iRPrOH in

hexane and then a linear gradient to 50% over the next 30 min, flow rate 2.5 mL/min,

PDA detection]. The recovered starting material!.17 eluted at 21.4 min.

A second attempt following the same procedure as above except for heating the

reaction mixture to 70°C for 2 days, resulting in recovered 1.17 after purification as

described.
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1.5.7.7 15-Norlyngbyapeptin A (1.36)

A solution of 0.1 mg of 1.36 in CH2Ch was ozonized at -78°C for 15 minutes.

The solvent was evaporated and the residue hydrolyzed [0.1, 90, 16]. The acid was

removed under a stream of nitrogen and the sample passed over a 100 mg CI8 pre-packed

column, eluting with 1 mL of 10 % methanol before analysis by chiral HPLC [Chirex

phase 3126 (D), flow rate 0.8 mL/min]. The hydrolyzate contained peaks for L-Pro (13.0),

N-Me-L-Ile (32.0), N-Me-L-Leu (57.2), and N-Me-L-Tyr (14). The retention times of the

standards were L-Pro (13.0), D-Pro (21.7), N-Me-L-allo-Ile (30.4), N-Me-L-Ile (32.0), N

Me-D-Ile (41.0), N-Me-D-allo-Ile (41.1), N-Me-L-Leu (57.2), N-Me-D-Leu (87.5), N-Me

L-Tyr (14), and N-Me-D-Tyr (16). The solvents were as follows: Solvent A for N-Me-Tyr;

Solvent C for the all other amino acids

1.5.7.8 Lyngbyabellin D (1.38)

A solution of 0.1 mg of 1.38 in CH2Ch was ozonized and saponified as previously

described for lyngbyabellin A (1.39).96 The resulting mixture was analyzed by chiral

HPLC [CHIRALPAK MA(+), (4.6 x 50 mm), 0.8 mL/min]. The retention times (min)

with Solvent C of the a,~-dihydroxy-~-methylpentanoic acid standards (1.46, 1.47)

prepared by the diastereoselective route were (2R,3R)-Dhmp (29.2), (2R,3S)-Dhmp

(32.1), (2S,3R)-Dhmp (42.3), and (2S,3S)-Dhmp (53.5) in a ratio of approximately

3:1:1:3. The retention times of the standards prepared by asymmetric dihydroxylation

with the AD-a and -~ mixes were (2R,3S)-Dhmp (32.1) and (2S,3R)-Dhmp (42.3),

respectively. The base hydrolyzate was found to contain (2R,3S)-Dhmp (32.1), which

was confirmed by co-injection of the appropriate standard. Glyceric acid was determined

on the CHIRALPAK MA (+) with solvent F. Commercially available D-glyceric and L-
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glyceric acid eluted in 12.0 and 8.6 min, while the hydrolyzate contained a peak for D

glyceric acid at 12.0 min.

A solution of 0.1 mg of lyngbyabellin D (1.38) in CH2Ch was ozonized, the

solvent was removed, and the residue hydrolyzed at 118 °C for 24 h in 6 N HCl. The acid

was removed under a stream of N2 and the residue ozonized for 30 min in 2 mL of

methanol at -78 °C. After removal of the solvent, the residue was dissolved in 2: 1 98 %

formic acid: 30 % H202 and stirred overnight before the solution was refluxed for 1 h at

100 °C. I68 The solvent was removed and the sample eluted over a small CI8 column with

10 % aqueous methanol. Comparison of authentic standards of L-Val (20.3) and D-Val

(34.5) by chiral HPLC [CHIRALPAK MA, flow rate 0.8 mL/min, solvent B] with the

components of the hydrolyzate established the presence ofL-Val (20.3 min).

1.5.7.9 Obyanamide (1.48)

For analysis, 0.2 mg of 1.48 was dissolved in 1 mL of CH2Ch and ozonized for

15 minutes. After hydrolysis [0.2, 110, 16] the solvent was evaporated and the sample

was passed over a C18 column (100 mg) with 10 % CH3CN. The mixture was analyzed

by Chiral HPLC, comparing the retention times of the components of the hydrolyzate

with those of authentic standards [Chirex Phase 3126 (D), flow rate 1 mL/min, except

alanine flow rate 0.8 mL/min]. The retention times of the amino acid components of the

hydrolyzate were (8)-3-aminopentanoic acid (8.0), L-Ala (11.8), L-lactic acid (18.5), N

Me-L-Val (20.5) and N-Me-L-Phe (28.3).The retention time (tR, min) of the standards

were L-Ala (11.8), D-Ala (16.8), N-Me-L-Val (20.5), N-Me-D-Val (26.5), L-lactic acid

(18.5), D-Iactic acid (31.5), N-Me-L-Phe (28.3), N-Me-D-Phe (29.9), (8)-3

aminopentanoic acid (8.0), and (R)-3-aminopentanoic acid (13.0). The identities of the
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peaks were also continned by co-injection. The solvents were as follows: Solvent D for

Ala and N-Me-Val; Solvent C for lactic acid and 3-aminopentanoic acid; Solvent A for

N-Me-Phe.

Chiral TLC Analysis on the Hydrolyzate of Obyanamide (1.48). The acid

hydrolyzate of 1.48 was subjected to TLC analysis on Chiralplate (Macherey-Nagel)

using 1:9 MeOH/CH2Ch as the developing solvent. With V205 spray reagent169 the lactic

acid was visualized as an intense blue spot. Authentic L-Iactic acid and D-Iactic acid had

IVvalues of 0.63 and 0.60~ respectively. The L-Iactic acid in the hydrolyzate had an Rfof

0.63.

1.5.7.11 Ulongapeptin (1.55)

Ulongapeptin - Amino Acid-Derived Units. A 0.3 mg sample of 1.55 was

dissolved in 0.5 mL ofmethanol and added to a 1 mL vial along with 1 mg of 30 % PdlC.

The solution was stirred under an atmosphere of H2 for 18 h at room temperature. The

reaction mixture was filtered through a pad of Celite that was flushed with methanol.

After removal of the solvent~ the residue was hydrolyzed [0.3~ 90, 18]. The acid was

removed under a stream of nitrogen and the hydrolyzate analyzed by chiral HPLC~

comparing the retention times of the components of the hydrolyzate with those of

authentic standards [Chirex Phase 3126 (D)~ flow rate 1 mL/min]. The retention times of

the components of the hydrolyzate were L-Iactic acid (l8.5)~ L-Val (30.3)~ N-Me-L-Val

(23.4)~ N-Me-D-Val (41.8)~ and N-Me-D-Phe (33.5). The retention time of the standards

were L-Val (30.3)~ D-Val (54.5)~ N-Me-L-Val (23.4)~ N-Me-D-Val (41.8), L-Iactic acid

(l8.5)~ D-Iactic acid (31.5)~ N-Me-L-Phe (31.2)~ and N-Me-D-Phe (33.5). The solvents
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were as follows: Solvent A for N-Me-Phe; Solvent C for lactic acid; Solvent D for the

remaining amino acids.

Ulongapeptin - 3-Amino-2-methyloctynoic Acid. The hydrogenated hydrolyzate

was derivatized with L-FDLA by the standard procedure128 and compared with the

derivatized synthetic standards. The analysis was carried out by RP-HPLC [YMC-Pack

AQ-ODS 10 x 250 mm, 50 % MeCN in 0.01 N TFA, flow rate 2.5 mL/min, PDA

detection]. The retention times (min) of the L-FDLA derivatized standards were (2R,38)

1.60 (25.7), (28,38)-1.60 (26.7), (2R,3R)-1.60 (45.6), and (28,3R)-1.60 (54.1)170 with the

retention times of L-FDLA+(2R,3S)-1.60 and L-FDLA-(28,38)-1.60 being inferred from

the retention times of D-FDLA+(2S,3R)-1.60 and D-FDLA+(28,38)-1.60 respectively.

The retention time of the ~-arnino acid in the hydrolyzate was 26.7 min (28, 38), which

was confirmed by co-injection of (28, 38)-1.60. The previously identified amino acids

appeared at 12.0 (L-Val), 15.1 (N-Me-L-Val), and 20.5 minutes (N-Me-D-Val).

1.5.7.12 Palau'amide (1.61)

[0.3, 90, 16] The amino acid components of the hydrolyzate were analyzed by

chiral HPLC [Chiral Phase 3126 (D), flow rate 0.8 mL/min]. The hydroxy acid was

analyzed on the CHIRALPAK MA(+) column [flow rate 0.7 mL/min]. The retention

times of the amino acids in the hydrolyzate were L-Ala (14.8), N-Me-L-Ala (18.2), 0-2

hydroxyisocaproic acid (28.4), L-Ile (54.5), and N-Me-D-Phe (57.3). The retention times

of the standards not present in the hydrolyzate were D-Ala (19.2), N-Me-D-Ala (21.2), L

2-hydroxyisocaproic acid (35.8), L-allo-Ile (38.2), D~allo-Ile (58.0), 0-lle (76.2), and N

Me-L-Phe (49.5). The solvents were as follows: Solvent E for N-Me-Ala and Ala; Solvent

C for lIe; Solvent A for the remaining standards.
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1.5.7.13 Lyngbyastatin 3 (1.63)

Chiral GCIMS Analysis of Lyngbyastatin 3 (1.63). [1, 118, 18] The acid was

removed under N2 and the dry hydrolyzate was treated at 100°C for 45 min with a

mixture of 0.3 mL of 2-propanol and 50 ilL of acetyl chloride. The excess reagent was

removed under N2 and the residue treated at 100°C for 15 min with 50 ilL of a 1:1

solution of (CF3CF2 CO)20/CH2Ch. After the mixture had cooled to room temperature,

the excess reagent was removed and the resulting mixture of isopropyl esters and N

(pentafluropropionyl) amino acids was dissolved in 50 ilL of MeOH and analyzed by

GC-MS [Chirasil-Val column, 25 Ilm x 0.25 m, Alltech; 12 psi initial pressure,

temperature gradient of 40 to 120°C with a heating rate of 3°C/min]. Derivatized

(2S,3R)-3-amino-2-methylpentanoic acid (1.68) had a tR of 18.6 min: mlz (intensity) 319

(5), 290 (25), 260 (42), 248 (40), 230 (50), 204 (100). Lyngbyastatin 3 (1.63) showed

derivatized 3-amino-2-methylhexanoic acid (1.69) with a tR of 21.0 min: mlz (intensity)

333 (2),290 (20), 274 (45), 248 (38),230 (40), 218 (85), 204 (70),176 (80).

Absolute Stereochemistry of the Amino Acid-derived Units. [0.5, 90, 24] The

hydrolyzate was analyzed by chiral HPLC and the retention times compared with

authentic standards ([Chirex Phase 3126 (D), flow rate 0.8 mL/min] except 2-hydroxy-3

methylvaleric acid which was determined on the CHlRALPAK MA(+) [flow rate 0.8

mL/minD. The retention times of the amino acid components of the hydrolyzate were Gly

(7.1), N-Me-L-Ala (9.0), N-Me-L-Val (14.1), N-Me-L-Leu (52.1), L-2-hydroxy-3

methylvaleric acid (66.2), and N,O-diMe-L-Tyr (81.5). The retention times of the

standards were Gly (7.1), N-Me-L-Ala (9.0), N-Me-D-Ala (9.8), N-Me-L-Val (14.1), N

Me-D-Val (19.2), N-Me-L-Leu (52.1), N-Me-D-Leu (79.0), N,O-diMe-L-Tyr (81.5), N,O-
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diMe-D-Tyr (87.1), D-2-hydroxy-3-methylvaleric acid (40.1), D-allo-2-hydroxy-3

methylvaleric acid (34.1), L-allo-2-hydroxy-3-methylvaleric acid (52.0), and L-2

hydroxy-3-methylvaleric acid (66.2). The solvents were as follows: Solvent A was used

for 2-hydroxy-3-methylvaleric acid; Solvent B for N;O-diMe-Tyr; Solvent C for the

remaining amino acids.

Advanced Maney Analysis. [1, 118, 16] After removal of the acid, the residue

was twice dissolved in 25 % aqueous triethylamine and evaporated to dryness. The

hydrolyzate was resuspended in 50 J.lL of water, and then 20 J.lL of 1 M NaHC03 and 50

J.lLof 1 % FDLA (either the L- or DL-mixture as required) were added. The reaction was

maintained at 80°C for 3 min until the yellow solution turned orange. After cooling to

room temperature 20 J.lL of 1 N HCI was added and the yellow solution was diluted with

810 J.lL of CH3CN. A portion of the sample (25 J.lL) was analyzed by RP-HPLC

[Bondclone 10 CIS, 300 x 7.80 rom, Phenomenex, a linear gradient of20 to 80 % CH3CN

withO.Ol M TFA over 50 min, flow rate 3 mL/min, PDA detection]. The retention times

of the L-FDLA derivatized amino acids in the hydrolyzate were Gly (21.5),N-Me-L-Ala

(22.1), N-Me-L-Val (25.8), N;O-diMe-L-Tyr (26.5), N-Me-L-Leu (28.2), and (2S,3R)-1.80

(31.2). The retention times of the D-FDLA derivatized amino acids in the DL-mixture

were Gly(21.5), N-Me-L-Ala (22.9), (2S,3R)-1.80 (26.5), N-Me-L-Val (29.2), N;O-diMe

L-Tyr (30.3), and N-Me-L-Leu (30.7). The retention times ofL-FDLA-l.80 were (2R~3R)

1.80 (30.3) and (2S,3R)-1.80 (31.3), while the D-FDLA derivatized standards were

detected at (2R,3R)-1.80 (26.7) and (2S,3R)-1.80 (27.2).

LC-MS Analysis of the p-Amino Acid. The separations of the L- and DL-FDLA

derivatives were performed on a Hydrobond-ODS [100 x 3.0 rom, a linear gradient of 20
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to 80 % CH3CN with a.01M TFA over 50 min, flow rate 0.3 mL/min, detection at 342

nm]. The mass spectra were collected in the negative mode and had an ESI voltage of4.6

kV with the auxiliary and sheath gas pressure set at 5 units and 70 psi, respectively, and

the capillary heated to 200°C. A mass range of m1z 438 to 440 was covered. The

retention times of L-FDLA derivatized N-Me-DL-Leu were 32.3 and 35.3 minutes for the

L- and D-derivatized amino acid respectively. The L-FDLA derivatized hydrolyzate of

1.63 gave peaks for N-Me-L-Leu (32.3) and {2S,3R)-1.80 (35.8), while the DL-FDLA

derivatized hydrolyzate gave two additional peaks, (2S,3R)-1.80 (30.6) and N-Me-L-Leu

(35.3).

Marfey Analysis of the Reduction Products. The samples were hydrolyzed for

24 h in 6 N HCI and after removal of the acid the residues were derivatized with L-FDLA

befor~ HPLC analyses [YMC-AQ ODS, 250 x 10 mm, a linear gradient of 40 to 50 %

aqueous CH3CN with 0.1 % TFA (pH 4.13) over 60 min, flow rate 2.5 mL/min, PDA

detection]. The retention time of L·FDLA-(3SR,4S)-1.93 was 20.3 min, while o·FDLA

(3SR,4S)-1.93 eluted at 22.6 min. The reduction product (1.81) of majusculamide C

(1.66) contained L-FDLA·(3SR,4S)-1.93 (20.3). The minor reduction products 1.82, 1.84,

and 1.86 derived from 1.63, 1.64, and 1.65, respectively, also contained L-FDLA

(3SR,4S)-1.93 (20.3), which was confirmed by co-injection of the appropriate standard

and by comparison of the UV spectra. The stereochemistry of Ibu units in the major

reduction products 1.83, 1.85, and 1.87 were determined by LC-MS due to overlap in the

HPLC trace.

LC·MS on the Reduction Products. The separations ofthe L- and DL-FDLA

derivatives were performed on a Hydrobond-ODS [100 x 3.0 mm, a linear gradient of 40
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to 50 % CH3CN with 0.25 % acetic acid over 60 min, flow rate 0.3 mLimin, detection at

342 urn]. The mass spectra were collected in the positive mode and had an ESI voltage of

4.6 kV with the auxiliary and sheath gas pressure set at 5 units and 70 psi, respectively,

and the capillary heated to 200°C. A mass range ofm/z 455.4 to 456.4 was covered. The

retention times of L-FDLA-(3SR,4S)-1.93 were 18.2 min. Under this system D-FDLA

(3R,4S)-1.93 and D-FDLA-(3S,4S)-1.93 were resolved, with the major and minor

reduction products eluting at 20.0 and 24.8 min, respectively. While the relative

stereochemistry of 1.93 was not conclusively established, reduction of similar y-amino-p

hydroxyesters generally proceed via a chelation control mechanism to produce the

3R*,4S* diastereomer as the major produCt. 152 The major reduction products 1.83, 1.85,

and 1.87 contained peaks for D-FDLA-(3R,4S)-1.93 (20.0 min) indicating R

configurations in the Ibu units of these natural products. The minor reduction products

(1.82, 1.84) of lyngbyastatin 3 and 1 were also analyzed by LC-MS and contained peaks

of the correct mass that co-eluted with L-FDLA-(3SR,4S)-1.93 (18.2), confirming the S

configurations in these natural products.
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1.6 APPENDIX: IH AND 13C NMR SPECTRA
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500 MHz IH NMR Spectrum ofMicromide B (1.11) in CDCh°TI9
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125 MHz BC NMR Spectrum ofMicromide B (1.9) in CDCh
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125 MHz BC NMR Spectrum ofTasiamide A (1.11) in CDCh
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500 MHz IH NMR Spectrum ofTasiamide B (1.12) in CDCh
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125 MHz BC NMR Spectrum ofTasiamide B (1.12) in CDCh
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125 MHz BC NMR Spectrum ofTasiapeptin B (1.13) in CDCh
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500 MHz IH NMR Spectrum ofTasihalide A (l.lS) in CDCh
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125 MHz Be NMRofTasihalide A (LIS) in eDCh
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500 MHz IH NMR Spectrum ofTasihalide B (1.16) in CDCh
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125 MHz 13e NMR Spectrum ofTasihalide B (1.16) in eDCh
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500 MHz IH NMR Spectrum of 15-NorLyngbyapeptin A (1.36) it} CDCh
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125 MHz BC NMR of 15-Norlyngbyapeptin A (1.36) in CDCh
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500 MHz IH NMR Spectrum ofLyngbyabellin D (1.38) in CDCh

o
~o'---
O~~28 9 0

25 HN~
1 0 33

MeO HO'''·('• >=0 )-s 38

1=<. N;(22

~
S";':N 20

000
,to~2CICI

Me" 13
10 OH 1 17

j , ' i' i , , I ' iii Iii iii ' , ---..---------. ---r---------.----r "---.-----,-- -T " , , I ' ...--------r-nT .---..---

a 7 I 5 4 S Z 1 p~

-
~
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