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EPIGRAPH

My Hope is Built.

My hope is built on nothing less
Than Jesus' blood and righteousness.
I dare not trust the sweetest frame,
But wholly lean on Jesus' name.

On Christ the solid rock I stand,
All other ground is sinking sand;
All other ground is sinking sand.

When darkness veils His lovely face,
I rest on His unchanging grace.
In every high and stormy gale,

My anchor holds within the veil.

On Christ the solid rock I stand,
All other ground is sinking sand;
All other ground is sinking sand.

His oath, His covenant, His blood
Supports me in the whelming flood.
When all around my soul gives way,

He then is all my hope and stay.

On Christ the solid rock I stand,
All other ground is sinking sand;
All other ground is sinking sand.

When He shall come with trumpet sound, 
O may I then in Him be found! 

Dressed in His righteousness alone, 
Faultless to stand before the Throne! 

On Christ the solid rock I stand,
All other ground is sinking sand;
All other ground is sinking sand.

— Edward Mote, 1797-1874
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The partnership between natural  products and synthetic organic chemistry date 

back to the origin of organic chemistry itself. While natural products became a major 

driving force for the development  of novel organic reactions and synthetic  strategies, 

organic synthesis has contributed in many ways to the elucidation and confirmation of 

structure, pharmaceutical development, and biosynthetic studies of natural products. Due 

to the recent advances in both of these two disciplines, there are new opportunities and 
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issues surrounding natural products that organic synthesis can be applied to, and such 

studies comprise this dissertation.

Chapter I introduces the background information and rationale for the dissertation 

research, which is based on the history of organic chemistry and newly emerging research 

topics in natural products chemistry. Chapter II describes the isolation, characterization, 

and toxicological evaluation of polybrominated diphenyl ethers from a mixed assemblage 

of  a  marine  red  alga  and  cyanobacteria.  Chapter  III  describes  the  isolation, 

characterization, and biological evaluation of a novel vinylchloride-containing fatty acid, 

credneric acid, from a Lyngbya sp. Chapter IV describes the conception of a method for 

determining the absolute stereochemistry of natural products lacking proper functional 

groups for derivatization. This methodology was applied to a cyclopropane-containing 

fatty acid and resulted in a conflict with newly published literature, which is discussed in 

detail. Chapter V describes the development of an expedient and efficient total synthesis 

of  a  novel  alkaloid,  epiquinamide,  isolated  from  the  skin  of  a  rainforest  frog, 

Epipedobates tricolor. This work contributed to clarifying the identity of a potent and 

selective  nicotinic  receptor  agonistic  activity  observed  in  the  extract  of  E.  tricolor. 

Chapter VI describes the development of a total synthesis of a marine cyanobacterial 

metabolite,  somocystinamide  A,  which  has  been  shown  to  be  a  potent  inhibitor  of 

endothelial  cell  proliferation  and  angiogenesis.  The  synthesis  was  later  modified  for 

scalability to meet the need for further pharmaceutical investigations of this important 

natural  product.  Chapter  VII  describes  the  synthetic  investigations  on  scytonemin,  a 

cyanobacterial metabolite possessing UV-blocking properties. Through this work, many 
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intriguing insights into the biosynthesis  of the natural  product were obtained.  Finally, 

Chapter VIII provides the conclusions drawn from this dissertation research.
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Chapter I

Introduction
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Abstract

Natural  products  chemistry  and  organic  synthesis  share  a  rich  history  of 

partnership. While natural products became the major driving force for development of 

novel  organic  reactions  and  synthetic  strategies,  organic  synthesis  has  contributed  in 

many ways to the elucidation and confirmation of structure, pharmaceutical development, 

and biosynthetic studies of natural products. Historical and modern examples of these 

contributions  and the prospect  of  applying  chemical  synthesis  to  current  problems in 

natural products chemistry will be discussed in detail.
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I.1 Origin of Natural Product Chemistry

“I can no longer, as it were, hold back my chemical urine; and I have to let 
out that I can make urea without needing a kidney, or even of an animal, 
whether  of  man  or  dog:  the  ammonium  salt  of  cyanic  acid  (cyansäures 
Ammoniak) is urea.”

Friedrich  Wöhler (1828)1

With  the  advent  of  chemical  nomenclature  and  the  acceptance  of  the  atomic 

theory, chemistry emerged as a scientific discipline during the late eighteenth century.2 

Subsequently, knowledge of inorganic chemistry expanded rapidly. However, scientific 

study  of  organic  compounds  did  not  begin  until  Wöhler synthesized  urea  from 

ammonium  cyanate  in  1828.3 Prior  to  this  accomplishment,  chemists  believed  that 

organic compounds could only be made by “vital forces” in living organisms and that 

they obeyed laws other than the physical laws observed for inorganic compounds.2 The 

new field of organic chemistry flourished due to the developing confidence that organic 

compounds  could  be  studied  logically  and  systematically  in  the  same way inorganic 

compounds were being studied. The backbone of this breakthrough was the structural 

theory, which explained that the diversity and chemical properties of organic compounds 

are due to the way the constituting atoms are connected to one another. The introduction 

of this theory is regarded as “of the same importance in the history of science as the 

development of the two laws of thermodynamics around 1850, the quantum theory and 

the theory of general relativity after 1900, and the explanation of the molecular basis of 

genetics after 1950.”4
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Illustration I.1: Graphical representation of thesis research

This diagram utilizes the principles of Venn diagram. Where there is an overlap between different 
fields, strong interdisciplinary influence is implied. The order of overlaps is meant to roughly depict 

the order of emergence of each discipline chronologically.



5

Due to scientists' constant interest in nature and health, many organic chemists of 

the  nineteenth  century  chose  to  study  biological  molecules,  including  medicinal 

compounds, isolated from living organisms.5 In time, two sub-disciplines were formed to 

study  biological  compounds.  Biochemists  studied  primary  metabolites,  which  are 

essential  for  normal  growth,  sustaining  of  life,  and  reproduction  of  the  organism. 

Examples of primary metabolites include proteins, carbohydrates, fats, and nucleic acids. 

In  contrast,  natural  product  chemists  studied  secondary  metabolites  (Illustration  I.1). 

Unlike primary metabolites, the absence of secondary metabolites would not result  in 

immediate death but in long-term disadvantages.5

Secondary  metabolites  have  been  unwittingly  used  throughout  the  history  of 

mankind for various purposes. They have been used as medicines for pain relief  and 

healing of wounds, as poisons for hunting and warfare, as agents for capital punishment, 

as narcotics, hallucinogens, or stimulants to relieve tedium, as spice to disguise the bland 

flavor of food, as perfume to obscure the odor of dead bodies, and in religious worship 

and anointment (Table I-1).5,6 A great many of these natural products are still used today 

and often for the same purposes.7 The difference is that the full chemical identities of the 

natural products are now mostly known through advances in chemical sciences.

The rise of natural product chemistry not only stimulated the growth of biology, 

but it also had a great impact on the art and science of organic synthesis (Illustration I.1). 

The complex and elegant structures of many naturally occurring compounds became the 

favored  targets  of  total  synthesis.  In  its  infancy,  the  field  of  organic  total  synthesis 

focused  on  primary  metabolites.  Only  after  a  few  decades,  molecules,  such  as
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Table I.1: Use of natural products in the past and present

Compound Structure Historical usage Modern usage

Ephedrine Treatment for 
respiratory aliments

Treatment for asthma, 
hay fever

Salicine Treatment for fever Derivative (aspirin) 
used for fever, pain

Strychnine Poison Stimulant, laxative, 
pesticide

Coniine Poison (hemlock), 
capital punishment

Rotenone Poison, insecticide Insecticide, pesticide

Morphine Narcotic Narcotic

THC 
(tetrahydrocannabinol)

Narcotic Narcotic

Cocaine Narcotic Narcotic

Caffeine Stimulant Stimulant, dieting

Geraniol Perfume (rose oil) Perfume (rose oil)

Linalol Perfume (lavendar oil) Perfume (lavendar oil)

Cinnamaldehyde Spice (cinnamon) Spice (cinnamon)

Eugenol Spice (cloves) Spice (cloves)

Diallyl sulfide Spice (garlic) Spice (garlic), anti-
cancer agent8
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haemin (1)9 and equilenin (2),10 that would be considered complex even by today's 

standard were being synthesized.

I.2 Natural Product Structure Elucidation and Organic Synthesis

“Until  the  mid-1960's,  structure  determination  was  an  art  that  could  be 
likened to solving  a  complicated detective  case,  but  with  the  spectacular 
advancement in spectroscopy it  has become less inspiring, and since the 
mid-1980's,  in  most  cases,  structure  determination  has  become  rather 
'routine'.”

Koji Nakanishi (1991)11

In  the  classical  era,  many  of  the  natural  product  chemists  had  their  primary 

training in synthetic organic chemistry. Often times, the only possible means of structure 

determination of the natural product of interest was to chemically degrade it to known 

substances.12 One  of  the  most  complex  structures  to  be  elucidated  by  this  classical 

method  is  echitamine  (8),  a  tumoricidal  alkaloid  isolated  from the  bark  of  Alstonia 

scholaris.13 The  presence  of  an  indole  nucleus  was  determined  by  treatment  with 

glyoxylic reagent (Scheme I.1). Treatment with aqueous base and acid revealed a methyl 

ester and imine-like moiety, respectively. Much structural information around the olefin 
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Scheme I.1: Echitamine structure elucidation efforts by chemical 
degradation and synthetic logic

The conclusion from each chemical reaction is shown in bold letters.

Scheme I.2: Assigned structures by chemical investigation and X-ray crystallography
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was obtained by the observed reduction with palladium and the resulting fragments from 

ozonolysis.  Acetylation  added  two  acetate  units,  thereby showing  that  there  are  two 

hydroxyl groups. Further chemical analysis of a similar nature, the molecular formula 

derived by mass  spectrometry,  and the compound's  chemical  properties  finally led to 

structure 7 (Scheme I.2).14 Even though 7 was very similar to the correct structure 8, the 

true identity of this intriguing alkaloid was not discovered until X-ray crystallography 

was applied in 1962. Since the initial isolation of this natural product,15 some 85 years 

had passed before its structure determination.

However, with the advent of spectroscopic methodologies, specialization in the 

spectroscopic structural analysis of natural products appeared and consequently, the field 

of natural product chemistry matured.12,16 Today, in many cases, the processes of natural 

product  isolation  and  structural  determination  are  streamlined  and  expeditious.16 

Subsequently, the focus of natural product chemists has shifted from merely describing 

the  chemical  properties  of  newly  found  compounds  to  finding  biologically  active 

Scheme I.3: Relationship between 9 and 10 via electrocyclization
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molecules.17 However,  the  age  old  partner  of  natural  products  chemistry,  chemical 

synthesis, still plays a major role today in confirmation of the chemical structure of the 

natural product, particularly its stereochemistry, and in providing a larger quantity of the 

compound as well as analogs for biological testing (vide infra).11

Particularly profound and interesting examples of the contribution from chemical 

synthesis to the structural revision of a natural product include tridachiahydropyrone (9) 

and mururin C (12). In the first case, the issue concerned stereochemical assignments, 

while an incorrect planar structure was assigned to the latter compound. Such revisions 

were required for 30 natural products in 2008 alone.18 It  is safe to say that the art of 

structure elucidation has not achieved perfection and that the partnership between natural 

products chemistry and synthetic organic chemistry is still very much in order.

Tridachiahydropyrone (9) was isolated from a marine mollusk Tridachia crispata 

by Cimino and coworkers.19 Originally, structure  10 was proposed based on NMR and 

NOE spectroscopic  analyses.  Subsequently,  the  total  synthesis  of  10 by  Perkins  and 

coworkers suggested that the correct structure is most likely  9.20 A biogenetic rationale 

for  structure  9 was  inspired  by  Cimino  and  Faulkner,  who  noted  that  the  extensive 

conjugation  of  tridachiahydropyrone  and  its  congeners  may serve  as  defense  against 

harmful UV rays.21 The putative precursor 11 could be converted to either 9 or 10 through 

6π electrocyclization depending on the mode of activation (Scheme I-1). According to the 

Woodward-Hoffman  rules,22 photochemical   6π  electrocyclization  would  yield  the 

conrotatory  product,  9,  whereas  the  corresponding  thermal  reaction  would  yield  the 

disrotatory product, 10.
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Indeed,  Moses and coworkers synthesized  11,  which was converted to  9 upon 

exposure to sunlight.23 Furthermore, this synthetic material,  9, had the same NMR and 

UV properties as the authentic sample. All attempts to convert 11 to 10 by thermal means 

failed.23 These results  not only confirm that  9 is  the correct  structure for this  natural 

product, but also suggests that the actual biosynthetic product produced by Tridachia may 

be 11 and that it is subsequently converted to the stronger UV absorbent 9 when exposed 

to strong sunlight. The biomimetic synthesis of tridachiahydropyrone led to its structural 

revision as well as insights into its biosynthesis that could not have been easily obtained 

by any other approach.

Although the majority of structural revisions of natural products have been due to 

stereochemical issues involving tetrahedral carbon atoms, perhaps it is more intellectually 

interesting to consider the less frequent cases of incorrectly assigned planar structures. 

Such was the case  with mururin  C (12),  a  natural  product  isolated from the bark  of 

Brosimum acutifolium. Originally, structure  13 was incorrectly assigned to this natural 

product based on HR-MS and 1D and 2D NMR analyses.24 In the course of the synthesis 

Figure I.1: The originally assigned structure (13) of mururin C and its 
revised structure (12)
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of  13, however, it was found that allenes analogous to  13, when formed  in situ, were 

intercepted readily by nucleophiles in the reaction mixture and the allene species could 

not be isolated.25 This observation led to the rationale that if 13 was formed at all in the 

course of biosynthesis, the hydroxyl group of the phenol would attack the allenic carbon 

and form benzofuran, thereby converting to structure 12. Therefore it is highly unlikely 

that 13 was the correct structure. Moreover, comparison of predicted chemical shifts for 

12 and  13 revealed that  12 is very likely the correct structure. In this work, synthetic 

studies of the natural product eloquently revealed the erroneous feature of the originally 

mis-assigned planar structure of mururin C.

In 2005, Nicolaou and Snyder published a fairly comprehensive and inspiring paper 

on natural product structural revisions that were made possible by total synthesis in the 

period of 1990 to 2004.16 In that paper, the authors articulate the amazement, in contrast 

to their expectation, of discovering the large number and profoundness of structural mis-

assignments made in the recent years. In Table I.2, all  of the structural  revisions26 of 

natural products since 2005 through 2008 are summarized.
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Table I.2: Structural revisions made in 2005-2008.

The year in which the initial structure was published is in parentheses. Only the structure 
determination methods used for the portion of the structure that is erroneous are mentioned in this 
table. Predict.: predictions based on molecular modeling. Mol. Mod.: use of geometry optimized 

structure.

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Calafianin27 (2000)

NOE
Total 

Synthesis28

Tribulusterine29 (1999)

NOESY
Total 

Synthesis30

Ayapin derivative31 (1999)

Absence of NOE
Total 

Synthesis32

Isoaurostatin33 (2001)

1H & 13C NMR

HMBC

NOE

Total 
Synthesis34

Chloroaurone35 (2001)

1H & 13C NMR

HMQC

HMBC

Total 
Synthesis36
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Feigrisolide A37 (2000)

NOESY

HMBC

Total 
Synthesis38

Feigrisolide B37 (2000)

NOESY

HMBC

Total 
Synthesis38

Feigrisolide C39 (2000)

HMBC

NOESY

Total 
Synthesis40

Agardhilactone41 (1996)

Derivatization 
NMR

Total 
Synthesis42

Pyrinodemin A43 (2001)

EIMS 
Fragmentation

Total 
Synthesis44

Agelasine C45 (1984)

CD

Comparison 
NMR

Total 
Synthesis46
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Epi-agelasine C45 (1984)

CD

Comparison 
NMR

Total 
Synthesis46

Clavosolide A47 (2002)

J-based

ROESY

Total 
Synthesis48

Aspernigrin A49 (2004)

HMBC
X-ray

NOE50

Suberoretisteroid B51 (2000)

1H NMR
NMR 

Comparison52

Suberoretisteroid B51 (2000)

1H NMR
NMR 

Comparison52
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Amphidinolide W53 (2002)

Derivatization

J-based

Mosher

Total 
Synthesis54

Batzelladine F55 (1997)

Comparison

NOE

DCI-MS 
Fragmentation

Total 
Synthesis56

Brevenal57 (2005)

NOE
Total 

Synthesis58

Trihydroxycadinane59 (1998)

NOE
Total 

Synthesis60

Aspergione B61 (2003)

Comparison
Total 

Synthesis62

Botcinic acid63 (1993)

(Botcinolide)

1H & 13C NMR

Semi-
synthesis

NMR 
Comparison64
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Homobotcinic acid65 (1996)

(Homobotcinolide)

NMR 
Comparison

NMR 
Comparison65

Botcinic acid methyl ester66 
(1996) (4-O-methylbotcinolide)

NMR 
Comparison

NMR 
Comparison65

Peribysin C67 (2004)

HMBC

NOE

EI-MS

13C Prediction 

NMR 
comparison68

Peribysin C62 (2004)

HMBC

NOE

EI-MS

13C Prediction 

NMR 
comparison61

Pyranonigrin69 (2004)

ROESY

Chemical 
Reactivity

CD predict.70

Shatavarin I71 (1987)

FAB-MS

Degradation
HMBC72
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Shatavarin IV58 (1987)

EI-MS

Degradation

OR predict

HMBC57

Fusapyrone73 (1994)

1D & 2D NMR

HMBC

NMR 
Comparison74

Deoxyfusapyrone73 (1994)

1D & 2D NMR

HMBC

NMR 
Comparison74

Solandelactone A75 (1996)

HMQC

COSY

Comparison

J-based

Total 
Synthesis76

Solandelactone B75 (1996)

Comparison

J-based

Total 
Synthesis76

Solandelactone C75 (1996)

Comparison

J-based

Total 
Synthesis76
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Solandelactone D75 (1996)

Comparison

J-based

Total 
Synthesis76

Solandelactone E75 (1996)

Comparison

J-based

Total 
Synthesis76

Solandelactone F75 (1996)

Comparison

J-based

Total 
Synthesis76

Solandelactone G75 (1996)

Comparison

J-based

Total 
Synthesis76

Solandelactone H75 (1996)

Comparison

J-based

Total 
Synthesis76

Barlerin77 (2004)

NOESY

NMR Comprison
NOESY78
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Penstemoside77 (2004)

NOESY

NMR Comprison
NOESY78

Dehydropenstemoside77 (2004)

NOESY

NMR Comprison
NOESY78

Harpagoside79 (2003)

HR-MS

NOESY

HMBC

NMR 
Comparison78

Agnuside80 (2004)

Degradation

GCMS

OR

NOESY78
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

3,4-hydroxybenzoylaucubin80 

(2004)

NMR 
Comparison

NOESY78

Camellenodiol81 (1981)

1H NMR

CD

COSY

HMBC

X-ray82

Camelledionol81 (1981)

1H NMR

CD

COSY

HMBC82

Palau'amine83 (1993)

ROESY

J-based

ROESY

Mol. Mod.

J-based84

Intricatin85 (1989)

D2O Shift86 Total 
Synthesis87
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Kedarcidin88 (1993)

Degradation

1 D & 2D NMR

Total 
Synthesis89

First partial 
synthesis had 

an error.90

Malyngamide U91 (2003)

J-based

NOESY

Total 
Synthesis92

Abrotandiol93 (2007)

1D & 2D NMR

Comparison

Total 
Synthesis94

Abrotanone93 (2007)

1D & 2D NMR

Comparison

Total 
Synthesis94

Biyouyanagin95 (2005)

NOE
Total 

Synthesis96

Aciphyllene97 (1983)

Total 
Synthesis98
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Palmerolide A99 (2006)

Mosher

J-based

NOE

Total 
Synthesis100

Benz[g]isochromene-dione101 
(1995)

EI-MS

1H, 13C NMR

HETCOR

Total 
Synthesis102

Laurentristich-4-ol103 (2005)

NOE
Total 

Synthesis104

Dalmaisione D105 (1972)

1H, 13C NMR
Total 

Synthesis106

Rzedowskia bistriterpenoid α107 
(1996)

Xuxuarine Eα

Biomimetic 
Semi-

synthesis108
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Rzedowskia bistriterpenoid α107 

(1996)

Xuxuarine Eα

Biomimetic 
Semi-

synthesis108

Kirkine109 (1995)

1D & 2D NMR

NOE

Total 
Synthesis110

25-acetoxy-3a-hydroxyolean-12-
en-28-oic acid111 (2004)

1D & 2D NMR

NOE

Semi-
synthesis112

Callipeltoside C113 (1996)

ROESY

NOE

Total 
Synthesis114
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Diversifolide115 (1999)

J-based
Total 

Synthesis116

Labdane diterpenoid117 (2006)

1D & 2D NMR

IR

HR EI-MS

NOE

Total 
Synthesis118

Netamine E119 (2006)

NOE
Total 

Synthesis120

Netamine G119 (2006)

NOE
Total 

Synthesis120

Tyroscherin121 (2004)

J-based

Mosher

Derivatization

Optical Rotation

Total 
Synthesis122



26

Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Amphidinol 3123 (1999)

Amphidinol 3 Fragment123

Ozonolysis

Derivatization

Chiral HPLC

Combinatorial 
synthesis of 
fragments124

Brunsvicamide A125 (2006)

Derivatization

Chiral GCMS

Total 
Synthesis126

Spiroleucettadine127 (2004)

HMBC

ROESY 13C Predict.

X-ray128

Obtusallene V129 (2000)

Mol. Mod.

NMR 
Comparison

13C Predict.130
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Obtusallene VI129 (2000)

Mol. Mod.

NMR 
Comparison

13C Predict.130

Obtusallene VII129 (2000)

Mol. Mod.

NMR 
Comparison

13C Predict.130

Circumdatin A131 (1999)

INEPT2-
INADEQUATE

HMBC-
INADEQUATE

HMBC

X-ray132

Circumdatin B131 (1999)

INEPT2-
INADEQUATE

HMBC-
INADEQUATE

HMBC

X-ray132
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Bromoditerpene133 (1987)

HR-MS

1H NMR
X-ray134

Hiyodorilactone B135 (1978)

NOE

NMR 
Comparison

NOE136

Rhizopodin137 (1993)

ESI-MS

X-ray138

Microcyclamide139 (2008)

ESI HR-MS

HMBC

Bioinformatics

NMR 
Comparison

Semi-
synthesis

ESI HR-
MS140

Hassanane141 (1996)

HMBC

Biosynthetic 
Prediction

Mol. Mod.

13C Predict.

UV Predict.142
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Table I.1 continued

Proposed Structure
Initial Structure 
Determination 

Method
Revised Structure

Structure 
Revision 
Method

Zamamistatin143 (2001)

NOESY

ESI HR-MS
See next entry

Comparison 
with synthetic 

model 
compounds144

Zamamistatin144 (2001)

Comparison with 
synthetic model 

compounds

IR

NMR and OR 
Comparison145
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Figure I.4: Structure revision methods used in 2005-2008

54%

8%

8% 29%

Total sy nthesis
Other sy nthetic
X-ray
Others

Figure I.3: Structure determination methods used in 2005-2008 for the erroneous cases

26%24%

18%

12% 6%
6%
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NOE
Comparison
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Deriv atization
NMR
CD/OR
Model
Chromatography
MS

Figure I.2: Types of errors in natural product structure revisions
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Remarkably,  a  majority  of  these  structures  were  elucidated  in  the  very recent 

years (1990-2008). Of the 83 structure revisions, 40% had constitutional errors (Figure 

I.2). This statistic comes as a surprise in this century when NMR tools, such as HMBC, to 

connect  elucidated  substructures  are  readily  available  (Figure  I.3).  However,  a  close 

examination of these structures reveals a subtle problem. Unless all theoretically possible 

HMBC  correlations  are  observed,  some  structures  are  indistinguishable  from  their 

alternatives  on  the  basis  of  HMBC  spectroscopy  only.  An  example  of  this  type  of 

Figure I.6: HMBC correlations observed and recorded for the labdane diterpenoid108

The HMBC correlations necessary for discrimination of structures 14 and 15, as noted in Figure 
I.5, were not recorded (or observed) for this natural product.

Figure I.5: Discrimination of possible structures by HMBC

The HMBC correlations necessary for distinction between the two possible structures are depicted 
as blue and orange arrows. If the blue correlation was only present, structure 14 would be correct. 

Likewise, if the orange correlation was only present, then structure 15 would be correct.
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problem is shown in Figures I.5 and 6. This and other examples in 

Table  I.2,  particularly  the  structures  with  constitutional  errors, 

illustrate how total synthesis is crucial for confirmation of structure 

(Figure I.4).

In addition to the mis-assignment of structures, there has been 

one case where total synthesis clarified the true identity of the bioactive metabolite. In 

2003,  Daly and coworkers  isolated  a  novel  quinolizidine alkaloid,  epiquinamide  (16) 

from a rainforest frog,  Epipedobates tricolor in a sub-milligram quantity.146 Initially,  16 

was believed to be a subtype selective nicotinic receptor agonist and it attracted much 

attention from the synthetic community.  By 2006, there had been several  asymmetric 

total syntheses of epiquinamide enantiomers.147 As a result of theses syntheses, it  was 

found that  structure  16 had no activity as  a  nicotinic  receptor  agonist.147 Afterwards, 

evidence surfaced that the originally observed activity might have been due to a minor 

contamination  of  the  sample  with  epibatidine.148 Awareness  of  this  error  was  made 

possible  by  the  synthetic  supply  of  16 free  of  any  other  bioactive  natural  product 

contaminants. As technologies to elucidate the structures of minute quantities of natural 

products advance further, the need for supplying pure samples of natural products by total 

synthesis can be expected to increase.

I.3 Natural Products as Pharmaceuticals

Successful attempts have been made to present the case that natural products are a 

great  resource  for  drug  development.149 Indeed,  among  all  of  the  drugs  that  were 

approved  between  1981 and  2006 for  clinical  use,  63% had  their  ultimate  origin  in 



33

natural products (Figure I.7).93 This recent success of natural products did not emerge 

from a vacuum, but it has been nurtured by the partnership with synthetic chemistry since 

the conception of organic chemistry. In the earliest era of organic chemistry, it was rarely 

taught as an independent discipline, but always in conjunction with medicine, geology, 

and other fields.4,5 Even today, it is difficult to find an academic publication in organic 

synthesis that does not appeal to medical or ecological interests for a justification of the 

research.

A  survey  of  the  natural  products  discovered  during  the  nineteenth  century 

indicates that many are neurologically relevant compounds, such as caffeine, nicotine, 

codeine, and morphine (Table I.1).5 It is disappointing, then, that the pool of clinically 

available natural  products in neuropharmacology has not expanded significantly since 

this earliest era of natural product chemistry. In the last 25 years, only two neurologically 

relevant  natural  products,  and  an  additional  two  compounds  derived  from  natural 

Figure I.7: All new small chemical entities that were approved for clinical use, 
01/1981-06/2006, by source.93

N: Natural products. ND: Derived from a natural product and is usually a semisynthetic modification. 
S: Totally synthetic drug, often found by random screening/modification of an existing agent. S*: 

Made by total synthesis, but the pharmacophore is/was from a natural product. NM: Natural product 
mimic.
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products,  were  approved  for  clinical  use.93 In  contrast,  21  natural  products  and  99 

compounds derived from natural products were approved for treatments of cancer and 

infectious diseases during the same period.93 To respond to this challenge, current efforts 

are underway to discover novel neurotoxins from untapped natural sources.150,151

Despite more anti-cancer agents being approved for human treatment than any 

other pharmaceutical classes, there is still a great need for new drugs to treat cancer. For 

example,  there  are  currently  no  effective  chemotherapeutic  treatments  available  for 

pancreatic cancer.152 Even for the types of cancer that are known to be treatable by anti-

cancer  agents,  severe  side-effects  and  ineffectiveness  towards  metastasis  still  plague 

patients. With cancer being the second most common cause of death in the USA (23.1% 

of all deaths in 2004),153 the search for new and more effective anti-cancer agents is still 

warranted indeed. Though outside the scope of this thesis, new anti-microbial agents are 

also urgently needed. In recent decades, infectious diseases have emerged as a substantial 

threat both in the USA and other countries.

In  the  past  few  years,  the  re-isolation  of  known  compounds  has  become  a 

hindrance  to  the  productivity  of  natural  products  chemistry  efforts.154 Traditionally, 

terrestrial  plants  and  microbes  have  been  the  major  sources  of  natural  products,  and 

researchers have exhaustively studied those organisms.5 Therefore, the current trend is to 

investigate  organisms  that  have  not  been  previously  studied  in  detail.  For  example, 

investigation of poisonous frogs155 and marine organisms91 has enjoyed great productivity 

in recent years. Between 1968 and 1998, over 400 alkaloids of over 20 structural classes, 

most  of  which  are  neurologically  relevant,  were  isolated  from  amphibians  alone.87 

Considering the difficulty of obtaining extract  samples from amphibian skin, this is a 
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remarkable achievement. From marine organisms, a relatively new source of secondary 

metabolites, a total of 812 new compounds were isolated in 2005 alone (716 for 2004), 

and this trend seems to continue.93

I.4 Organic Synthesis to Develop Natural Products as Drugs

With such an outstanding rate of discovery, one would expect to see more natural 

products being approved for clinical use. However, this is not the case. One cause for this 

unfortunate situation is the lack of follow-up investigation of bioactive natural products 

due to an insufficient supply of the compounds.156 Consequently, many compounds with 

high  potential  are  never  tested  in  vivo in  animals,  which  often  requires  more  than 

hundreds of milligrams of material. Often times, the major barrier in drug development is 

this multi-hundred milligram (MHM) quantity, due to the frequent inability to produce 

more  than  several  milligrams  of  a  natural  product  in  academic  laboratories  whether 

through synthesis or isolation.  Once a compound performs favorably in  in vivo assays 

and/or pre-clinical  trials,  pharmaceutical  companies with sufficient financial  resources 

may show interest in carrying out industrial-scale production of the compound for further 

testing (Figure I.8). Otherwise, due to financial difficulties, it is virtually impossible for 

non-commercial organizations to take a compound to clinical trial.

Figure I.8: Drug Development Process

Note that “identification of compound” in this figure refers to both lead compound discovery and 
medicinal chemistry (analog synthesis and evaluation) processes.

Identification 
of Compound In vivo testingIn vitro testing

Clinical Trials

Drug in use
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If the natural product is from a bacterium and/or fungus, culturing of the source 

organism is often possible at a scale large enough for isolation of the compound to meet 

the demands of in vivo assays. For most natural products isolated from animals, such as 

amphibians and marine invertebrates, neither  large-scale collection or culturing of the 

source  organism is  realistic.  Therefore,  a  scalable  chemical  synthesis  is  a  necessary 

alternative  to  obtain  a  sufficient  supply  of  the  compound.  Because  large  for-profit 

organizations would generally tend to avoid high risk projects, such as a compound at the 

in vivo testing stage, academic, non-profit institutions, and benevolent small businesses 

must face the challenge of realizing  MHM-scale synthesis. 

 As Paul Wender has articulated, an ideal synthesis is “one in which the target 

molecule (natural or designed) is prepared from readily available, inexpensive starting 

materials  in  one  simple,  safe,  environmentally  acceptable,  and  resource-effective 

operation that proceeds quickly and in quantitative yield.”157 Employing these principles 

for  achieving  an  efficient  synthesis  while  applying  creativity  and  utilizing  the  vast 

knowledge accumulated in  the organic  synthetic  chemistry literature,  it  is  possible  to 

design and execute a large scale-amenable synthesis of the compound of interest.

Inspiring news hit the synthetic community in 2004 when Novartis disclosed their 

total  synthesis  of  60 g of  (+)-discodermolide  (17).158 Combining the strengths  of  the 

Discodermolide, 17



37

synthetic routes developed by both Smith's and Patterson's laboratories (Scheme I.4),159,160 

Novartis pushed the scalability limit of total synthesis. Smith and coworkers devised a 

highly convergent  and elegant  synthesis,  in  which all  three  of  the units  (19,  20,  21) 

required for the discodermolide skeleton are derived from a single common precursor 

(22) with elaborate stereochemistry.83 However, the preparation for the last coupling in 

Smith's synthesis involved a tranformation to a phosphonium salt that required 12.8 kbar 

of  pressure,  which  would  be  too  dangerous  for  an  industrial  scale  synthesis.  In  the 

strategy developed by Patterson and coworkers, the last coupling proceeded with good 

Scheme I.4: Novartis strategy for the synthesis of discodermolide (17)
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diastereoselectivity (21:4) and with excellent yield (87%), and it  did not involve any 

potentially dangerous reaction conditions.82 

"Some 3,000 kg of the sponge--a quantity that probably does not exist--would 
have been needed to deliver 60 g of (+)-discodermolide. The large-scale total 
synthesis of such a complex natural product in such quantities was a first for 
Novartis and probably the entire pharmaceutical industry,“

Stuart J. Mickel, Novartis161

“It’s  [discodermolide  synthesis  by  Novartis]  probably  the  best  piece  of 
synthetic work to come out from an industrial company. The ability to make 
something at this level of complexity as opposed to extracting it from natural 
product sources illustrates the power of modern synthetic chemistry."

 Prof. Steven V. Ley, Univ. Cambridge81

Another obstacle to the development of drugs from natural products is the lack of 

comprehensive  bioactivity  profiling  due  to  the  limited  number  of  in-house  assays 

available.  Without  an extensive network of collaborations for bioassays,  a number of 

important bioactivities can remain undetected. A marine cyanobacterial natural product, 

somocystinamide  A's  (23)162 remarkable  activity  against  angiogensis  (IC50 of  500 fM 

against  HUVEC and  in  vivo anti-angiogenic  effect  in  zebrafish  at  30  nM) was  only 

revealed  through  a  new  collaborative  relationship.163 This  promising  compound 

represents  only  the  tip  of  an  iceberg  of  pharmacologically  important  marine  natural 

Somocystinamide, 23
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products. Yet, the discovery and development of these compounds as drugs will depend 

on collaborative efforts of chemists and biologists to identify bioactivities that are not yet 

known.

After a promising activity is discovered in a structurally defined natural product, 

there is usually still work to be done by synthetic chemists. In the example of  23, the 

disulfide and enamide are of concerns with regards to human toxicity and compound 

stability. These functionalities may need to be replaced in order for the drug to be usable 

in  clinical  situations.  Indeed,  in  Figure  I.5,  only  6%  of  the  newly  approved  small 

molecule  drugs  are  unmodified  natural  products,  whereas  28% are  modified  natural 

products. This process of modification, medicinal chemistry, is as crucial as finding new 

compounds possessing new bioactivities.

I.5 Biosynthesis of Natural Products and Organic Synthesis

As demonstrated above,  the organic synthesis  of a natural  product can have a 

multitude of benefits, namely, confirmation or clarification of structure, a solution to the 

supply issue, access to analogs, and detailed insights of the chemical properties of the 

compound.  In  addition,  mechanistic  insight  derived  from  organic  synthesis  is 

indispensable to understanding the details of the biosynthetic processes in nature.# While 

working  with  secondary  metabolites,  the  biosyntheses  of  such  compounds  naturally 

become  of  interest.  The  mechanism  of  an  enzymatic  reaction,  in  particular,  is  an 

intellectually satisfying problem for chemists to solve and can be useful for engineering 

of the biosynthetic pathway and in vitro application of the enzyme in chemical synthesis. 

Often,  this  is  done  by  designing  and  synthesizing  an  isotope-labelled  biosynthetic 
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intermediate and then analyzing the product of the enzymatic reaction that utilizes the 

intermediate.

Brevianamides and their related compounds are a family of natural products that 

are biosynthetically derived from tryptophan, proline, and one or two isoprene unit(s).164 

Many metabolites of this family share a core structure that appears to be derived from an 

intramolecular  Diels-Alder  reaction,  and  whether  the  producers  of  these  metabolites, 

fungi Penicilium sp. and Aspergillus sp., possess a “Diels-Alderase,” has been an exciting 

topic  in  the  field  of  bioorganic  chemistry.78,165 Both  brevianamide  A  (33)  and 

brevianamide  B  (34)  were  found  to  be  biosynthetically  derived  from  a  common 

precursor,  deoxybrevianamide E (30) through a feeding experiment of tritium-labelled 

30, which was prepared through chemical synthesis.166 When a synthetic precursor similar 

to 32 was allowed to undergo a Diels-Alder reaction, an epimer that is not analogous to 

any  of  the  isolated  natural  products  was  the  major  product  and  an  isomer  that  is 

analogous  to  34 was  the  minor  product  (isomeric  ratio  =  2:1).167 This  result  gives 

Scheme I.5: Synthetic contributions to the study of brevianamides biosynthesis
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credence to the hypothesis that the Diels-Alder reaction in Schem I.5 is indeed enzyme-

catalyzed and that 33 and 34 are not artifacts, but natural products.

Occasionally,  it  is  possible  for  synthetic  organic  chemistry  to  more  directly 

contribute  to  the biosynthetic  study of natural  products.  By achieving total  or partial 

synthesis of a natural product in a way that mimics the proposed biosynthetic pathway, 

one can gain direct chemical insight into the biochemical reactions of interest, as seen in 

the example above with brevianamides. Because a biomimetic synthesis relies upon the 

inherent nature of a key intermediate, a complex dimerization reaction of monomers and/

or  an  elaborate  intramolecular  reaction  are  often  involved.168 A recent  and  elegant 

example is  the biomimetic  total  synthesis  of grossularine-1 (35),  a  bisindole alkaloid 

isolated from a marine tunicate,  Dendrodoa grossularia.169 The  dimeric  nature  of  the 

molecule is not immediately apparent in the structure (35), but is clearly revealed in the 

elaborate sequence of transformations from the monomer 36 to 40.

Another exceptionally elegant example in recent years is panepophenanthrin (41), 

whose  total  synthesis  was  reported  simultaneously  by  Porco  and  Baldwin  in  2003 

(Scheme I.7).170,171 Here the inherent propensity of the monomer (42) for dimerization is 

cleverly  utilized  to  effect  a  stereoselective  and  hydrogen-bond-assisted  Diels-Alder 

reaction  to  produce  the  natural  product  (41).  Without  this  biomimetic  step,  the  core 

tetracyclic  skeleton  would  require  a  large  number  of  synthetic  steps  to  construct. 

Presumably, the exact same reaction can happen in nature with or without any assistance 

from an enzyme, which brings up the question about whether compounds like 41 are truly 

biosynthetic metabolites or not. Each case probably requires a separate consideration. In 
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this  case,  given  that  42 requires  an  extremely  high  concentration  (neat)  for  smooth 

dimerization, it is possible that the transformation to 41 is enzymatically catalyzed.

Finally, a cyanobacterial UV-screening natural product, scytonemin (44)172 is an 

example of a dimeric metabolite that is now known to require enzymatic assistance for 

dimerization  of  the  corresponding  monomer.173 Again,  through  chemical  synthesis,  a 

putative monomer  45 was prepared and subjected to various oxidizing conditions that 

could  exist  in  nature.  However,  it  was  found  that  45 does  not  dimerize  under  such 

conditions, thereby providing unique insights into the biosynthesis of scytonemin.

Scheme I.7: Biomimetic synthesis of panepophenanthrin (41) through a Diels-Alder 
reaction

Scheme I.6: Biomimetic synthesis of grossularine-1 (35)
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I.6 Rationale for Thesis Research

Three  separate  areas  in  which  natural  products  chemistry  has  benefited  from 

organic synthesis were discussed above; namely, structure elucidation and confirmation, 

pharmaceutical application, and biosynthetic study of natural products. Simultaneously, 

natural  products  have  been  the  major  driving  force  for  the  advancement  of  organic 

synthesis. Given this rich history, direct application of the power of organic synthesis to 

natural products should improve productivity in all three areas mentioned above. As an 

added significant benefit, new chemical transformations and synthetic strategies can be 

discovered in the process.

I.7 Overview of Thesis Chapters

Chapter  II  describes  the  isolation  and  characterization  of  two  neurotoxic  and 

ichthyotoxic polybrominated diphenyl ethers from a mixed assemblage of a red alga and 

cyanobacteria. Coauthors contributed the following: Z. Cao conducted the [Ca2+]i assays; 

T. F. Murray oversaw the [Ca2+]i assay work and contributed to the corresponding portion 

Scheme I.8: Scytonemin monomer does not dimerize under naturally occurring conditions
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of  the article.  The text  of  II,  in  whole,  is  the manuscript  that  has been submitted to 

Toxicon as it will appear: Takashi L. Suyama,  Zhengyu Cao,  Thomas F. Murray,  and 

William  H.  Gerwick,  Ichthyotoxic  Brominated  Diphenyl  Ethers  from  a  Mixed 

Assemblage of a Red Alga and Cyanobacterium: Structure Clarification and Biological 

Properties.  The  dissertation  author  was  the  primary  investigator  and  author  of  the 

research which forms the basis of this chapter.

Chapter III describes the discovery of a novel fatty acid containing a vinylchloride 

functionality, credneric acid, from a marine cyanobacterium Lyngbya sp. The text of III, 

in  part,  will  be  used  for  a  manuscript  to  be  submitted  to  an  academic  journal.  The 

dissertation author was the primary investigator and author of the research which forms 

the basis of this chapter.

Chapter IV describes the determination of the absolute configurations of a novel 

fatty  acid  containing  cyclopropane  moiety  from  a  marine  cyanobacterium  Lyngbya 

majuscula  through  synthetic  introduction  of  a  stereochemical  reference.  A coauthor 

contributed the following: K. L.  McPhail  assisted with the purification of the natural 

product and acquisition and interpretation of the NMR data. The text of IV, in part, will 

be used for a manuscript to be submitted to an academic journal as it will appear: Takashi 

L. Suyama, Kerry L. McPhail, and William H. Gerwick, Absolute Stereochemistry by 

Synthetic Introduction of a Stereochemical Reference: Application to an Unusual Marine 

Cyanobacterial Lipid. The dissertation author was the primary investigator and author of 

the research which forms the basis of this chapter.

Chapter V describes the expedient, efficient and stereoselective total syntheses of 

a  rainforest  frog alkaloid epiquinamide  and its  enantiomer.  The text  of  V, in  part,  is 
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published  material  as  it  appears:  Takashi  L.  Suyama  and  William  H.  Gerwick, 

Practical Total Syntheses of Epiquinamide Enantiomers, Organic Letters 2006, 8, 

4541-4543.  The  dissertation  author  was  the  primary  investigator  and  author  of 

the research which forms the basis of this chapter.

Chapter VI describes the stereoselective and stereospecific total synthesis 

of somocystinamide A. The text of VI, in part, is published material as it appears: 

Takashi  L.  Suyama  and  William H.  Gerwick,  Stereospecific  Total  Synthesis  of 

Somocystinamide  A,  Organic  Letters 2008,  10,  4449-4452.  Another  portion  of 

the  text  of  VI  will  be  submitted  to  another  academic  journal.  The  dissertation 

author was the primary investigator and author of the research which forms the 

basis of this chapter.

Chapter  VII  describes  the  biomimetic  total  synthesis  of  a  cyanobacterial 

UV-screening metabolite, scytonemin. The text of VII, in part, will be used for a 

manuscript  to  be submitted to  an academic journal.  The dissertation author  was 

the primary investigator and author of the research which forms the basis of this 

chapter.

Chapter  VIII  summarizes  my  thesis  research  and  provides  conclusions 

based on the research.

The appendix describes my additional research activities that could not constitute 

thesis chapters by themselves.
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Abstract

Primary fractions from the extract of a tropical red alga mixed with filamentous 

cyanobacteria, collected from Papua New Guinea, were active in a neurotoxicity assay. 

Bioassay guided isolation led to two natural products (1, 2) with relatively potent calcium 

ion  influx  properties.   The  more  prevalent  of  the  neurotoxic  compounds  (1)  was 

characterized  by extensive  NMR,  mass  spectrometry,  and  X-ray crystallography,  and 

shown  to  be  identical  to  a  polybrominated  diphenyl  ether  metabolite  present  in  the 

literature, but reported with different NMR properties.  To clarify this anomalous result, 

we synthesized a candidate isomeric polybrominated diphenyl ether (3), but this clearly 

had different NMR shifts than the reported compound.  We conclude that the original 

isolate of 3,4,5-tribromo-2-(2,4-dibromophenoxy)phenol was contaminated with a minor 

compound, giving rise to the observed anomalous NMR shifts.  The second and more 

minor natural product (2) isolated in this study was a more highly brominated species. 

All three compounds showed a low micromolar ability to increase intracellular calcium 

ion concentrations in mouse neocortical neurons as well as toxicity to zebrafish.  Because 

polybrominated diphenyl ethers have both natural as well as anthropomorphic origins, 

and accumulate in marine organisms at higher trophic level (mammals, fish, birds), these 

neurotoxic properties are of environmental significance and concern.
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II.1 Introduction

Polybrominated  diphenyl  ethers  (PBDEs)  have  recently  attracted  considerable 

attention  due  to  an increasing  awareness  that  these  compounds accumulate  in  higher 

trophic level animals, including sperm whales,1,2 sea gulls,3 seals,2 polar bears,4 as well as 

in humans.5,6 Some PBDEs are industrially produced in large quantities for use as flame 

retardants, and therefore their presence in animals has generally been assumed to be of 

anthropogenic origin.7 Hydroxylated congeners of PBDEs (OH-PBDEs) have also been 

found in many of these same higher animals,3,4,8 and recent studies have shown that the 

OH-PBDEs found in large marine-associated animals may be of mixed origins with some 

deriving from natural sources and the others being derivatives of anthropogenic PBDEs. 

Moreover, a variety of anthropogenic PBDEs have been shown to undergo hydroxylation 

in  rats  via  oxidative  metabolism,  thereby  producing  OH-PBDE  congeners.9,10 

Nevertheless,  a  number  of  OH-PBDEs  are  known to  be  natural  products  of  various 

marine  organisms,  such  as  sponges,  tunicates,  and  cyanobacteria.11,12,13 Environmental 

concerns  have  been  raised  over  the  occurrence  of  PBDEs in  higher  animals  because 

PBDEs  have  been  linked  to  endocrine  disruption.2,14 Activities  similar  to  those  of 

chlorinated  aromatic  compounds  have  been  observed  with  PBDEs,  such  as  aryl 

hydrocarbon-receptor agonist and antagonist activities, thyroid toxicity, and effects on the 

immune system.15 Neonatal exposure to PBDEs has been shown to cause neurotoxicity in 

adult  animals.14 OH-PBDEs  have  also  been  shown  to  disrupt  thyroid  hormone 

homeostasis presumably due to their structural similarity to the thyroxin-type endogenous 

thyroid hormones.4 Recently, BDE-47 and 6-OH-BDE-47 have been shown to trigger an 

increase  in  cytosolic  Ca2+ concentration  as  well  as  exocytosis  of  catecholamines  in 
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neuronal cells within a few minutes.16,17 These findings indicate that PBDEs and OH-

PBDEs have the potential to acutely disrupt normal neuronal communication in animals.

Our program has been systematically screening marine algae and cyanobacteria 

for secondary metabolites with neuropharmacological properties, partially because of the 

environmental impacts these substances may impose, and partially to detect agents with 

potentially useful biomedical properties.18,19,20,21  Because a variety of cellular events can 

trigger an increase in cytosolic Ca2+ levels in neuronal cells, we have employed a FLIPR-

based fluorescence assay which detects Ca2+ modulation in mouse neocortical neurons. 

Herein,  we  describe  the  assay-guided  isolation,  structural  determination  and 

neurotoxicological evaluation of two OH-PBDE congeners (1 and 2, Figure II.1) from a 

mixed assemblage of marine cyanobacteria and a red alga. In the course of this work, we 

have also corrected the assignment of a  13C NMR signal for  1 in the literature which 

could be a source of confusion in future efforts with OH-PBDE congeners.

II.2 Materials and Methods

II.2.1 Reagents and algal material

Figure II.1: OH-PBDE congeners isolated from the red alga/cyanobacteria 

assembly (1 and 2) and an alternative regioisomer of 1 (3).
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All  solvents  used  were  of  HPLC  grade  from  EMD  and  were  used  without 

purification.  TLC  grade  silica  gel  from  Sigma-Aldrich  was  used  for  vacuum  liquid 

chromatography (VLC).  Flash  chromatography was  performed  using  EMD silica  gel 

(230-400 mesh).  Trypsin, penicillin, streptomycin, heat-inactivated fetal bovine serum, 

horse  serum  and  soybean  trypsin  inhibitor  were  obtained  from  Atlanta  Biologicals. 

Minimum  essential  medium,  deoxyribonuclease  (DNase),  poly-L-lysine,  cytosine 

arabinoside,  veratridine,  aconitine,  and  deltamethrin  were  from  Sigma-Aldrich.  The 

fluorescent  dye  Fluo-3,  and  pluronic  acid  F-127  were  obtained  from  Invitrogen 

Corporation.

Algal material was collected at Grabo reef in Papua New Guinea at 12-18 m depth 

by  SCUBA.  The  algae  was  identified  in  the  field  as  Vidalia  sp.,  but  subsequent 

microscopic examination of the voucher sample identified it to likely be Leptofaucia sp. 

Additionally, a small abundance of cyanobacterial filaments similar to Oscillatoria were 

observed in the sample by light microscopy.

II.2.2 Bioassay-guided isolation of OH-PBDEs

A total of 2 L of the red algal and cyanobacterial assemblage (dry weight 128 g) 

was extracted with CH2Cl2 /  MeOH (2:1).  Upon removal  of the solvents  in vacuo,  a 

portion (4.0 g) of the crude extract (4.6 g) was fractionated into nine fractions using silica 

gel vacuum liquid chromatography (hexanes to EtOAc to MeOH), one of which (308 mg, 

eluted with 2:3 EtOAc/hexanes) possessed Ca2+ modulating activity in mouse neocortical 

neurons.   A portion (306 mg) of the active fraction was further fractionated by flash 

column chromatography22 on silica gel (hexanes/Et2O 1:9 to 1:8) to obtain seven sub-
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fractions, of which two (2 mg and 77 mg) were associated with Ca2+ modulation activity. 

The larger sub-fraction was further purified by HPLC using a Jupiter  10μ C18 300A 

column (250 x 10 mm) with a gradient solvent system (2.5 mL/min, 3:2 MeCN/H2O to 

4:1 over 30 min, then to MeCN over 10 min) to obtain 15 mg (0.38% of extract) of 

compound 1 (Rt = 52 min) and ~0.5 mg (0.01% of extract) of compound 2 (Rt = 55 min), 

both of which were confirmed to have Ca2+ modulating activity.

II.2.3 Neocortical neuron cultures

Primary cultures of neocortical neurons were obtained from embryonic day 16 

Swiss-Webster mice. Briefly, pregnant mice were euthanized by CO2 asphyxiation and 

their  neocortices  were  collected.  Isolated  neocortices  were  then  removed  of  their 

meninges, minced by trituration using a Pasteur pipette, and treated with trypsin for 25 

minutes  at  37ºC.  The  cells  were  then  dissociated  by  two  successive  trituration  and 

sedimentation steps in soybean trypsin inhibitor and DNase containing isolation buffer, 

centrifuged and resuspended in Eagle’s minimal essential medium (MEM) supplemented 

with  2  mM  L-glutamine,  10%  fetal  bovine  serum,  10%  horse  serum,  100  IU/mL 

penicillin and 0.10 mg/mL streptomycin, pH 7.4. Cells were plated onto poly-L-lysine-

coated 96-well  clear-bottomed black-well plate at a density of 1.5 x 105 cells/well. Plates 

were incubated at  37ºC with 5% CO2 and 95% humidity.  To prevent  proliferation of 

nonneuronal cells, cytosine arabinoside (10 μM) was added to the culture medium on day 

2 after plating. The culture media was changed both on days 5, 8 and 11 using a serum-

free growth medium containing Neurobasal Medium supplemented with B-27, 100 I.U./

mL penicillin, 0.10 mg/mL streptomycin, and 0.2 mM L-glutamine.  Neocortical neurons 
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were used between 11-13 days  in  vitro (DIV) for  Ca2+ influx  assay.   All  animal  use 

protocols were approved by the Institutional Animal Care and Use Committee (IACUC).

II.2.4 Ca2+ modulation assay

 Neocortical neurons cultured in 96-well plate were removed their medium and 

replaced  with  dye  loading  buffer  (100  μL/well)  containing  4  μM Fluo-3  and  0.04% 

Pluronic F-127 in Lock’s buffer (in mM: 8.6 Hepes, 5.6 KCl, 154 NaCl, 5.6 Glucose, 1.0 

MgCl2, 2.3 CaCl2, 0.0001 glycine, pH 7.4). After 1 h incubation in dye loading buffer, 

cells were washed five times with Locke’s buffer using automated cell washer (Bioteck 

instrument Inc., VT, USA) leaving a final volume of 150 μL in each well. The plate was 

then  transferred  to  Fluorescence  Laser  Plate  Reader  (FLIPR)  (Molecular  Devices, 

Sunnyvale, CA, USA) chamber. Cells were excited by the 488-nm line of argon laser and 

Ca2+ bound fluo-3  emission  in  the  500–600 nm range  was  recorded  with  the  charge 

coupled device (CCD) camera.  Fluorescence readings were taken once every 9 s for 3 

min to establish the baseline and then 50 µL of test compound containing solution (4x) 

was added to each well from the compound plate, yielding a final volume of 200 μL/well. 

The cells were exposed to the testing compounds for another 42 min.

II.2.5 Assay data analysis

Concentration-response  relationships  were  generated  by  non-linear  regression 

analysis using GraphPad software (Version 4.0; San Diego, CA).

II.2.6 Structure elucidation
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All NMR data were collected in CDCl3 using Varian Inova 300 MHz and 500 

MHz instruments. 1H and 13C NMR signals were referenced to the solvent peaks at 7.26 

ppm  and  77.0  ppm,  respectively.  High  resolution  mass  spectra  were  recorded  on  a 

Thermo-Finnigan MAT900XL spectrometer. A crystal was grown from a CH2Cl2 solution 

of  1 by  diffusional  exchange  with  hexanes  for  X-ray  crystallographic  analysis  on  a 

Bruker APEX CCD detector.

II.2.7 Ichthyotoxicity assay

Various quantities of the natural product 1 in 174 μL of EtOH was added to 50 mL 

Erlenmeyer flasks containing 40 mL of aquarium water. For controls, 174 μL of EtOH 

was added to the water. Both treatments and controls were run in duplicate. Adult male 

zebra  fish  of  approximately  4  cm  length  were  randomly  selected  from aquaria  and 

individually placed in the Erlenmeyer flasks. Time of death was determined by observing 

a lack of gill movement and no visible responses to swirling of the flask for one full 

minute.

II.3 Results and Discussion

Fractions from the crude lipid extract of a Papua New Guinea mixed collection of 

a red marine alga, tentatively identified as Leptofauchea sp. and a marine cyanobacterium 

Oscillatoria  sp., showed an ability to increase the intracellular concentration of Ca+2 in 

mouse  neocortical  neurons.   Bioassay  guided  isolation  of  the  active  compounds 

sequentially  used  flash  column  chromatography  and  HPLC,  and  yielded  one  more 

prevalent (1) and one minor compound (3). 
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Analysis by ESI-LCMS (negative mode) revealed the polybrominated nature of 

compound 1 and indicated a molecular weight of 1160 (obs. [M-] m/z 1159). Subsequent 

analysis by 13C NMR showed 4 protonated and 8 quarternary 13C signals, indicating that 

the compound was either a symmetric dimer having a molecular weight of 1160 or that it 

was  a  monomer  with  a  molecular  weight  of  580  that  easily  dimerizes  in  the  mass 

spectrometer. High resolution EIMS clarified that it was a monomer with an exact mass 

of m/z 575.6211, yielding a molecular formula of C12H5O2Br5 (calc. 575.6201). 1H and 13C 

NMR, COSY, HSQC, and HMBC data readily identified two benzenoid rings connected 

to one another by an ether linkage. By 13C NMR chemical shifts and consideration of the 

molecular formula, one of the rings possessed 2 bromines while the other had 3 bromines 

and a hydroxyl group. Further analysis of the HMBC spectrum revealed the A ring to be a 

2,4-dibromo-phenoxyl  group.  The  regiochemical  assignment  of  the  B  ring,  however, 

could not be made confidently based on NMR data alone.  Further, the 13C NMR data for 

Figure II.2: X-ray crystal structure of 1.
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Table II.1: Comparison of NMR data for two isolates of 1 and 3 (CDCl3)

1, ref 25 1, this study 3

Position 13C 1H 13C 1H 13C 1H

1 148.9 148.9 144.5

2 139.9 139.4 143.1

3 113.6 121.1 120.7 7.00

4 119.3 119.2 114.9

5 122.9 122.9 122.4

6 120.8 7.42 120.7 7.44 121.6

1' 151.8 151.6 151.3

2' 112.8 112.7 115.6

3' 136.4 7.79 136.2 7.79 136.5 7.81

4' 116.3 116.2 118.2

5' 131.6 7.29 131.6 7.30 132.1 7.45

6' 115.8 6.41 115.7 6.41 121.5 6.89
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1 did not match that reported for any known OH-PBDE.  Because  1 deposited well-

formed crystals from CH2Cl2/hexanes, an X-ray crystallographic analysis was conducted 

to give an excellent quality crystal structure (Figure II.2). Comparison of this structure 

with the literature for naturally occurring OH-PBDEs showed it to be identical to one 

previously reported from Dysidea herbacea.25,23

In comparing our 13C NMR data to those reported in the literature for compound 

1, a significant discrepancy was noted in the chemical shift for C3 (Table II.1). Only the 

Bowden data are included in this table because the only other  13C NMR data available 

were recorded in  DMSO and not in CDCl3,24 but  they were similar  to our data.  One 

hypothesis for this anomalous NMR data was that previous workers had mis-assigned 

structure 1 to their material, and that it was in fact the data for another structure. Of the 

59 possible regioisomers of 1, 50 could be eliminated based on the fact that the A ring of 

Bowden’s isolation of 1 had three protons and the HMBC and COSY correlations were 

sufficient  to  confidently  assign  this  sub-structure.  Of  the  remaining  9  structural 

possibilities,  two  could  be  disregarded  based  on  HMBC  correlations  observed  by 

Bowden. Specifically, the lone proton on the B ring showed HMBC correlations to 4 

carbons,25 and thus, the only carbon for which there was not an HMBC correlation should 

be para to the carbon bearing this proton. Based on the predicted chemical shifts of the 

oxygen bearing carbons, six other isomers could be disregarded, leaving only a single 

regioisomer that  required consideration  (3).  Regioisomer  3 is  also a  known naturally 

occurring  compound  having  also  been  isolated  from  the  marine  sponge  Dysidea 

herbacea.11
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Because  the  13C  NMR  data  for  3 in  CDCl3 has  not  been  published,11 this 

compound was synthesized by Marsh's route (Scheme II.1).26 However, comparison of 

the 13C NMR shifts of synthetic 3 with those reported by Bowden revealed that they were 

considerably different  (Table  II.1).  Subsequently,  a  close  inspection  of  the  13C NMR 

spectrum from the Bowden material revealed a small peak at 121.1 ppm (B. F. Bowden, 

personal communication), which corresponds well with our data for C-3 in compound 1. 

Because C-3 is para to the only protonated carbon in ring B, this 13C atom is predicted to 

relax slowly such that its detection may require longer delay times.27 Moreover, during 

our purification of  1-3, it was difficult to remove minor contaminants that had similar 

NMR signatures to these OH-PBDEs. In this regard, it is possible that the 113.6 ppm 

signal  reported  for  C3  by  Bowden  et  al.  was  actually  the  quickly  relaxing  (e.g. 

protonated) resonance of a minor contaminant in the sample.

Having unequivocally established the structure of 1, a minor compound was also 

characterized that eluted very closely to  1 by RP-HPLC and showed Ca2+ modulating 

activity. A molecular formula of C12H4O2Br6  was determined for compound  2 based on 

low resolution negative ion ESI-LCMS (obs. [M-H]- m/z 658.74). The isotopic pattern 

Scheme II.1: Synthesis of 3 by Marsh’s route.
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observed for the molecular ion was consistent with the presence of 6 bromine atoms. 

Although  NMR characterization  of  this  compound  was  challenging  due  to  the  small 

quantity isolated (~0.5 mg) and the presence of chromatographically similar impurities, 

1H NMR and 1H-1H COSY analysis revealed a three proton spin system consisting of a 

vicinally coupled pair (7.29 ppm and 6.39 ppm) and a third (7.79 ppm) which was meta 

coupled to δ 7.29. These shifts and coupling pattern matched those reported for synthetic 

2 and thus, this material was identified as 3,4,5,6-tetrabromo-2-(2',4'-dibromo-phenoxy)-

phenol (2).

Compounds  1-3 were tested in the Ca2+ modulation assay in mouse neocortical 

neurons at various concentrations and their EC50 values were determined to be 16.4 μM 

Figure II.3: Ca2+ modulation assay in mouse neocortical neurons for compounds 1-3.
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(9.8  μM-  27.2  μM,  95% Confidence  Intervals),  27.2  μM  (12.3  μM-  59.8  μM,  95% 

Confidence  Intervals)  and  42.4  μM (23.2  μM- 77.5  μM,  95% Confidence  Intervals), 

respectively (Figure II.3).  In  light  of  the finding that  1 may act  as an environmental 

neurotoxin,16 its toxicity to zebrafish was also evaluated. At 5 μg/mL (8.6 μM) media 

concentration,  the  fish  immediately  attempted  to  escape  out  of  the  container  and  its 

apparent rate of respiration visibly increased; such behaviors were not observed for the 

control group. Within 5 minutes, the treated fish appeared to have difficulty maintaining 

their proper orientation, and within 20 minutes, both died. Similar effects were seen at 1 

μg/mL (1.7 μM), but it took 50 min for the fish to expire. At 0.5 μg/mL (0.86 μM), the 

fish appeared to be unaffected for the duration of the 3 hour assay. Regioisomer 3 had the 

same effect but was less potent (8.6 μM, death at 25 min; no effect at 1.7 μM), suggesting 

that many congeners of OH-PBDEs may display ichthyotoxicity.

Both  the  long  term  and  the  short  term  neurotoxic  effects  of  polychlorinated 

biphenyls (PCBs) have been studied extensively. Notably, PCBs disrupt the intracellular 

Ca2+ homeostasis, which is critical for a variety of cell functions, including release of 

neurotransmitters.14 As for the longer term effects, PCBs can modulate muscarinic and 

nicotinic receptors and also disrupt neurological development.14 Similarly, PBDEs have 

been shown to have detrimental effects to learning and memory functions in mice. These 

behavioral effects are likely related to the observation that PBDEs reduced the densities 

of nicotinic receptors in the hippocampus of mice.28 Given the ability of  1,  2, and  3 to 

alter cytoplasmic concentrations of Ca+2 ions, the observed ichthyotoxicity of  1  and  2 

may involve calcium ion induced neurotoxicity.
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These  findings  are  significant  in  light  of  recent  reports  that  OH-PBDEs have 

wide-spread occurrence in the marine environment.3,4,8 In Disdea herbacea, at least 1~6% 

of the dry weight of the organism is composed of OH-PBDEs and visible crystals of these 

compounds have been observed in the sponge tissue.13 In addition to sponges, tunicates, 

and blue-green algae,  we report  here that  a red alga and/or  cyanobacterium living in 

association with the red alga as  a  source of OH-PBDEs.29 Since most  of the world's 

seaweeds are red algae30 and many invertebrates feed on these algae, the presence of OH-

PBDEs  in  marine  invertebrates  may  actually  reflect  the  natural  occurrence  and 

bioaccumulation  of  these  compounds  into  higher  trophic  levels.  Among  PBDEs, 

pentabrominated congeners are known to be environmentally more mobile due to their 

greater  water  solubility,  volatility,  Kow (octanol/water  partition  coefficient),  and 

lipophilicity.7 OH-PBDEs are expected to be reasonably lipophilic and yet more water 

soluble than PBDEs. Therefore, they may be even more prone to bioaccumulation due to 

their increased mobility in the environment.

The possibility raised by these findings is that many OH-PBDEs are of natural 

occurrence  yet  possess  neurotoxic  properties  of  environmental  significance.  In  this 

regard,  it  is  possible  that  human  populations  have  been  exposed  to  these  materials 

through seafood consumption for a lengthy period and that this exposure may have had 

historical as well as current health implications. PCBs and brominated flame retardants 

other than PBDEs are suspected to be responsible for abnormal behavior phenomena such 

as  the  ‘beaching  of  cetaceans.’31,32 Because  of  their  structurally  related  nature,  it  is 

possible  that  OH-PBDEs of  natural  or  anthropogenic  origins  may contribute  to  such 

events. Thus, it is important to both characterize the origin and occurrence of OH-PBDEs 
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as well as details of their molecular neurotoxicology. 
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Figure II.4: Photographs of the red algal voucher sample
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Figure II.5: Photograph of the red algal voucher sample
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X-ray Crystallographic Analysis

A colorless  block  0.12  x  0.08  x  0.08  mm in  size  was mounted  on  a  Cryoloop with 

Paratone oil.  Data were collected in a nitrogen gas stream at 100(2) K using phi and 

omega scans.  Crystal-to-detector distance was 60 mm and exposure time was 5 seconds 

per frame using a scan width of 0.5°.  Data collection was 98.7% complete to 67.00° in θ. 

A total of 8115 reflections were collected covering the indices, -9<=h<=9, -10<=k<=10, 

-25<=l<=24.  2597 reflections were found to be symmetry independent, with an Rint of 

0.0280.  Indexing and unit cell refinement indicated a primitive, monoclinic lattice.  The 

space group was found to be P2(1)/c (No. 14).  The data were integrated using the Bruker 

SAINT software program and scaled using the SADABS software program.  Solution by 

direct methods (SIR-2004) produced a complete heavy-atom phasing model consistent 

with the proposed structure.  All non-hydrogen atoms were refined anisotropically by 

full-matrix least-squares (SHELXL-97).  All hydrogen atoms were placed using a riding 

model.  Their  positions  were  constrained  relative  to  their  parent  atom  using  the 

appropriate HFIX command in SHELXL-97.
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Table II.2:  Crystal data and structure refinement for 1.

X-ray ID gerw02

Sample/notebook ID 1572D2C

Empirical formula C12 H5 Br5 O2

Formula weight 580.71

Temperature 100(2) K

Wavelength 1.54178 Å

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a = 7.7959(5) Å = 90°.

b = 8.8184(5) Å = 92.671(2)°.

c = 21.0376(12) Å  = 90°.

Volume 1444.71(15) Å3

Z 4

Density (calculated) 2.670 Mg/m3

Absorption coefficient 16.803 mm-1

F(000) 1072

Crystal size 0.12 x 0.08 x 0.08 mm3

Crystal color/habit colorless block

Theta range for data collection 4.21 to 68.08°.

Index ranges -9<=h<=9, -10<=k<=10, -25<=l<=24

Reflections collected 8115

Independent reflections 2597 [R(int) = 0.0280]

Completeness to theta = 67.00° 98.7 % 

Absorption correction Analytical

Max. and min. transmission 0.3467 and 0.2377

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2597 / 0 / 174

Goodness-of-fit on F2 1.159

Final R indices [I>2sigma(I)] R1 = 0.0391, wR2 = 0.1018

R indices (all data) R1 = 0.0394, wR2 = 0.1021

Extinction coefficient 0.00126(9)

Largest diff. peak and hole 1.337 and -1.007 e.Å-3
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Table II.3:  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 

103) for 1.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

_____________________________________________________________________________

x y z U(eq)

_____________________________________________________________________________

C(1) 1442(6) 2778(6) 4601(2) 17(1)

C(2) 1873(6) 4251(6) 4435(2) 18(1)

C(3) 2477(6) 5284(6) 4901(2) 17(1)

C(4) 2615(6) 4782(6) 5531(2) 18(1)

C(5) 2167(7) 3329(6) 5701(2) 19(1)

C(6) 1584(6) 2306(6) 5237(2) 18(1)

C(7) 1886(7) 904(6) 3823(2) 19(1)

C(8) 3595(7) 721(6) 3994(2) 19(1)

C(9) 4599(7) -253(6) 3651(2) 19(1)

C(10) 3873(7) -1037(6) 3133(2) 21(1)

C(11) 2171(7) -826(6) 2941(2) 21(1)

C(12) 1183(6) 146(6) 3285(2) 19(1)

O(1) 756(4) 1782(4) 4149(2) 21(1)

O(2) 1203(5) 875(4) 5391(2) 30(1)

Br(1) 1606(1) 4788(1) 3572(1) 23(1)

Br(2) 3061(1) 7263(1) 4676(1) 23(1)

Br(3) 3451(1) 6077(1) 6189(1) 22(1)

Br(4) 5202(1) -2438(1) 2681(1) 24(1)

Br(5) -1156(1) 448(1) 3038(1) 31(1)

_____________________________________________________________________________
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Table II.4:   Bond lengths [Å] and angles [°] for 1.

_____________________________________________________

C(1)-O(1) 1.383(6)

C(1)-C(2) 1.389(7)

C(1)-C(6) 1.401(7)

C(2)-C(3) 1.403(7)

C(2)-Br(1) 1.879(5)

C(3)-C(4) 1.397(7)

C(3)-Br(2) 1.870(5)

C(4)-C(5) 1.380(7)

C(4)-Br(3) 1.888(5)

C(5)-C(6) 1.390(7)

C(5)-H(5) 0.9500

C(6)-O(2) 1.340(6)

C(7)-C(8) 1.373(8)

C(7)-O(1) 1.378(6)

C(7)-C(12) 1.405(7)

C(8)-C(9) 1.387(8)

C(8)-H(8) 0.9500

C(9)-C(10) 1.388(7)

C(9)-H(9) 0.9500

C(10)-C(11) 1.382(8)

C(10)-Br(4) 1.896(5)

C(11)-C(12) 1.380(8)

C(11)-H(11) 0.9500

C(12)-Br(5) 1.891(5)

O(2)-H(2) 0.8400

O(1)-C(1)-C(2) 120.8(5)

O(1)-C(1)-C(6) 118.6(4)

C(2)-C(1)-C(6) 120.5(5)

C(1)-C(2)-C(3) 120.6(5)

C(1)-C(2)-Br(1) 117.4(4)

C(3)-C(2)-Br(1) 122.0(4)

C(4)-C(3)-C(2) 117.7(5)

C(4)-C(3)-Br(2) 121.8(4)

C(2)-C(3)-Br(2) 120.5(4)

C(5)-C(4)-C(3) 122.1(5)

C(5)-C(4)-Br(3) 117.0(4)

C(3)-C(4)-Br(3) 120.9(4)

C(4)-C(5)-C(6) 119.9(5)

C(4)-C(5)-H(5) 120.0

C(6)-C(5)-H(5) 120.0

O(2)-C(6)-C(5) 120.7(5)

O(2)-C(6)-C(1) 120.2(5)

C(5)-C(6)-C(1) 119.1(5)

C(8)-C(7)-O(1) 124.9(5)

C(8)-C(7)-C(12) 119.5(5)

O(1)-C(7)-C(12) 115.7(5)

C(7)-C(8)-C(9) 120.1(5)

C(7)-C(8)-H(8) 119.9

C(9)-C(8)-H(8) 119.9

C(10)-C(9)-C(8) 119.8(5)

C(10)-C(9)-H(9) 120.1

C(8)-C(9)-H(9) 120.1

C(11)-C(10)-C(9) 120.9(5)

C(11)-C(10)-Br(4) 118.7(4)

C(9)-C(10)-Br(4) 120.4(4)

C(12)-C(11)-C(10) 118.8(5)

C(12)-C(11)-H(11) 120.6

C(10)-C(11)-H(11) 120.6

C(11)-C(12)-C(7) 120.8(5)

C(11)-C(12)-Br(5) 119.9(4)

C(7)-C(12)-Br(5) 119.3(4)

C(7)-O(1)-C(1) 117.5(4)

C(6)-O(2)-H(2) 109.5

_____________________________________________________________
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Table II.5:  Anisotropic displacement parameters (Å2x 103)for  1.  The anisotropic displacement 

factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ]

_____________________________________________________________________________

U11 U22 U33 U23 U13 U12

_____________________________________________________________________________

C(1) 16(2) 20(2) 14(2) -8(2) 1(2) -3(2)

C(2) 17(2) 26(3) 10(2) 1(2) 2(2) 0(2)

C(3) 16(2) 19(2) 15(2) 0(2) 1(2) 0(2)

C(4) 15(2) 24(2) 15(2) -3(2) -2(2) -1(2)

C(5) 23(2) 22(3) 12(2) 1(2) 0(2) 1(2)

C(6) 16(2) 19(2) 18(3) -1(2) 2(2) 1(2)

C(7) 23(2) 22(2) 12(2) 1(2) 4(2) -5(2)

C(8) 25(3) 18(2) 13(2) -1(2) -2(2) -5(2)

C(9) 23(2) 20(2) 14(2) 2(2) -2(2) 0(2)

C(10) 27(3) 23(3) 13(2) 0(2) 5(2) -3(2)

C(11) 30(3) 21(2) 12(2) -2(2) 0(2) -5(2)

C(12) 17(2) 29(3) 12(2) 1(2) 0(2) -9(2)

O(1) 17(2) 30(2) 16(2) -10(2) 1(1) -4(2)

O(2) 31(2) 22(2) 37(2) 2(2) 7(2) -4(2)

Br(1) 22(1) 34(1) 12(1) 4(1) -1(1) -2(1)

Br(2) 24(1) 20(1) 25(1) 5(1) -1(1) -4(1)

Br(3) 25(1) 24(1) 17(1) -6(1) -2(1) -5(1)

Br(4) 28(1) 26(1) 18(1) -4(1) -1(1) 6(1)

Br(5) 16(1) 53(1) 23(1) -18(1) -1(1) -3(1)

_____________________________________________________________________________
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Table II.6: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103)

for 1.

_____________________________________________________________________________

x y z U(eq)

_____________________________________________________________________________

H(5) 2255 3028 6135 23

H(8) 4090 1261 4347 23

H(9) 5781 -384 3770 23

H(11) 1689 -1341 2578 25

H(2) 320 595 5179 45

_____________________________________________________________________________
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Figure II.6: Isolation scheme for 1 and 3
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Figure II.7: 1H NMR Spectrum of 1 in CDCl3
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Figure II.8: 13C NMR Spectrum of 1 in CDCl3
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Figure II.9: 1H-1H COSY Spectrum of 1 in CDCl3
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Figure II.10: 1H-13C HSQC Spectrum of 1 in CDCl3



90

Figure II.11: 1H-13C HMBC Spectrum of 1 in CDCl3
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Figure II.12: 1H NMR Spectrum of 1 in CDCl3
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Figure II.13: 13C NMR Spectrum of 3 in CDCl3
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Figure II.14: 1H-1H COSY Spectrum of 3 in CDCl3
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Figure II.15: 1H-13C HSQC Spectrum of 3 in CDCl3
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Figure II.16: 1H-13C HMBC Spectrum of 3 in CDCl3
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Figure II.17: 1H NMR Spectrum of 2 in CDCl3
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Figure II.18: 1H-1H COSY Spectrum of 2 in CDCl3
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Abstract

A novel  fatty acid containing a vinyl  chloride moiety was discovered through 

NMR-guided fractionations of an aqueous extract of a marine cyanobacterium, Lyngbya 

sp.  collected  in  Papua  New Guinea.  While  no  bioactivity  has  yet  been  found  to  be 

associated with this natural  product,  its  biogenesis  is  of significance in light of other 

important cyanobacterial compounds containing a similar vinylchloride functional group.
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III.1 Introduction

It has been exceptionally productive to search for novel natural products in marine 

cyanobacteria,  particularly  species  of  Lyngbya.1 For  example,  jamaicamides  A-C and 

malyngamides A-X have been found from marine cyanobacteria and nudibranchs (Figure 

III.1,  III.2),2,3 and  nudibranchs  probably  obtain  these  compounds  from  feeding  on 

cyanobacteria.4 All of these natural products have a common biosynthetic theme in that 

they possess  a  PKS-derived  long lipid  chain and an  NRPS-derived peptidic  portion.5 

Furthermore,  all  three jamaicamides  and 20 of the 27 malyngamides contain a  rather 

unusual  functionality,  a  vinylchloride  group.2,3 Pyrrolone  rings  seen  in  all  three 

jamaicamides  and  malyngamides  A,  Q,  R,  and  X  further  add  to  the  overall  striking 

resemblance of these metabolites.

The apparent rule for the construction of malyngamides is that if two acetate units 

and a glycine unit are used for the “head group,” then the final product will contain a 

linear “head group” that is  attached to either a pyrrolone or a pyrrolidinone with the 

exception of malyngamide P (19). Alternatively, if three acetate units and a glycine unit 

are  used,  then  a  cyclohexane  with  various  oxidation  states  will  be  the  biosynthetic 

product for the “head group.” Moreover, the vinylchloride unit resides on the C-1 of the 

glycine unit, suggesting that the sp2 carbon bearing the chloride is not derived from S-

adenosyl-methionine (SAM), but from the C-2 carbon of another acetate unit.6 In HMG-

CoA biosynthesis, an intermediate to the 5-carbon unit of terpenes, the same strategy is 

employed, where an aldol reaction between an acetoacetyl CoA and an acetyl CoA is 

catalyzed by HMG-CoA synthase. Likewise, in jamaicamides,7 the vinlychloride carbon 
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Figure III.1: Jamaicamides A-C

Figure III.2: Malyngamides A-X
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has been shown to be derived from the C-2 of acetate.2 Recently,  the biosynthesis of 

jamaicamides was found to be closely related to that of curacins, where the two different 

pathways share a common intermediate (31) as shown in Scheme III.1.8 Herein described 

is  a  novel  natural  product  isolated  from  Lyngbya that  also  possesses  a  vinylchloride 

group.

III.2 Collection of the Cyanobacterial Material

Tropical areas are biologically very diverse environments in which many species 

compete for space and nutritional resources. Therefore, organisms in such environments 

Scheme III.1: Divergent biosyntheses of jamaicamide A and curacin A

The two different biosynthetic pathways leading to 33 and 37 utilize the same chemistry until the 
chlorinated intermediate 31, after which the corresponding decarboxylases distinguish the 

pathways (32 for jamaicamide A; 34 for curacin A).
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Figure III.3: Satellite Image of Algae Collection Site

The satellite image was obtained through Google Earth™. The site of collection is indicated by 
the red circle.

Figure III.4: Zoom-up of the Satelite Image of the Lyngbya Collection Site

The satellite image was obtained through Google Earth™. The site of collection is indicated by 
the red circle.



107

are expected to possess a rich collection of secondary metabolites suited for competition. 

In order to acquire such metabolites, a sample of  Lyngbya sp.  was collected in Papua 

New Guinea (PNG).  The  cyanobacterial  material  was  collected  at  a  site  between the 

northeast  coast  of  New Britain  Island and the  southwest  coast  of  Credner  Island  by 

snorkeling (S 4º 15.981'; E 152º 19.735'; Figure III.3 and III.4) at the depth of 1 m.9 The 

alga had the typical hair-like morphology of  Lyngbya, but had a greenish color unlike 

typical Lyngbya (Figure III.5).

III-3 Isolation of the Novel Fatty Acid

Since water-soluble organic natural products are very difficult to handle, they are 

not as well studied as other organic compounds. Therefore, it is a better likelihood to find 

a novel compound in aqueous soluble materials. One of the aims of this study was to 

develop  a  methodology  to  purify  natural  products  from  the  aqueous  extract.  The 

cyanobacterial material (WG-1560) was extracted exhaustively with CH2Cl2 and MeOH 

(2:1) for the isolation of lipid contents.10 The remaining aqueous layers and the EtOH 

used for preservation of the alga were combined and the volatiles were removed under 

vacuum. The residues were resuspended in EtOH and the insolubles were filtered off 

Figure III.5: "Green Lyngbya" collected in Papua New Guinea
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Scheme III.2: Isolation process for credneric acid (38)

Figure III.6: 1H NMR Spectrum of Credneric Acid (38)
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(Scheme  III.2).  The  filtrate  was  then  subjected  to  two  steps  of  rough  normal  phase 

chromatgraphy  to  generate  a  few  fractions.  The  fraction  that  contained  compounds 

separable by TLC was subjected to flash column chromatography with silica gel as the 

stationary phase and a gradient mixture of MeOH and CH2Cl2 as the mobile phase to 

obtain several fractions. One of the fractions contained a fairly pure compound and it was 

further purified by semi-prep reverse phase HPLC to obtain 4 mg of a colorless oil. The 

compound was named “credneric acid,” after the nearby island where the cyanobacterial 

material was collected.

III.4 Structure Elucidation of Credneric Acid

The  purified  material  was  first  analyzed  by  1H  NMR  (Figure  III.6),  which 

revealed that the compound was a short chain fatty acid. However, one unusual singlet 

signal was observed at 5.79 ppm. Further analysis by 13C NMR, COSY, and HSQC (Table 

III.1) led to substructures as shown in Scheme III.3.  Finally,  the two and three bond 

heteronuclear coupling information obtained by HMBC analysis allowed connection of 

the three substructures (Table III.1). The unknown “R” group was determined to be a 

chlorine atom based on the high resolution mass spectroscopy analysis (m/z 217.0990 

expected for C11H18O2Cl [M+H]; observed  m/z 217.0995) and the NMR chemical shift 

(1H 5.79 ppm; 13C 113.1). The stereochemical assignment of the two olefins were made 

by the coupling constant between the two vinyl protons (5.42 ppm and 5.49 ppm;  J = 

15.4 Hz) and 1D ROESY correlations of key protons on and around the olefins (Scheme 

III.4).
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Table III.1: 1H and 13C NMR, COSY, HSQC, and HMBC data for credneric acid (38)

The HSQC data are reflected in the assignment of the 1H NMR signals to their respective 13C 
NMR signals.

Position 13C 1H COSY HMBC

1 178.9 2.44, 2.35

2 33.7 2.44 2.35 2.35

3 27.4 2.35 5.48, 2.44 5.42, 2.44

4 130.5 5.48 2.35 2.73, 2.44, 2.36

5 128.1 5.42 2.73 2.73, 2.36

6 37.9 2.73 5.42 5.79, 5.48, 5.42, 2.16

7 141.4 5.79, 2.73, 2.16, 1.44

8 32.2 2.16 1.44 5.79, 2.73, 1.44, 0.92

9 20.2 1.44 2.16, 2.16, 0.92 2.16, 0.92

10 13.9 0.92 1.44 2.16, 1.44

11 113.1 5.79 2.73, 2.16

Scheme III.3: Substructures of Credneric Acid by 1H NMR, COSY, and HSQC
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III.5 Significance of Crendneric Acid

While the gene cluster responsible for the biosynthesis of jamaicamides has been 

identified already,2 the biosynthetic process for this halogenation step is only speculative 

and  largely  based  on  other  related  natural  products.7 Since  there  is  remarkable 

resemblance between credneric acid (38) and the middle portion of the jamaicamides, it 

may be advantageous to study the biosynthesis of simpler compounds like  38 to gain 

insights into the halogenation process for the jamaicamides and the malyngamides. For 

example,  biosynthetic  precursors  necessary  for  enzymatic  reactions  with  a  putative 

halogenating  enzyme  would  be  easier  to  synthesize  for  credneric  acid  than  for  the 

jamaicamides.

Credneric acid was tested in H-460 cytotoxicity and Na+ channel activation and 

blocking assays, but it was found to be inactive (data not shown). It is possible that the 

compound is not able to cross cell membranes due to its polar carboxylic acid group. 

Scheme III.4: Stereochemical Assignments of Credneric Acid by 1D ROESY 
Correlations
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Alternatively, it is possible that this natural product lacks functional groups necessary for 

bioactivity. After the discovery of 38, a related natural product, credneramide (39, Figure 

III.7), was isolated from the CH2Cl2 / MeOH extract of the same collection of Lyngbya in 

our laboratory.11 This amide derivative of 38 was found to be only moderately active in 

anti-parasitic assays against malaria, chagas, and leishmania and Na+ channel blocking 

assay in Neuro-2a cells. It may be that 38 is merely a biosynthetic precursor for amides, 

Figure III.8: N-Acyl Homoserine Lactones (AHLs)

Figure III.7: Credneric Acid and Credneramide

Scheme III.5: Cyclopropane Fatty Acid and Lyngbyamides
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such as 39, and it is not produced as a secondary metabolite with its own biological or 

ecological significance.

Cyanobacteria appear to produce various natural products based on some common 

foundational  biosynthetic  units.  For  example,  malyngamides  all  have  lyngbic  acid  in 

common, with minor variations (Figure III.2). Furthermore, grenadamide (lyngbyamide 

A), and lyngbyamides B-D have the same cyclopropane fatty acid in common (Scheme 

III.5).12 All of these amides have some structural resemblance to bacterial quorum sensing 

molecules such as AHLs (N-acyl homoserine lactones; Figure III.8).13 This resemblance 

may be related to the biological roles that these amide natural products have in nature. 

Likewise,  38 appears to be a foundational biosynthetic unit on which  Lyngbya builds 

other  compounds,  such  as  39.  Given  the  precedence  with  lyngbyamides  and 

malyngamides, discovery of other credneric acid derivatives are expected in the future.

III.6 Conclusion

A novel fatty acid containing a vinylchloride functionality was discovered and 

characterized  from  a  PNG  collection  of  Lyngbya. Despite  its  inactivity  in  the  few 

bioassays tested thus far, this natural product may play an important role as a template for 

synthesizing bioactive amide derivatives. Credneric acid may also be useful for the study 

of the biosynthetic chlorination processes in cyanobacteria.

III.7 Experimental Section

General
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Unless noted otherwise, all materials were purchased from commercially available 

sources and were used without further purification. Flash chromatorgraphy14 and vacuum 

liquid chromatography were performed using  EM Science  silica  gel  (230-400 mesh). 

TLC was performed using EM Science pre-coated silica gel plates (Merck 60 F254). IR 

spectra were recorded on a Nicolet Magna-IR 550. 1H NMR and 13C NMR spectra were 

recorded on a Varian Inova spectrometer (500MHz) or on a Varian Inova spectrometer 

(300  MHz  and  75  MHz,  respectively).  1H  and  13C  spectra  recorded  in  CDCl3 were 

referenced to the residual solvent peaks at 7.26 ppm and 77.0 ppm, respectively. High 

resolution mass spectra were recorded on a ThermoFinnigan MAT900XL spectrometer.

Isolation and Characterization of Credneric Acid

The cyanobacterial material (41 g, dry weight) was extracted exhaustively with 

CH2Cl2 and MeOH (2:1) for the isolation of lipid contents. The remaining aqueous layers 

and the EtOH used for preservation of the alga were combined and the volatiles were 

removed under vacuum. The residues were resuspended in EtOH and the insolubles were 

filtered off (Scheme III.1). By using vacuum, the filtrate was pulled through a pad of 

water-treated silica gel with differing solvents (vacuum liquid chromatography, VLC). 

Most of the organic content was eluted with EtOH, but not with other solvents (Scheme 

III.1).  Upon concentration  under  vacuum,  the  residues  were  subjected  to  solid  phase 

extraction (SPE) with silica gel. By eluting with different solvents (1:1 CH2Cl2/EtOAc; 

EtAcO; 1:9 MeOH/CH2Cl2; 3:7 MeOH/CH2Cl2), four fractions (4 mg, 422 mg, 1.08 g, 

and  1.09  g,  respectively)  were  obtained  (Scheme III.1).  Only the  third  fraction  (1:9 

MeOH/CH2Cl2 elution)  had  a  TLC  profile  that  appeared  suitable  for  normal  phase 
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separation of compounds. The material in the third SPE fraction was subjected to flash 

column chromatography with silica gel as the stationary phase and a gradient mixture of 

MeOH and CH2Cl2 as the mobile phase to obtain several fractions. One of the fractions 

contained a fairly pure compound (7 mg) and it was further purified by semi-prep reverse 

phase HPLC (250 x10.00 mm Synergi 4μ Hydro-RP 80A column, MeCN/H2O gradient) 

to obtain 4 mg of a colorless oil. IR (film on KBr) 3428 (br), 2965, 2930, 2873, 1711, 

1632, 1431, 1410, 1284, 1252, 1212, 1158, 968, 795 cm-1. 1H NMR (500 MHz, CDCl3) δ 

5.79 (s, 1H), 5.49 (dt, J = 15.4, 6.2 Hz, 1H), 5.42 (dt, J = 15.4, 6.4 Hz, 1H), 2.73 (d, 6.2 

Hz, 2H), 2.44 (t, J = 7.4 Hz, 2H), 2.35 (dt, J = 6.4, 7.0 Hz, 2H), 2.16 (t, J = 7.7 Hz, 2H), 

1.44 (h, J = 7.5 Hz, 2H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 178.9, 

141.4,  130.5,  128.1,  113.1,  37.9,  33.7,  32.2,  27.4,  20.2,  13.9.  HRMS (EI):  calcd  for 

C11H18O2Cl (M+H): 217.0990, found 217.0995.
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Figure III.9: Credneric Acid (38) 13C NMR Spectrum in CDCl3
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Figure III.10: Credneric Acid (38) 1H-1H COSY Spectrum in CDCl3
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Figure III.11: Credneric Acid (38) 1H-13C HSQC Spectrum in CDCl3



119

Figure III.12: Credneric Acid (38) 1H-13C HMBC Spectrum in CDCl3
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Figure III.13: Credneric Acid (38) 1D ROESY Spectrum: Irradiated at 2.73 ppm in CDCl3
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Figure III.14: Credneric Acid (38) 1D ROESY Spectrum: Irradiated at 5.79 ppm in CDCl3
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Figure III.15: Credneric Acid (38) 1D ROESY Spectrum: Irradiated at 2.16 ppm in CDCl3
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Figure III.16: IR spectrum of 38
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Abstract

A combined synthetic and spectroscopic method was developed to determine the 

absolute stereochemistry of an enatiomeric pair of novel fatty acids isolated from two 

collections  of  a  marine  cyanobacterium.  Use  of  an  oxazolidinone  chiral  auxiliary  to 

transport  stereochemical  information  over  three  bonds  is  described.  However,  a 

subsequent report of a total synthesis of a related natural product was in conflict with the 

results  of  this  approach.  There  may have  been  an  error  in  the  NMR analysis  of  the 

cyclopropane fatty acid derivative or in the optical  rotation measurement of the fatty 

acids themselves.
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IV.1 Introduction

A Madagascar  collection  of  the  marine  cyanobacterium  Lyngbya  majuscula 

yielded  a  series  of  novel  cyclopropyl-ring  containing  fatty  acid  derivatives  which 

possessed  antifungal,  neurotoxic  and  cannabinomimetic  activities.1 Co-occurring  with 

these derivatives was significant quantities of the parent fatty acid (1). Subsequently, we 

isolated what appeared to be the identical fatty acid, based on 1H, 13C NMR, and FAB-MS 

data, from the same genus of cyanobacterium collected in Curaçao.  However, the optical 

rotation values of these two samples were found to be opposite one another ([α]D
25 +19.3˚ 

for the Madagascar sample 1-m and [α]D
25 –9.8° for the Curaçao sample 1-c), a finding 

confirmed  by  converting  both  to  their  corresponding  4-bromobenzyl  esters  (2), 

purification,  and  measurement  of  the  rotation  value  for  these  derivatives.2 The 

Madagascar-derived 4-bromobenzyl ester gave an [α]D
25 +8.8° whereas the Curaçao fatty 

acid derivative showed [α]D
25 –7.9°.  

The finding of two enantiomeric forms of 1 from two different collections of the 

same marine cyanobacterium motivated us to determine the absolute stereochemistry of 

each in order to gain insight into the biological properties of the two series as well as the 

Cyclopropane containing fatty acid (1)
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biogenesis of the cyclopropyl ring. However, no enantiospecific synthesis of this class of 

fatty acids had been reported at the outset of this project. Initial attempts to crystallize the 

4-bromobenzyl-esterified fatty acids for crystallographic analysis failed, and hence, we 

were inspired to develop a new strategy for their stereochemical determination. The use 

of a Mosher ester was discounted because this technique is limited to the configurational 

assignment of a chiral center immediately adjacent to the derivatizable site.3 However, it 

was realized that the carboxyl functionality in 1 provided an opportunity for the addition 

of a chiral  auxiliary which could then be used through a diastereospecific reaction to 

introduce a chiral appendage at C-2.  We then envisioned that this latter appendage could 

be  related  to  chiral  centers  present  in  the  natural  product  using  a  variety  of  NMR 

techniques  (nOe and  J values).  To our  knowledge,  this  strategy which  interfaces  the 

power of chirally-induced chemical synthesis with NMR spectroscopy has never been 

applied to a natural product structure elucidation.

IV.2 Synthetic introduction of stereochemical reference (SISTER) method

Both  enantiomers  of  the  cyclopropyl  fatty  acid  (1)  were  isolated  from  the 

Madagascar and Curaçao collections of L. majuscula by a combination of silica gel VLC 

and flash column chromatography. The chiral auxiliary, (S)-(+)-4-benzyl-2-oxazolidinone 

(3), was condensed with each acid to produce imide derivatives 4 and 5 (Scheme IV.1). 

The  same  reaction  was  repeated  with  (R)-(+)-4-benzyl-2-oxazolidinone  as  the  chiral 

auxiliary and  the  Madagascar-derived  cyclopropyl  fatty  acid  (1-m)  to  produce  imide 

derivative 6.  Each of these imides was methylated under standard conditions to produce 



130

α-methyl  derivatives  7 (from  4),  8 (from  5)  and  9 (from  6).   For all three synthetic 

sequences, only a single stereoisomer was observed as the final reaction product (7-9).

The 1H NMR of 7 and 8 showed distinctive chemical shifts and splitting patterns 

for the cyclopropane ring protons, confirming that they were indeed diasteriomeric to one 

other, and thus 1-m and 1-c were indeed enantiomers. However, the 1H NMR spectrum of 

8 was identical to that of 9, indicating that these derivatives were enantiomeric.  This was 

substantiated by measuring similar rotations of opposite sign for  8 (+48°) and 9 (-25°). 

Since 8 and 9 have opposite absolute stereo-configurations of both the oxazolidinone (S 

and  R, respectively) and the cyclopropane ring (+ and -), the stereochemistry of the  α-

methyl carbon in these two derivatives must be opposite to each other as well.  Because 7 

and 9 possess different relative stereochemistries between the cyclopropyl ring and the α-

methyl  group,  as  evidenced  by  their  different  NMR  spectra,  we  conclude  that  the 

asymmetric alkylation was exclusively controlled by the oxazolidinone stereochemistry 

and not the cyclopropyl ring stereochemistry. The overriding influence of the auxiliary 

during the conversion of 6 to 9 was predicted based on the rationale that the long alkyl 

chain would be as far away from ionic lithium-chelated six-membered ring as possible 

during the alkylation transition state, thus overcoming any mismatching effects during 

4-bromobenzyl ester of cyclopropane fatty acid 1 (2)



131

this reaction (Figure IV.1). Hence, the stereochemistry of the α-methyl group in 7 and 8 

was S whereas it was R in derivative 9.

A variety  of  NMR  techniques  (1H-COSY,  homonuclear  decoupled  1H  NMR, 

iterative  spin  simulation,  phase-sensitive  E.COSY,  and  2D ROESY)  were  applied  to 

relate the stereochemistry of the  α-methyl group to that of the cyclopropyl bridgehead 

stereocenters in derivatives 7 and 8. First, all proton chemical shifts were assigned for all 

three derivatives (7-9) using  1H-1H COSY data. The values of the key  1H-1H coupling 

constants  for  7 and  8 were  determined  by a  combination  of  1H NMR,  homonuclear 

Scheme IV.1: Derivatization of cyclopropane fatty acids 1-m and 1-c

Note that the depicted absolute stereochemistry is according to the findings obtained through this 
SISTER method (vide infra).
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decoupled  1H NMR, and X-WIN NMR spin simulation program. These were in good 

agreement with those obtained from the phase-sensitive E.COSY experiment.

Using the Karplus-type equation proposed by Altona,4 the dihedral angles between 

the  key bonds  were  estimated  (Figure  IV.2).  Alternatively,  the  Karplus-type  equation 

proposed by Barfield and Smith,5 which takes into consideration the bond angles, did not 

yield  reasonable  dihedral  angles  (Table  IV.1).  Despite  the  fact  that  the  key coupling 

constants are all similar to each other (around 7 Hz), a qualitative trend was seen in the 

calculated dihedral angles. For example, the dihedral angle predicted from the ROESY 

analyses for H3α-C3-C1′-H1′ is larger (60°) than that for H3β-C3-C1′-H1′ and the coupling 

constant is indeed larger for H3β-H1′ than for H3α-H1′ (Figure IV.2). Detailed analysis of 

ROESY experiments  led  to  the  identification  of  13  relevant  dipolar  interactions  for 

derivative 7 and 17 for derivative 8.  The relative stereochemistry predicted between the 

α-methyl center and cyclopropyl ring centers by these two approaches were in excellent 

agreement (Figure IV.2). Finally, the energy minimized structures of both 7 and 8 were 

simulated  through  conformer  distribution  (molecular  mechanics)  and  geometry 

optimization  (Hartree-Fock)  calculations  and compared  with  those  obtained  from the 

Altona  calculations  and  the  ROESY data.6 All  three  lines  of  evidence  converge  to 

Figure IV.1: Proposed transition state of alkylation of the enolate of 5 guided by 
oxazolidinone auxiliary
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establish compound 7 as having 1R, 2R, 2´S stereochemistry and compound 8 to have 1S, 

2S, 2΄S stereochemistry (Figure IV.2).

Table IV.1: Dihedral angles calculated or simulated by different methods for 7 and 8

Dihedral angles from Spartan were calculated with semi-empirical PM3; those from ROESY 
were estimated manually using a molecular model kit; those from Altona & Barfield equations 

were calculated from experimental coupling constants.
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However, as this work was concluding, Baird and coworkers reported their total 

synthesis  of  (+)-grenadamide,  which  assigned  the  absolute  configurations  of  this 

cyclopropyl fatty acid to be 1R, 2R (Scheme IV.2).7 This result directly contradicted our 

work  because  (+)-1 was  assigned  1S,  2S in  our  hands  whereas  (+)-1,  one  of  the 

intermediates  in  Baird's  synthesis,  was  assigned  1R,  2R.8 A  number  of  possible 

explanations were considered: 1) Our stereochemical assignement was erroneous, 2) The 

optical rotation measured by us or Baid et al. had the wrong sign, 3) The stereochemical 

assignment of the chiral starting material that Baird et al. used was erroneous. It should 

be noted that the only other asymmetric synthesis of grenadamide was reported by Taylor 

and coworkers who simply correlated their absolute stereochemical assignments of their 

synthetic products with those of Baird's.9 Therefore, Baird's work is the only source of 

contention with the results of our SISTER analysis.

After  careful  re-examination  of  our  own  assignments,10 the  third  possibility 

mentioned  above  was  evaluated  through  a  literature  search.  The  history  of  absolute 

stereochemistry  assignment  of  the  chiral  cyclopropane  fatty  acid  starting  material  is 

remarkably complex (Figure IV.3). It is interesting that the stereoconfiguration was never 

independently  determined  throughout  the  chain  of  citations.  Instead,  the  absolute 

stereochemical  assignments  were  correlated  to  previous  literature  through  chemical 

transformations to reference compounds or through comparison of  CD spectra. In fact, it 

is  unclear  how the  original  compound's  absolute  configuration  was assigned in  1927 

(Figure IV.3) because the first absolute stereochemical assignments (tartaric acid) were 

made in 1951 by Bijvöt et al. through X-ray crystallography.11
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Here lies the weakness of the modern scientific research; so much of our work 

relies  heavily  on  the  previous  work,  but  often  without  any  verification  due  to  time 

constraints.  It  is  therefore  admirable  that  so  many natural  product  chemists  have  re-

visited the structures of natural  products that  were previously characterized and have 

Figure IV.2: Dihedral angles predicted from the 1H-1H coupling constants and Altona 
equation (A) and select ROESY correlations for 7 and 8 (B).

Scheme IV.2: Total synthesis of (+)-grenadamide (13) by Baird et al.
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found a significant number of them to be incorrect through more or less independent 

means.12 Synthetic chemists, by default, synthesize the reported structures and are able to 

discover errors in the structure assignment as an additional benefit of the synthetic work. 

However, re-visiting a natural product's structure is not an activity that natural product 

chemists often perform as it requires much diligence and rigor.

Figure IV.3: History of the absolute stereochemical assignment of cyclopropane 
derivative 11
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Although it would be difficult to determine at what point in the chain of citations 

any erroneous stereochemical assignments may have occurred, it is relatively trivial to 

independently verify the absolute configurations of the cyclopropane starting material 11 

used by Baird et al. Thus, the synthesis of 11 was performed according to literature.13 X-

ray crystallography was considered the best choice of stereochemical assignment due to 

its unequivocal nature. However, various derivatives of 11 could not be crystallized in a 

suitable form for crystallographic work.

Subsequently,  11 was converted to  15 for modified Mosher's analysis (Scheme 

IV.3). Careful 1D and 2D NMR analysis of 15 and 16 indicated that the C-2 position had 

S configuration,  which  is  consistent  with  Baird's  assignment.  However,  an  NOE 

correlation was observed between H-1 and H-4, which suggested that the cyclopropane 

ring had a trans relative stereochemistry (Figure IV.4). Considering that α-epimerization 

of 14 was possible during chromium oxidation to the carboxylic acid (Scheme IV.3), the 

C-2  stereocenter  was  assigned  to  be  S,  contradicting  Baird's  work.  To independently 

verify  or  discount  this  assignment,  a  suitable  crystal  of  15 was  obtained  for  X-ray 

crystallographic  analysis.  To  our  grief,  the  crystal  structure  revealed  that  the 

Scheme IV.3: Synthesis of PGME derivatives from 11

Note that the stereochemistry of 14 is drawn as trans. However, it was later discovered to be cis 
(vide infra).
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cyclopropane ring retained its  cis configuration (Figure IV.5). This result unequivocally 

assigns  the  absolute  configurations  of  1-m to  be  1S,  2S  (Figure  IV.6),  thereby  re-

affirming Baird's assignment of grenadamide.

The final explanation to be evaluated for reconciling our work and Baird's work 

was to ascertain the validity of optical rotation values obtained for 1-m and 1-c. Of the 

many  structure  determination  tools  utilized  by  natural  product  chemists  today,  the 

polarimeter is perhaps the most error-prone instrument. It is extremely sensitive to chiral 

contamination, and depending on the condition of the light source, different values can be 

obtained for the same sample.  Moreover,  unlike spectra  obtained from NMR or MS, 

optical rotation values usually do not leave substantial records of their measurement. The 

optical rotation value obtained by C. Nannini ([α]D –7.6° for  1-c)1 was consistent with 

Figure IV.4: 1H and 13C NMR assignments and an NOE correlation of 16 in CDCl3

The structure is shown as trans due to the NOE correlation observed between H-1 and H-4. 
However, the relative sterechemistry was later shown to be cis based on an X-ray crystal structure 
of 15 (Figure IV.5). The 1H and 13C assignments were made through the use of COSY, HSQC, and 

HMBC spectra in conjunction with the 1H and 13C NMR spectra. The 1H chemical shifts are 
shown in red and the 13C chemical shifts are shown in blue.
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this work ([α]D –9.8° for  1-c). Therefore, it  is unlikely that any human error, such as 

mislabeling of the samples, was introduced.

IV.4 Conclusions

A pair  of  enantiomeric  natural  products  were  isolated  from  the  same  genus 

collected from different locations. We developed a new concept for determining absolute 

stereochemistry of natural products (i.e. the SISTER method, Figure IV.7). However, X-

ray crystallographic investigation indicated that either our ROESY and J-based analysis 

was  incorrect  or  one  of  the  optical  rotation  values  was  wrong.  It  may require  a  re-

collection of the algal material to resolve the confusion that has plagued this project. 

Figure IV.5: X-ray crystal structure of 15

This crystal structure unequivocally showed that the stereochemistry of the carboxylic acid 14 is 
cis. The NOE correlation between the proton on C24 and C21 (Figure IV.4) could not be 

explained.

Figure IV.6: Corrected stereochemistry of 1-m and 1-c
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However,  as shown in Figure IV.3,  the ultimate origin of the absolute stereochemical 

assignment of the cyclopropane derivative 11 is unclear. Therefore, it is possible that the 

absolute  configurations  of  11 were  never  fully  determined,  but  that  its  arbitrary 

assignments happened to be the correct ones. After all, there is always a fifty-fifty chance 

in the art of assigning absolute stereochemistry.

IV.5 Experimental Section

General

UV and IR spectra were recorded on a Beckman DU 640B UV spectrophotometer 

and a Nicolet 510 spectrophotometer, respectively. NMR spectra were recorded either at a 

1H resonance frequency of 600.04 MHz (Bruker DRX 600) or 400.13 MHz (Bruker DPX 

400).  The Bruker DRX 600 was equipped with a Bruker Q-Switch TXI probe and the 

DPX 400 was equipped with a Bruker  BBO probe.   All  chemical  shifts  are reported 

relative to residual  CHCl3 (δH 7.27, δC 77.23) or C6HD5 (δH 7.16) as internal standard. 

HRMS were obtained on a Kratos MS 50 TC mass spectrometer.  Optical rotations were 

measured  with  a  Perkin-Elmer  model  243  polarimeter.   HPLC was  performed  using 

Waters 515 pumps and a Waters 996 photodiode array spectrophotometer.  TLC grade 

(10-40 mesh) silica gel was used for vacuum chromatography, and Merck aluminum-

backed TLC sheets (Silica gel 60 F254) were used for TLC.  All solvents were purchased 

as HPLC grade.  THF and triethylamine were freshly distilled before they were used 

(from Na-benzophenone and CaH2, respectively). (R)-and-(S)-4-benzyl-2-oxazolidinones, 

fatty acids (1-m and  1-c),  and the amide derivatives (7,  8,  and  9)  were dried with a 
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vacuum pump before use in synthetic reactions. Other reagents were used without any 

purification unless specified.  All reagents, except for the natural fatty acids 1-m and 1-c 

and the  solvents  were  purchased from Sigma-Aldrich.  All  reactions  were  carried  out 

under argon.

Isolation of (1'S, 2'S)-3'-(2-heptyl-cyclopropyl)-propionic acid (1-m) and (1R, 2R)-3΄-

(2-heptyl-cyclopropyl)-propionic  acid  (1-c). Metabolite 1-m was  isolated  from  the 

crude  extract  of  a  Madagascar  collection  of  L.  majuscula  by  silica  gel  flash 

chromatography.  The  eluent  composition  was  gradually  changed  from  CH2Cl2 to 

acetonitrile/CH2Cl2 (1:9).  The same procedure was used to purify  1-c from a Curaçao 

collection of this cyanobacterium.  A total of 42.7 mg of crude 1-m and 23.3 mg of crude 

1-c were isolated.  Due to the inherently poor chromatographic properties of these fatty 

acids, these crude materials with relatively low purity were used for subsequent reactions 

without additional purification.

Figure IV.7: Synthetic Introduction of a Stereochemical Reference (SISTER) method 
conceptual figure

The blue arrows indicate the flow of stereochemical information from a synthetically introduced 
chiral group (gray ball).
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Synthesis  of  (1′R,  2′R,  4′′′S)-4′-Benzyl-3′′′-[3-(2′-heptyl-cyclopropyl)-propionyl]-

oxazolidin-2′′′-one (5). In 300 μL of THF were dissolved 23.3 mg crude 1-c which was 

cooled to -78°C. To this solution were added pivaloyl chloride (17 μL, 0.14 mmol) and 

triethylamine (16 μL, 0.11 mmol). The reaction mixture was stirred and allowed to warm 

to RT from -78°C over a period of 1 hour. Meanwhile, (S)-(-)-4-benzyl-2-oxazolidinone 

(58.7 mg, 0.331 mmol) was dissolved in 300 μL of THF and cooled to -78°C. To this 

solution was added 185 μL of 2.0 M n-butyllithium solution in cyclohexane (0.37 mmol) 

and the reaction mixture was stirred for 20 minutes. The lithiated oxazolidinone solution 

was transferred to the solution of the mixed anhydride at -78°C. This reaction was stirred 

and allowed to warm up to RT over 24 hours, and then quenched with 5 mL of aqueous 1 

M NH4Cl solution and the aqueous layer extracted with CH2Cl2 (3 × 5 mL). The organic 

layer  was  subsequently  washed  with  5  mL  of  H2O  and  dried  with  MgSO4.  The 

concentrated mixture was analyzed by TLC (MeOH/CH2Cl2, 1:19) which showed that no 

starting material (2) was present, thus indicating a yield >95%. The resultant mixture was 

purified by silica gel flash chromatography with CH2Cl2 as eluent to yield 36.2 mg of a 

pale-yellow oil.  This was used for subsequent reactions without further purification.  1H 

NMR (CDCl3; 400MHz) δ 0.23 (2H, m, 3′-CH2), 0.49 (2H, m, 1′-CH and 2′-CH), 0.88 

(3H, t, J = 6.9 Hz, 7′′-CH3), 1.26 (12H, m, alkyl chain), 1.60 (2H, m, 3-CH2), 2.75 (1H, 

dd, J = 13.2 Hz, 9.7 Hz, Bn-CH2), 3.02 (2H, m, 5′′′-CH2), 3.31 (1H, dd, J = 13.3 Hz, 3.0 

Hz, Bn-CH2), 4.18 (2H, m, 2-CH), 4.67 (1H, m, 4′′′-CH), 7.19-7.36 (5H, m, phenyl); MS 

(FAB) 372.1 (M+1). Likewise, semi-purified compound 4 (111.4 mg, crude weight) was 

synthesized in the same manner starting with 42.7 mg of crude 1-m.
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Synthesis  of  (1′R,  2′R,  2S,  4′′′S)-4′′′Benzyl-3′′′-[3-(2′-heptyl-cyclopropyl)-2-methyl-

propionyl]-oxazolidin-2´΄΄-one (7). The amide  5 (31.2 mg, 84 μmol) was dissolved in 

400 μL of THF and the solution was cooled to -78°C.  Lithium hexamethyldisilazide (95 

μL, 1.0 M solution in THF, 95 μmol) was added dropwise and the mixture was stirred for 

20 minutes. Excess methyl iodide (55 μL) was added dropwise at -78°C and the reaction 

mixture was allowed to warm to RT over 6 hours. The reaction was then quenched with 4 

mL of NH4Cl aqueous solution and extracted with CH2Cl2 (3 ×5 mL).  The combined 

organic layers were washed with 2 mL of H2O and then dried with MgSO4. The resulting 

mixture was concentrated under reduced pressure and passed through a short silica gel 

column followed by a C18 column (eluents were CH2Cl2 and MeOH, respectively). After 

evaporation of solvents under reduced pressure, 27.7 mg of crude material was recovered, 

and this was purified by HPLC using a reverse phase semi-preparative column (YMC, 

ODS-AQ, 250 × 10 mm I.D., 5 μm, 120 Å; H2O/MeOH, 0.7:99.3). The major compound 

in the reaction mixture was the by-product, pivaloyl oxazolidinone; however, 2.1 mg of 7 

were isolated. Based on the HPLC peak integration of 4 and 7 in the reaction mixture, the 

yield of  7 was estimated to be 70%. Only one isomer of the methylated product was 

observed. 8 and 9 were synthesized in the same manner and only one diastereomer was 

observed in each synthesis (50% and 60% yields, resepectively). Colorless oil; UV λ max 

255 nm; IR υ 2923cm-1, 1776 cm-1, 1697cm-1; 1H NMR (C6D6; 400MHz) δ 0.27 (2H, m, 

3′-CH2), 0.58 (1H, m, 1′-CH), 0.62 (1H, m, 2′-CH), 0.91 (3H, t, J = 6.8 Hz, 7′′-CH3), 1.29 

(12H, m, alkyl chain), 1.34 (3H, d, J = 7.0 Hz, 2-CCH3), 1.46 (1H, ddd, J = 13.6 Hz, 6.5 

Hz, 6.4 Hz, pro-S-3-CH2), 1.84 (1H, ddd, J = 13.6 Hz, 7.2 Hz, 7.2 Hz, pro-R-3-CH2), 2.29 

(1H, dd, J = 13.4 Hz, 9.3 Hz, Bn-CH2), 2.97 (1H, dd, J = 13.4 Hz, 3.0 Hz, Bn-CH2), 3.20 
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(1H, dd, 5′′′-CH2), 3.46 (1H, dd, J = 9.1 Hz, 2.6 Hz, 5′′′-CH2), 4.14 (1H, ddt, J = 7.2 Hz, 

7.0  Hz, 6.4  Hz, 2-CH),  4.25 (1H,  m,  4′′′-CH),  6.90-7.10 (5H, m,  phenyl);  13C NMR 

(CDCl3; 100 MHz) δ 12.4, 14.3, 16.7, 17.5, 18.9, 22.9, 29.6, 29.7, 29.8, 32.1, 34.4, 38.1, 

38.3, 38.4, 55.6, 66.2, 127.6, 129.2, 129.7, 135.6, 153.3, 177.5. [α]D
28 = + 48° (c = 1.2, 

CHCl3).

(1′R,  2′R,  2S,  4′′′S)-4′′′-Benzyl-3′′′-[3-(2′-heptyl-cyclopropyl)-2΄-methyl-propionyl]-

oxazolidin-2′′′-one (8).  Colorless oil;  UV λ max 257 nm, IR υ 2918cm-1,  1776 cm-1, 

1692cm-1 ; 1H NMR (C6D6; 400MHz) δ 0.23 (1H, m, 3′-CH2), 0.39 (1H, m, 3′-CH2), 0.45 

(1H, m, 2′-CH), 0.59 (1H, m, 1′-CH), 0.92 (3H, t, J = 6.9Hz, 7′′-CH3), 1.29 (12H, m, 

alkyl chain), 1.33 (3H, d, J = 7.0 Hz, 2-CCH3), 1.43 (1H, ddd, J = 13.7 Hz, 6.9 Hz, 6.0 

Hz, pro-S-3-CH2), 1.84 (1H, ddd, J = 13.7 Hz, 7.3 Hz, 7.1 Hz, pro-R-3-CH2), 2.30 (1H, 

dd, J = 13.4 Hz, 9.7 Hz, Bn-CH2), 2.98 (1H, dd, J = 13.5 Hz, 2.7 Hz, Bn-CH2), 3.22 (1H, 

dd, 5′′′-CH2), 3.47 (1H, dd, J = 9.0 Hz, 2.5 Hz, 5′′′-CH2), 4.16 (1H, ddq, 7.3 Hz, 7.0 Hz, 

6.0 Hz, 2-CH), 4.23 (1H, m, 4′′′-CH), (5H, m, phenyl);  13C NMR (CDCl3, 100MHz) δ 

11.9, 14.3,  16.7, 17.4,  19.3, 22.9,  29.6, 29.7,  29.8, 32.1,  34.1, 38.1,  38.2, 55.7,  66.2, 

127.5, 129.1, 129.7, 135.6, 153.3, 177.6. [α]D
28 = + 42° (c = 2.5, CHCl3).

(1′S,  2′S,  2R,  4′′′R)-4′′′-Benzyl-3′′′-[3-(2′-heptyl-cyclopropyl)-2΄-methyl-propionyl]-

oxazolidin-2′′′-one (9).  Colorless oil; IR υ 2924cm-1,  1782 cm-1,  1693cm-1 ;  1H NMR 

(C6D6; 400MHz) δ 0.23 (1H, m, 3′-CH2), 0.39 (1H, m, 3′-CH2), 0.45 (1H, m, 2′-CH), 0.59 

(1H, m, 1′-CH), 0.92 (3H, t, J = 6.9Hz, 7′′-CH3), 1.29 (12H, m, alkyl chain), 1.33 (3H, d, 
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J = 7.0 Hz, 2´-CCH3), 1.43 (1H, ddd, J = 13.7 Hz, 6.9 Hz, 6.0 Hz, pro-S-3´-CH2), 1.84 

(1H, ddd, J = 13.7 Hz, 7.3 Hz, 7.1 Hz, pro-R-3´-CH2), 2.30 (1H, dd, J = 13.4 Hz, 9.7 Hz, 

Bn-CH2), 2.98 (1H, dd, J = 13.5 Hz, 2.7 Hz, Bn-CH2), 3.22 (1H, dd, 5´´-CH2), 3.47 (1H, 

dd, J = 9.0 Hz, 2.5 Hz, 5´´-CH2), 4.16 (1H, ddq, 7.3 Hz, 7.0 Hz, 6.0 Hz, 2´-CH), 4.23 

(1H, m, 4´´-CH); [α]D
28 = – 25° (c = 9.5, CHCl3).
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Figure IV.8: 1H NMR spectrum of 7 in C6D6
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Figure IV.9: 1H NMR spectrum of 7 in CDCl3
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Figure IV.10: 13C NMR spectrum of 7 in CDCl3
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Figure IV.11: 1H-1H Homonuclear decoupling experiment for 7 in C6D6 – Part 1
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Figure IV.12: 1H-1H Homonuclear decoupling for 7 in C6D6 – Part 2
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Figure IV.13: 1H-1H Homonuclear decoupling experiment for 7 in C6D6 – Part 3
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Figure IV.14: 1H-1H COSY spectrum of 7 in C6D6
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Figure IV.15: ROESY spectrum of 7 in C6D6
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Figure IV.16: LR FAB MS spectrum of 7
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Figure IV.17: IR spectrum of 7



156

Figure IV.18: 1H NMR spectrum of 8 in C6D6
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Figure IV.19: 1H NMR spectrum of 8 in CDCl3
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Figure IV.20: 13C NMR spectrum of 8 in CDCl3
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Figure IV.21: 1H-1H Homonuclear decoupling experiment for 8 in C6D6 – Part 1
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Figure IV.22: 1H-1H Homonuclear decoupling experiment for 8 in C6D6 – Part 2
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Figure IV.23: 1H-1H Homonulcear decoupling experiment for 8 in C6D6 – Part 3
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Figure IV.24: 1H-1H COSY spectrum of 8 in C6D6
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Figure IV.25: ROESY spectrum of 8 in C6D6



164

Figure IV.26: IR spectrum of 8
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Figure IV.27: 1H NMR spectrum of 9 in CDCl3
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Figure IV.28: IR spectrum of 9
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Figure IV.29: Geometry optimized 3D structures of 7 (above) and 8 (below)

The best conformers were obtained through conformer distribution calculation (molecular 
mechianics) and their geometry was optimized using ab initio calculations (HF 3-21G*). The 
stereoisomistry depicted here are what was predicted based on the SISTER method. However, 

the stereochemistry of the cyclpropanes were later determined to be the opposite of what is 
depicted here (see the text above).
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Figure IV.30: HPLC chromatogram for 4 and 7
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Figure IV.31: HPLC chromatogram for 5 and 8
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Figure IV.32: UV spectra of 7 and 8
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Use of biomimetic starting materials for expedient total synthesis of epiquinamide 

enantiomers: true identity of bioactive metabolite
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Abstract

A quinolizidine alkaloid isolated from a rainforest  frog,  Epipedobates tricolor, 

epiquinamide was initially regarded as a neuropharmacologically important compound 

due to its apparent selectivity for a nicotinic acetylcholine receptor subtype. In order to 

facilitate  pharmacological  and  absolute  stereochemical  investigation  of  the  molecule, 

concise  and scalable  syntheses  of  epiquinamide  enantiomers  were  accomplished  with 

high  overall  yields  and  high  stereoselectivity  from  readily  commercially  available 

materials. However, it  was found that none of the stereoisomers of epiquinamide was 

responsible  for  the  observed  bioactivity.  Through  this  error,  the  importance  of  total 

synthesis of a natural product is clearly highlighted.
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V.1 Introduction

In  order  to  discover  novel  natural  products  with  biomedically  relevant 

bioactivities,  relatively  untapped  sources  including  amphibian  skin  have  been 

investigated in the recent decades.1,2,3 In particular, rainforest frogs have proven to be a 

rich  source  of  bioactive  and  structurally  complex  alkaloids  (Figure  V.1).1,2 Typically, 

these  alkaloids  have  pyrrolidine  (1),  piperidine  (2),  pyrrolizidine  (3),  indole  (4), 

indolizidine  (5),  quinolizidine  (6),  or  decahydroquinoline  (7)  core  structures  with 

relatively low degrees of unsaturation.1,2 Having stereoelectronics similar to endogenous 

alkaloidal  compounds  essential  to  neurological  functions  in  higher  animals,  these 

secondary metabolites can have a variety of neurological activities both in vitro and in 

vivo.3 Many of the frog skin natural products have been traced back to the amphibian's 

dietary sources, such as insects and other arthropods.1 However, the ultimate source may 

Figure V.1: Frog skin alkaloids of various core skeletons
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be of microbial origin in some cases.4 This is an ecological theme parallel to that seen 

with microbial natural products isolated from marine invertebrates.4,5

Epibatidine  (8) was  isolated  from  an  Ecuadorian  frog  Epipedobates  tricolor 

(Figure V.2) in 1992 by Daly and co-workers and has become one of the cornerstone 

compounds  in  the  field  of  nicotinic  acetylcholine  receptor  (nAChR)  studies.2,3,6 

Epiquinamide (9)  was isolated along with 8  from the same frog species in 20037 and has 

attracted much attention due to its  potent and selective agonistic activities against  β2 

nicotinic  receptors.2,3,7 Its  potential  to  be  a  lead  compound  in  the  development  of 

pharmacological agents seemed promising, following the history of epibatidine.6,8 

Although a plethora of nicotinic receptor agonists have been discovered, none of 

them are known to be sufficiently selective for subtypes of the  nicotinic  acetylcholine 

receptors  (nAChR).9 There  are  varying  abundances  of  nAChR  subtypes  in  different 

tissues of the human body, and it is conceivable that by selectively targeting a certain 

tissue,  the  possibility  of  side  effects  could  be reduced.9 However,  the major  limiting 

factor in testing this compound was its low availability from nature (240  μg from the 

Figure V.2: Skin of Epipedobates tricolor contains epibatidine and epiquinamide

Epipedobates tricolor
Photograph from reference 3
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skins of 183 frogs).7 To meet this need and to explore new chemistry for the construction 

of the novel quinolizidine skeleton, a number of research groups have undertaken the 

total synthesis of 9.10 To date, there have been four11,12,13,14 enantiospecific total syntheses 

of (+)-9 and three12,15,16 enantiospecific total synthesis of (−)-9, respectively. In addition, 

there have been two racemic syntheses of  917,18 and two syntheses of the epimer of  9 

Scheme V.1: Reduction of dehydropiperidine: two stereochemical outcomes

Scheme V.2: Applying the synthetic logic of quinolizidine biosynthesis to the synthesis of 
epiquinamide skeleton
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(15).12,19 In the literature on epiquinamide, the optical rotation value of the natural product 

was never reported due to its low availability.7 Access to both enantiomers was therefore 

of great importance.

V.2 Rationale for epiquinamide synthesis strategy

The quinolizidine system could be  derived from a piperidine with  appropriate 

appendages that could be cyclized to give the second ring. The initial synthetic strategy 

was formed around the reductive amination reaction to furnish the bicyclic tertiary amine 

(Schemes IV.1 through IV.3). This idea was inspired by the observation that there had 

been little effort  to synthesize  cis-2,3-disubstituted piperidines.20,21,22 Some precedence 

exists in the literature that suggested that such reductive amination using H2 would give 

trans stereochemistry  via  chelation  control22 (Scheme  V.2;  H2 reaction)  while  cis 

stereochemistry would be achieved if hydride was used20 via a Felkin-Anh type transition 

state (Scheme V.2; hydride reaction).23 This latter stereochemical outcome was expected24 

Scheme V.4: Initial Retrosynthetic Analysis of Epiquinamide

Scheme V.3: Biomimetic synthesis of lupinamine by Wanner and Koomen
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for the stereoselective reduction of 2 based on the assumption that the protecting group 

would not chelate to the boron atom of NaBH3CN under acidic conditions.

The biosythesis of quinolizidine is generally thought to involve a lysine residue 

(Scheme V.3).25 Being inspired by nature's  strategy,  it  was  realized that  utilization of 

ornithine could result in retention of the chiral amine group and stereochemical guidance 

Figure V.3: X-ray crystal structure of epi-epiquinamide (15)

Scheme V.5: Total synthesis of (1R,9S)-epi-epiquinamide (16)
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by the  same  group  (Scheme  V.4).  This  strategy  eliminates  the  need  for  introducing 

chirality  at  any  point  in  the  synthesis.  In  order  to  maximize  the  flexibility  of  the 

synthesis, a biomimetic approach can be utilized without strictly adhering to a synthetic 

route that employs the exact chemistry used in the biosynthesis. For example, Koomen 

and  Wanner  have  achieved  biomimetic  synthesis  of  quinolizidine  alkaloids  including 

lupinamine (Scheme V.5).26 If  the same strictly biosynthetic  approach was applied to 

epiquinamide,  it  would be difficult  to  exert  enantioselectivity.  By starting out  with a 

naturally occurring chiral molecule and using it in a biomimetic manner, the synthesis 

can be both expedient and cost-effective.

V.3 Attempts to synthesize epiquinamide

The  cyclization  via  reductive  amination,  however,  yielded  trans-piperidine  in 

excellent de (13). The relative stereochemistry of this product was confirmed by an X-ray 

crystal structure of the Cbz-protected quinolizidine after the second cyclization (Figure 

V.3). This result may be explained by an exchange of ligands on the boron atom; i.e., the 

chelation model. If the oxygen atom of the Boc group becomes one of the ligands, the 

tethered cyanoborohydride would transfer its hydride from the Si face (when R and R' are 

those of 9 in Scheme V.2) rather than the Re face.

Subsequently,  two  alternative  routes  that  utilize  an  acyliminium ion  as  a  key 

intermediate were devised (Schemes IV.6 and IV.7). One route features addition of vinyl 

borylate to the acyliminium ion27 (from 13) and the other route centers around a hetero 

Diels-Alder reaction28 with the acyliminum ion (from 22) as the dienophile. Despite some 
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Scheme V.6: Proposed total synthesis of (+)-epiquinamide via boron nucleophilic 
addition to acyl imminium ion

Scheme V.7: Proposed total synthesis of (+)-epiquinamide via hetero Diels-Alder
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of the promising precedents in the literature, these approaches proved unsuccessful due to 

complications with the unstable acyliminium ion.

V.4 Total synthesis of epiquinamide

According to the chelation model, borohydride reduction of the ketone 29 should 

give  the  anti  configuration.29,30 Using a  similar  synthetic  logic  as  applied  to  the  first 

attempted  synthesis  (Scheme  V.1),  the  first  piperidine  ring  can  be  synthesized  via 

cyclization through SN2 displacement as shown in Scheme V.7. The substrate for the SN2 

reaction can be easily derived from a corresponding amino alcohol,　such as 30, which 

could be synthesized from ornithine.

The  synthesis  of  the  intramolecular  SN2 substrate  began  with  a  commercially 

available  ornithine derivative  10,  which was first  converted smoothly to  the Weinreb 

amide 29 using a common coupling condition (Scheme V.8).31,32 After simple washings, 

the  product was fairly pure and required no further purification. Upon treatment with an 

Scheme V.8: Retrosynthetic analysis of (+)-epiquinamide
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allyl  Grignard  reagent,33 we  obtained  the  ketone  30 as  white  crystals.  Chelation-

controlled  hydride  reduction  of  30 yielded  a  highly  crystalline  alcohol,  28  (Scheme 

V.10).30,34 By  1H and  13C NMR, none of  the  other  diastereomer  was observed in  the 

crystallized product, whose stereochemistry was ultimately proven by completion of the 

total  synthesis  and  comparison  to  epi-epiquinamide  (15).35 Mesylation  of  the  amino 

alcohol  proceeded  smoothly  with  an  excellent  yield,  and  again  the  product  was 

crystalline.  Therefore,  the  synthesis  of  the  SN2  substrate  31 was  accomplished  very 

conveniently and without chromatographic purification unless recovery of the residual 

amount of the product in the filtrate was desired.

Transformation of the mesylate  31 to the title compound was accomplished as 

shown  in  Scheme  V.8.  Removal  of  the  Boc  group  in  TFA/CH2Cl2 followed  by 

intramolecular  SN2  cyclization  induced  by  K2CO3 and  subsequent  N-alkylation  in 

acetonitrile yielded the diallyl piperidine 27 in good yield.36,37,38,39,40 The synthesis of the 

Scheme V.9: Total synthesis of (+)-epiquinamide
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epiquinamide skeleton was concluded by ring-closing metathesis (RCM) reaction on 27 

using the Grubbs second-generation catalyst.41,42 It is noteworthy that this was one of the 

earlier  examples  of  a  basic  and  relatively  unhindered  N-allyl  group  undergoing 

ruthenium-catalyzed RCM.43,44 The scope of functional group tolerance by the Grubbs 

second-generation  catalyst  seems  to  be  greater  than  the  consensus  at  the  time.42,43,44 

However, the purification of this rather polar RCM product presented difficulties.45 The 

problem  was  overcome  when  Cho  and  Kim’s  method  was  employed  with  a  small 

modification.46 Since  then,  a  phosphine-free  ruthenium  catalyst  (second-generation 

Hoveyda-Grubbs catalyst) became commercially available, thereby making some of the 

purification issues obsolete.47,48

Deprotection, alkene reduction, and acetylation were accomplished in one pot by 

hydrogenation of  32 in ethanol with acetic anhydride (8 steps overall).49 A better yield 

was observed when this process was separated into two steps as shown in Scheme V.8 (9 

steps overall).11 By 1H and 13C NMR, a single isomer was observed. This material had the 

identical  1H and  13C NMR and IR spectra and HR mass (EI) to those of the authentic 

material.7 The reproducible overall yields of (+)-9 beginning from 10 were 38% and 28% 

Scheme V.10: Chelation-controlled hydride reduction of ketone (30)

After the aluminum hydride source chelates with both the ketone oxygen and the carbamate 
nitrogen, it transfers the hydride onto the less hindered face of the ketone. Subsequent hydrolysis 

yields the reduced product 28.
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for the longer and shorter sequences, respectively. The specific optical rotation value also 

matched that of the material from the previous total synthesis ((+)-9  [α]22
D = +24°   (c 

0.10, CHCl3)).50 Only three chromatographic purification steps were required throughout 

the synthesis. The synthesis of the other enantiomer was performed in the same manner 

starting with commercially available δN-Boc-αN-Cbz-D-ornithine. This latter synthesis 

was accomplished in two weeks, demonstrating the practicality of this synthetic route 

((-)-9 [α]22
D = –22º, c 0.13, CHCl3).51 In comparison to other enantiospecific syntheses of 

9 (12-15 steps),11-17 efficiency of this synthesis is outstanding. This is largely due to the 

choice of a biomimetic starting material as mentioned earlier.

V.5 Bioactivity and absolute stereochemistry of epiquinamide

With  both  of  the  enantiomers  of  epiquinamide  in  hand,  the  next  goal  was  to 

determine  the  absolute  stereochemistry  of  natural  epiquinamide.  Neither  the  optical 

rotation value nor the circular

dichroism spectrum of the authentic natural product was ever reported.7 In the absence of 

access  to  the  natural  sample  for  comparison  in  chiral  chromatography  with  the  two 

synthetic enantiomers, the only plausible method of stereochemistry determination was to 

compare the biological activity of the two isomers. If one was as active as the reported 

natural product, but not the other stereoisomer, then it can be concluded that the former 

isomer possesses the natural stereo-configuration.

However,  neither  of  the  compounds  were  active  in  the  in-house  Na+ channel 

activation  and  blocking  activity  assays  using  neuroblastoma  cells  (Neuro  2a),52 the 

cytotoxicity assays using human lung cancer cells (H460), or the brine shrimp assay. 
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Furthermore, Gallagher and coworkers independently reported that racemic epiquinamide 

was inactive in their competitive binding assays using [3H]epibatidine.53 With all of these 

results combined, it was considered highly likely that the active compound in the original 

sample from the frogs  was not  epiquinamide,  but  some other  exceptionally bioactive 

contaminant.

Two years later, Rutjes and coworkers compared their synthetic standards of both 

enantiomers of epiquinamide with the authentic sample and determined that the natural 

compound is the dextrorotatory isomer ((1S,9S)-(+)-epiquinamide).13 Subsequently, Fitch 

and coworkers reported GCMS evidence that the observed bioactivity of epiquinamide 

was  due  to  a  trace  amount  of  cross-contamination  of  epibatidine  (8).19 This  rather 

unfortunate  finding  demonstrates  yet  another  benefit  of  total  synthesis  of  a  natural 

product; the total synthesis helps to confirm the identity of the bioactive metabolite.

“While  these  data  are  somewhat  embarrassing  to  report,  they  are  not 
entirely unusual in the isolation of natural products. Further, the results are 
a reminder that the presence of multiple active substances in an extract (in 
this  case  compounded  by  small  amounts  of  sample  available)  can 
sometimes lead to erroneous results from cross-contamination that are not 
always  evident  a priori.  This  underscores  the  importance  of  obtaining 
synthetic  material  whenever  possible  to  corroborate  both  structure  and 
pharmacology. In this case, we were able to produce a correct structure, 
but were misled by contamination in the pharmacology. Often with more 
complex  structures,  the  converse  occurs.  Thus,it  is  important  that  the 
pharmacognosist  work  in  collaboration  with  the  synthetic/medicinal 
chemist to produce data that are unequivocal.”
Fitch et al, 200919

V.6 Conclusion

Epiquinamide, a trace natural product isolated from amphibian skin in an effort to 

discover a subtype selective nAChR agonists, was enantioselectively synthesized from a 
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biomimetic  starting  material  in  an  extremely  concise  and  efficient  manner.  The 

unfortunate  realization  that  the  structure  9 does  not  possess  the  reported  bioactivity 

further confirms the contemporary need for total synthesis of novel natural products.

V.7 Experimental Section

General

Unless noted otherwise, all materials were purchased from commercially available 

sources  and  were  used  without  further  purification.  Anhydrous  dichloromethane  and 

diethyl ether were purchased from VWR. All reactions were carried out under dry argon 

atmosphere unless otherwise noted. Flash chromatorgraphy was performed using Fisher 

silica gel (230-400 mesh). TLC was performed using EM Science pre-coated silica gel 

plates (Merck 60 F254). Melting points were determined on an Electrothermal Mel-Temp 

device and are  uncorrected.  Optical  rotations  were  measured on a  Rudolph Research 

Autopol III polarimeter and a Jasco P1010 polarimeter. IR spectra were recorded on a 

Nicolet Magna-IR 550. For  11-16,  1H NMR and  13C NMR spectra were recorded on a 

Bruker spectrometer (300 MHz and 75 MHz, respectively). For  27-32 and  9,  1H NMR 

and 13C NMR spectra were recorded on a Varian Inova spectrometer (500MHz) or on a 

Varian Inova spectrometer  (300 MHz and 75 MHz,  respectively).  1H and  13C spectra 

recorded in CDCl3 were referenced to the residual solvent peaks at 7.26 ppm and 77.0 

ppm,  respectively.  High resolution  mass  spectra  were recorded on a  ThermoFinnigan 

MAT900XL spectrometer.
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(S)-methyl  12,12-dimethyl-3,10-dioxo-1-phenyl-2,11-dioxa-4,9-diazatridecane-5-

carboxylate (11). To αN,δN-protected ornithine 10 (718 mg, 1.96 mmol) in CH2Cl2 (10 

mL) at 0 ºC were added anhydrous MeOH (300 μL, 7.4 mmol), DMAP (43 mg, 0.35 

mmol), EDC·HCl (403 mg, 2.10 mmol), and Et3N (280 μL, 2.0 mmol) successively. After 

the  reaction  mixture  was  warmed  to  rt  over  night  under  stirring,  the  volatiles  were 

removed  under  vacuum.  The  residues  were  resuspended  in  Et2O.  The  solution  was 

washed  with  0.5  M  HCl,  1M  NaHCO3,  and  brine  successively.  Upon  drying  over 

Na2SO4, the solution was passed through a silica gel plug (1:1 EtOAc / Hex) and the 

solvents were removed under vacuum. Colorless gummy substance (11; 703 mg, 1.85 

mmol, 94%) was obtained, and it was pure enough for the subsequent reactions. TLC Rf 

= 0.43 (1:1 EtOAc / Hex). 1H and 13C NMR spectra: see Figures V.4 and 5.

(S)-αN-Cbz, δN-Boc 6,9-diaminonon-1-en-5-one (12). To the suspension of CuCN (330 

mg, 3.68 mmol) in THF (7 mL) at  −78 ºC was added 1.0 M vinyl magnesium bromide 

solution in THF (50 mL) over ~7 min. The solution of 11 (3.14 g, 8.25 mmol) in THF (30 

mL) was cannulated in over 5 min. The reaction mixture was gradually warmed to rt over 
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night under stirring. The mixture turned black. After cooling to 0 ºC, the reaction was 

quenched by addition of 1M HCl (200 mL) and the mixture was stirred for 15 min. Then 

the mixture was extracted with Et2O thrice. The combined organic layer was washed with 

1M NaHCO3, water, and brine successively. Upon drying over Na2SO4, the solution was 

concentrated  under  vacuum  and  the  residues  were  subjected  to  flash  column 

chromatography to obtain off-white solid (12; 3.056 g, 7.56 mmol, 92%). TLC Rf = 0.57 

(1:1 EtOAc / Hex). 1H and 13C NMR spectra: see Figures V.6 and 7.

(2R,3S)  benzyl-2-(but-3-enyl)piperidin-3-ylcarbamate  (13).  To  the  solution  of  the 

ketone  12 (1.72 g, 4.27 mmol) in CH2Cl2 (25 mL) at rt was added TFA (25 mL). The 

solution was stirred at rt for 1 hr and the volatiles were removed under vacuum. The oily 

residues were dissolved in i-PrOH (40 mL) and the solution was cooled to 0 ºC. NaOH 

solution in EtOH was added to adjust the pH to ~3. NaBH3CN (1.38 g, 22.0 mmol) was 

added in two portions and the solution was warmed to rt over night under stirring. Then 

1M HCl (30 mL) was added to quench the reaction. Evolution of H2 gas was observed. 

The  volatiles  were  removed  under  vacuum.  To  the  residues  were  added  saturated 

NaHCO3 and the aqueous layer was extracted with CH2Cl2 twice and CHCl3 twice. The 

combined organic  layer  was dried over  Na2SO4.  Upon removal  of the solvents  under 

vacuum, the residues were subjected to flash column chromatography using silica gel 



189

(0.5% Et3N buffer, 1:49 MeOH / CH2Cl2 to 1:4 MeOH / CH2Cl2) to obtain the product 

(13; 325 mg, 1.13 mmol, 26% over two steps). 1H and 13C NMR spectra: see Figures V.8 

and 9.

(2R,3S)  benzyl-2-(4-hydroxybutyl)piperidin-3-ylcarbamate  (14).  No  experimental 

details. 1H and 13C NMR spectra: see pages Figures V.10 and 11.

(1S,9aR) benzyl-octahydro-1H-quinolizin-1-ylcarbamate (15). To the solution of the 

amino alcohol 14 (56 mg, 0.183 mmol) in CH2Cl2 were added CBr4 (91 mg, 0.27 mmol) 

and PPh3 (120 mg, 0.46 mmol) successively at  0 ºC under stirring.  The solution was 

warmed to rt quickly after 30 min, and it was kept at rt for 2.5 hrs. Then Et3N (64 μL, 

0.46  mmol)  was  added,  which  made  the  solution  turn  yellow.  The  solution  was  left 

stirring at rt for over night. Upon quenching the reaction with 1M HCl (30 mL),  the 

organic phase was washed with 1M HCl (20 mL x 3). The combined aqueous phase was 

basified with solid NaOH, and it was extracted with CH2Cl2 (30 mL x 4). Upon drying 

over K2CO3 and removal of the solvent under vacuum, the residues were subjected to 
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flash  column  chromatography  using  silica  gel  (1:9  MeOH  /  CH2Cl2).  However,  the 

product was still contaminated with phosphine compounds and it was further purified by 

semi-prep HPLC using a Synergi 4μ Hydro-RP 80A (250 x 10 mm) column (1.2 mL / 

min H2O to 1.5 mL / min 5:3 MeCN / H2O) with acetic acid buffer (0.1%). The product 

(15) had a retention time of 6.02 min (31 mg, 0.11 mmol, 59%). 1H and 13C NMR spectra: 

see Figures V.12 and 13.

9-epi-epiquinamide (16). No experimental details. 1H and 13C NMR spectra: see Figures 

V.14 and 15. GCMS data: see Figure V.16.

(2S)-2-benzyloxycarbonylamino-5-tert-butyloxycarbonylamino-(N-methoxy-N-

methyl)pentanoyl amide (29). To αN,δN-protected ornithine 10 (7.285 g, 19.88 mmol) 

in CH2Cl2 (80 mL) stirring vigorously at 0 ºC was added  N,O-dimethylhydroxylamine 

hydrochloride (2.180 g, 22.35 mmol), Et3N (3.78 mL, 26.90 mmol), (3-dimethylamino-

propyl)-ethyl-carbodiimide hydrochloride (4.216 g, 21.99 mmol), and 4-dimethylamino 

pyridine (240 mg, 1.96 mmol) sequentially.  The resulting solution was left  stirring to 

warm up to room temperature over night (18 hours). The volatiles were removed on a 
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rotary evaporator and the residue was suspended in ethyl acetate (200 mL). The insoluble 

solids were filtered off and rinsed with EtAcO. The filtrate was sequentially washed with 

0.2 M HCl, water, 1.0 M NaHCO3, water, and brine and was dried over MgSO4. After 

filtration using Celite®, the solvents were removed under vacuum and a colorless glass 

(29) was obtained and was used without purification for the next step. (7.564 g, 18.47 

mmol, 93%). TLC Rf = 0.30 EtAcO/hexane (3:2). [α]D
24 –6.3º (c 1.20, CHCl3). IR (film) 

3332, 3080, 3024, 2975, 2936, 1709, 1654, 1530, 1450, 1398, 1367, 1250, 1160 cm-1. 1H 

NMR (500 MHz, CDCl3) δ 7.26-7.36 (m, 5H), 5.53 (d,  J = 9.0 Hz, 1H), 5.08 (m, 2H), 

4.73 (m, 1H), 4.57 (m, 1H), 3.77 (s, 3H), 3.20 (s, 3H), 3.12 (m, 2H), 1.70-1.80 (m, 2H), 

1.49-1.61 (m, 2H), 1.41 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 172.3, 156.1, 155.8, 136.2, 

128.4, 128.0, 127.9, 79.0, 66.8, 61.5, 50.6, 40.0, 30.0, 28.3, 25.8. HRMS (EI): calcd for 

C20H32N3O6 (M + H): 410.2286, found: 410.2287.

(5S)-2-benzyloxycarbonylamino-5-tert-butyloxycarbonylamino-4-oxo-1-octene  (30). 

To the solution of allylmagnesium bromide in Et2O (1.0 M, 100 mL, 100 mmol) at -78 ºC 

was added the solution of the Weinreb amide 29 (9.060 g, 22.13 mmol) in Et2O (135 mL) 

dropwise over 1 hour while vigorously stirring. The resulting slurry mixture was warmed 

to  room temperature  and  stirred  for  30  min.  Upon  cooling  to  -10  ºC,  aqueous  HCl 

solution (1.0 M, 125 mL) was added carefully and the mixture was stirred for 5 min at 

-10 ºC. After partitioning, the aqueous layer was extracted with Et2O (30 mL × 3) and the 
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combined organic layer was washed sequentially with cold 0.1 M HCl, cold water, cold 

1.0 M NaHCO3,  and brine,  and then was dried over MgSO4.  Upon filtration through 

Celite®,  the  solvents  were  removed  under  vacuum.  The  residue  was  dissolved  in  a 

mixture of Et2O and CH2Cl2, and hexane was added and the product was re-crystallized 

(7.138 g, white needles). The filtrate was concentrated under vacuum and was purified by 

flash chromatography (EtAcO / hexane 1:9 to 1:4). The separation of the double bond-

isomerized products from the desired product was difficult. The product (30) was a white 

solid (total 7,420 g, 19.00 mmol, 86%). TLC Rf = 0.46 EtAcO / hexane (2:3). Mp 85~86 

ºC. [α]D
24 +46º (c 0.34, CHCl3). IR (film) 3332, 3080, 3025, 2975, 2936, 1693, 1639, 

1525, 1452, 1250, 1168 cm-1. 1H NMR (500MHz, CDCl3) δ 7.29-7.37 (m, 5H), 5.82-5.96 

(m, 1H), 5.55 (d, J = 7.2 Hz, 1H), 5.23-5.19 (m, J =11.0 Hz, 1H), 5.13-5.09 (m, J = 11.0 

Hz,  1H),  5.09 (s,  2H),  4.57 (bs,  2H),  4.44-4.50 (m,  1H),  3.28  (d,  J =  6.6  Hz,  2H), 

3.09-3.17 (m, 2H), 1.86-1.97 (m, 2H), 1.46-1.59 (m, 2H), 1.43 (s, 9H).  13C NMR (75 

MHz, CDCl3) δ 206.5, 156.0,156.0, 136.2, 129.5, 128.5, 128.2, 128.1, 119.5, 79.3, 67.0, 

59.1,  59.0,  44.5,  39.9,  28.6,  28.4,  25.8.  HRMS (EI):  calcd  for  C21H31N2O5
 (M + H): 

391.2227, found: 391.2221.

(4R,5S)-5-benzyloxycarbonylamino-8-tert-butyloxycarbonylamino-4-hydroxy-1-

octene (28).  To the suspension of LiAl(Ot-Bu)3H (10.25 g, 40.31 mmol) in EtOH (70 

mL) stirring at -78 ºC was added ketone  30 (3.952 g, 10.12 mmol) in EtOH (70 mL) 
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dropwise over 30 min. After stirring for 5 hours at -70 to -78º C, 10% citric acid (100 

mL) was added, and the mixture was stirred for 20 min. This mixture was extracted with 

CH2Cl2 four  times,  and  the  combined  organics  were  washed  with  water,  saturated 

NaHCO3, brine and dried over Na2SO4. Upon concentration under vacuum, the mixture 

was dissolved in minimal amount of CH2Cl2 / Et2O (1:2) and small amount of hexane was 

added. After slow cooling to -20 ºC, crystals were washed with Et2O / hexane (1:1) and 

then dried under vacuum (3.516 g). The filtrate containing the product was purified by 

flash chromatography (EtAcO / hexane 1:9 to 1:1) after concentration under vacuum (28; 

total 3.703g, 9.435 mmol, 93%). TLC Rf = 0.33 EtAcO / hexane (1:1). Mp 106 ºC. [α]D
24 

+22º (c 0.37, CHCl3). IR (film) 3348, 3317, 3068, 2944, 1689, 1538, 1452, 1260, 1160. 

1H NMR (300 MHz, CDCl3)  δ  7.26-7.38 (m,  5H),  5.74-5.88 (m,  1H),  5.16 (m,  2H), 

5.05-5.12 (m, 2H), 5.09 (s, 2H), 4.57 (m, 1H), 3.67 (m, 2H), 3.11 (m, 2H), 2.11-2.32 (m, 

2H), 1.51-1.70 (m, 2H), 1.28-1.51 (m, 11H). 13C NMR (300 MHz, CDCl3) δ 156.6, 156.1, 

136.4, 134.4, 128.5, 128.1, 128.1, 118.3, 79.2, 73.2, 66.8, 55.0, 40.3, 38.3, 28.4, 26.8, 

26.2. HRMS (EI): calcd for C21H33N2O5 (M + H): 393.2384, found 393.2375.

(4R,5S)-5-benzyloxycarbonylamino-8-tert-butyloxycarbonylamino-4-

methanesulfonyloxy-1-octene (31). To the solution of the amino alcohol  28 (4.2807 g, 

10.91 mmol)  in  CH2Cl2 (320 mL) stirring at  -15 ºC was added Et3N (3.13 mL, 22.3 

mmol). Methanesulfonyl chloride (1.27 mL, 16.4 mmol) was added dropwise, and then 4-
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dimethylaminopyridine (702 mg, 5.75 mmol) was added. The solution was left stirring at 

temperature ranging from -15 ºC to 0 ºC for 4 hours. Cold water (100 mL) was then 

added  rapidly  at  0  ºC.  The  mixture  was  extracted  with  CH2Cl2 three  times  and  the 

combined organics were washed with cold 1.0 M HCl, cold water, cold NaHCO3, and 

dried  over  Na2SO4.  Upon  removal  of  the  solvents  under  vacuum,  the  product  was 

recrystallized  from CH2Cl2 /  Et2O /  hexane  system as  white  crystals  (4.838 g,  10.28 

mmol).  The  residual  product  in  the  filtrate  was  purified  by  flash  chromatography 

(EtAcO / hexane 1:9 to 2:3) and white solid (31)  was obtained (total  4.978 g, 10.58 

mmol, 97 % yield). TLC Rf = 0.70 EtAcO / hexane 1:1. Mp 67ºC. [α]D
24 –27º (c 0.50, 

CHCl3). IR (film) 3402, 2983, 2944, 1689, 1639, 1525, 1452, 1365, 1339, 1254, 1173, 

913 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.26-7.36 (m, 5H), 5.74-5.85 (m, 1H), 5.25 (m, 

1H), 5.18 (d,  J = 9.5 Hz, 1H), 5.16 (m, 1H), 5.10 (s, 2H), 4.83 (m, 1H), 4.58 (m, 1H), 

3.88 (m, 1H), 3.11 (m, 2H), 2.98 (s, 3H), 2.46-2.54 (m, 1H), 2.37-45 (m, 1H), 1.54-1.66 

(m, 2H), 1.27-1.49 (m, 11).  13C NMR (75 MHz, CDCl3) δ 156.1, 156.0, 136.4, 132.3, 

128.4,  128.0,  127.9,  119.2,  83.5,  79.2,  66.8,  53.0,  39.9,  38.5,  36.1,  28.3,  26.7,  25.4. 

HRMS (EI): calcd for C22H34N2O7S: 470.2081, found 470.2083.

(2S, 3S)-2-allyl-3-benzyloxycarbonylaminopiperidine (27). To the solution solution of 

the  mesylate  31 (2.734  g,  5.809  mmol)  in  CH2Cl2 (43  mL)  at  0ºC  was  added 
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trifluoroacetic acid (11 mL) dropwise over 5 min while stirring. Immediately the reaction 

mixture was warmed to room temperature and was stirred for 45 min. Upon cooling the 

reaction mixture to 0ºC again and diluting the mixture with CH2Cl2 (100 mL), 2M K2CO3 

solution (100 mL) was added carefully. This mixture was partitioned and the aqueous 

phase was extracted with CH2Cl2 (50 mL × 4). The combined organic phase was dried 

over anhydrous K2CO3 and was filtered through celite. The solvents were removed on a 

rotary evaporator.  The residues were then dissolved in CH3CN (450 mL),  and K2CO3 

(4.20 g, 30.4 mmol) was added in two portions over 3 hours. After stirring the mixture for 

24 hours, the mixture was gradually heated up to 70ºC over 1.5 hours. The consumption 

of the primary amine was confirmed on TLC, and the mixture was filtered through celite 

and was concentrated in vacuum to ca. 90 mL. After the addition of K2CO3 (1.78g, 12.9 

mmol),  the  mixture  was  stirred  for  30  min  at  room temperature.  Then  allylbromide 

(800μL,  9.19  mmol)  and  additional  K2CO3 (0.98  g,  7.1  mmol)  were  added  and  the 

mixture  was  left  stirring  at  room temperature  for  30  hours.  Additional  allylbromide 

(200μL,  2.30 mmol)  and K2CO3 (0.54 g,  3.9  mmol)  was added and the mixture was 

stirred at room temperature for 4 hours. Upon filtration of the mixture, the solvents were 

removed on a rotary evaporator. To the residues were added Et2O (200 mL) and saturated 

NaHCO3 (150 mL). After partitioning the phases, the aqueous phase was extracted with 

Et2O (50 mL × 4). The combined organic phases were dried over Na2SO4, and filtered 

through Celite®. After the removal of the solvents under vacuum, the residue was purified 

by flash chromatography (EtAcO /  hexane,  1:19 to 1:4),  yielding a colorless oil  (27; 

1.382 g, 4.395 mmol, 76 % over 2 steps). TLC Rf = 0.45 EtAcO / hexane 1:1. [α]D
24 = 

+16º (c 0.23, CHCl3). IR (film) 3427, 3078, 3029, 2942, 2864, 2811,1720, 1640, 1500, 
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1456, 1341, 1214, 919 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.28-7.38 (m, 5H), 5.86-5.71 

(m, 2H), 5.48 (m, 1H), 5.16-4.96 (m, 7H), 3.84 (m, 1H), 3.29 (m, 1H), 2.92 (m, 1H), 2.80 

(m, 1H), 2.35-2.46 (m, 2H), 2.15-2.03 (m, 2H), 1.84 (m, 1H), 1.64 (m, 1H), 1.47 (m, 1H), 

1.39 (m, 1H).  13C NMR (75 MHz, CDCl3) δ 155.5, 136.7, 134.9, 134.4, 128.3, 127.9, 

127.9, 117.6, 117.2, 66.3, 63.0, 56.3, 52.6, 48.1, 33.9, 29.5, 20.8. Both 1H and 13C NMR 

spectra  contain  rotamer  signals.55 HRMS (EI):  calcd  for  C19H26N2O2   (M):  314.1989, 

found 314.1994.

(1S,  10S)-1-benzyloxycarbonylamine-7,8-dehydroquinolizidine (31).  To the solution 

of the 1,2-diallyl piperazine  27 (1.131 g, 3.597 mmol) in CH2Cl2 (360 mL) was added 

Grubb’s 2nd generation catalyst (269 mg, 0.360 mmol) in two portions over 2 hours. The 

mixture  was  brought  to  reflux  slowly  and  the  temperature  was  reduced  to  room 

temperature after 2 hours for the second addition of the catalyst. Then the mixture was 

refluxed  again  for  5  hours  (while  monitoring  by  TLC)  and  cooled  again  to  room 

temperature. Silica gel (3.0 g) was added and the mixture was stirred for 10 min. The 

solids were filtered through Celite® and rinsed with CH2Cl2 thoroughly. To the filtrate was 

added activated charcoal (ca. 20 g) and the mixture was left stirring at room temperature 

over  night.  Upon filtration  through Celite®,  the  filtrate  was  concentrated  on  a  rotary 

evaporator. The residue was purified by flash chromatography on silica gel twice to yield 
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transparent  brown  oil  still  contaminated  with  a  miniscule  amount  of  the  ruthenium 

catalyst (32; 855 mg, 2.986 mmol, ). TLC Rf = 0.24 CH2Cl2 / MeOH 49:1. [α]D
24 –40º (c 

0.33 CHCl3). IR (film) 3431, 3055, 2960, 2807, 2758, 1718, 1644, 1500, 1337, 1217, 

1095 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.28-7.35 (m, 5H), 5.68-5.71 (m, 1H), 5.57 (m, 

1H), 5.10 (s, 2H), 3.77 (dd, J = 9.2, 2.5 Hz, 1H), 3.19 (m, J = 16.4 Hz, 1H), 2.89 (dd, J = 

11.2, 2.2 Hz, 1H), 2.68 (m,  J = 16.4 Hz, 1H), 2.35 (m,  J = 8.3 Hz, 1H), 2.19-2.26 (m, 

1H), 2.03 (td, J = 12.2, 3.1 Hz, 1H), 1.93 (m, 1H), 1.90 (m, 1H), 1.75 (m, J = 12.9, 3.8 

Hz, 1H), 1.54 (m, J = 14.6 Hz, 1H), 1.49 (dt, J = 13.3, 3.7 Hz, 1H). 13C NMR (75 MHz, 

CDCl3) δ 156.2, 136.7, 128.4, 127.9, 127.8, 124.2, 123.4, 66.4, 58.9, 56.1, 54.3, 49.1, 

29.8, 27.8, 20.3. Both  1H and  13C NMR spectra contain rotamer signals.54 HRMS (EI): 

calcd for C17H22N2O2 (M): 286.1676, found 286.1677.

(+)-epiquinamide (9). Method A. To the solution of the dehydroquinolizidine  32 (200 

mg, 0.698 mmol) in EtOH (3.7 mL) was added Pd/C (10% wt, 180 mg) carefully. Argon 

was evacuated and H2 was bubbled into the mixture for 5 min. Then the reaction mixture 

was left stirring under H2 atmosphere over night using balloon pressure. Acetic anhydride 

(170 μL, 1.80 mmol) was added in three portions over 1 hour. The reaction mixture was 

left stirring again over night and then was filtered through Celite® and the filter case was 

rinsed  with  ethanol.  Upon  concentration,  the  residue  was  purified  by  flash 

chromatography on silica gel (CH2Cl2 / MeOH / 28% NH4OH(aq) 99:0.9:0.1 to 90:9:1) to 
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yield pale yellow solid (9; 87 mg, 0.44 mmol, 63 % yield). Rf = 0.39 CH2Cl2 / MeOH / 

28% NH4OH(aq) 90:9:1. Mp 130ºC. [α]D
24 +24º (c 0.10, CDCl3). IR (film) 3427, 2949, 

2862, 2814, 2766, 1637, 1540, 1376, 1295, 1211 cm-1.  1H NMR (300 MHz, CDCl3) δ 

6.24 (bs, 1H), 3.92 (m,  J = 8.8, 2.0 Hz, 1H), 2.78 (m, 2H), 2.01 (s, 3H), 1.94 (m, 3H), 

1.85 (m, J = 13.4 Hz, 1H), 1.72 (m, J = 13.2 Hz, 2H), 1.19-1.63 (m, 7H). 13C NMR (75 

MHz, CDCl3) δ 169.6, 64.4, 56.7, 56.6, 48.0, 29.5, 28.9, 25.4, 23.9, 23.4, 20.4. HRMS 

(EI): calcd for C11H21N2O1 (M + H): 197.1648, found 197.1650.

(+)-epiquinamide. Method B. To the solution of the dehydroquinolizidine 32 (290 mg, 

1.01 mmol) in EtOH (3.0 mL) was added Pd/C (10% wt, 100 mg) carefully. Argon was 

evacuated and H2 was bubbled into the mixture for 5 min. Then the reaction mixture was 

left stirring under H2 atmosphere over night using balloon pressure. The reaction mixture 

was left stirring again over night and then was filtered through Celite® and the filter cake 

was rinsed with ethanol. The solvent was removed under vacuum, and the residues were 

dissolved in dioxane (10 mL). While stirring, aqueous solution of NaOH (1.0 M, 10 mL) 

was added slowly at room temperature. After 2 hours, the reaction mixture was extracted 

with CH2Cl2 (20 mL × 4). The organic layer was dried over Na2SO4 and was concentrated 

under vacuum. The residue was purified by flash chromatography on silica gel (CH2Cl2 / 

MeOH / 28% NH4OH(aq) 99:0.9:0.1 to 90:9:1) to yield pale yellow solid (9; 173 mg, 

0.881 mmol, 87 % yield).
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(-)-epiquinamide. TLC Rf = 0.39 CH2Cl2 / MeOH / 28% NH4OH(aq) 90:9:1.  [α]D
24 –22º 

(c 0.13, CHCl3). . 1H and 13C NMR: identical to (+)-9. HRMS (EI): calcd for C11H21N2O1 

(M + H): 197.1648, found 197.1648.
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NMR Spectra

Figure V.4: 1H NMR Spectrum of 11 in CDCl3
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Figure V.5: 13C NMR Spectrum of 11 in CDCl3
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Figure V.6: 1H NMR Spectrum of 12 in CDCl3
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Figure V.7: 13C NMR Spectrum of 12 in CDCl3
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Figure V.8: 1H NMR Spectrum of 13 in CDCl3
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Figure V.9: 13C NMR Spectrum of 13 in CDCl3
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Figure V.10: 1H NMR Spectrum of 14 in CDCl3
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Figure V.11: 13C NMR Spectrum of 14 in CDCl3
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Figure V.12: 1H NMR Spectrum of 15 in MeOH-d4
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Figure V.13: 13C NMR Spectrum of 15 in MeOH-d4
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Figure V.14: 1H NMR Spctrum of 16 in CDCl3
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Figure V.15: 13C NMR Spectrum of 16 in CDCl3
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Figure V.16: EI-GCMS Chromatogram and Mass Spectrum of 16
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Figure V.17: 1H NMR spectrum 29 in CDCl3
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Figure V.18: 13C NMR spectrum of 29 in CDCl3
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Figure V.19: 1H NMR spectrum of 30 in CDCl3
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Figure V.20: 13C NMR spectrum of 30 in CDCl3
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Figure V.21: 1H NMR spectrum of 28 in CDCl3
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Figure V.22: 13C NMR spectrum of 28 in CDCl3
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Figure V.23: 1H NMR spectrum of 31 in CDCl3
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Figure V.24: 13C NMR spectrum of 31 in CDCl3
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Figure V.25: 1H NMR spectrum of 27 in CDCl3
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Figure V.26: 13C NMR spectrum of 27 in CDCl3



223

Figure V.27: 1H NMR spectrum of 32 in CDCl3
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Figure V.28: 13C NMR spectrum of 32 in CDCl3
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Figure V.29: 1H NMR spectrum of (+)-9 in CDCl3
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Figure V.30: 13C NMR spectrum of (+)-9 in CDCl3
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Figure V.31: 1H NMR spectrum of (-)-9 in CDCl3
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Figure 34: 13C NMR spectrum of (+)-9Figure 33: 1H NMR spectrum of (-)-9Figure V.32: 13C NMR spectrum of (-)-9 in CDCl3
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Chapter VI

Stereospecific total synthesis of somocystinamide A; an extremely potent antiangiogenic 

marine natural product containing synthetically challenging functional groups.
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Abstract

A marine cyanobacterial metabolite, somocystinamide A, has been shown to have 

exceptional  anti-angiogenic  activities  through  caspase-8-mediated  apoptosis  of 

endothelial cells. Due to its promising bioactivity profile, total synthesis of this natural 

product  was  accomplished  despite  synthetically  challenging  features  including  an 

enamide and disulfide. After an initial successful route was developed, the total synthesis 

was revised to be suitable for larger-scale synthesis to provide for in vivo evaluations and 

analog production.
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VI.1 Introduction

Over the last few decades, natural products 

have  been  directly  or  indirectly  responsible  for 

over 60% of the new small molecule drugs tested 

in  clinical  trials.1 Of  various  sources  of  natural 

products, marine organisms represent a relatively 

new frontier.1,2 Marine cyanobacteria of the genus 

Lyngbya have been an exceptionally rich source of 

biologically significant natural products.2 Somocystinamide A (1) was isolated from a 

mixed assemblage of Schizothrix and Lyngbya majuscula collected in Somo Somo, Fiji.3 

The initial report by Nogle and Gerwick cited its activity against Neuro-2a neuroblastoma 

cells with an IC50 value of 1.8 µM.3

 Subsequently,  1 was found to have extremely potent cytotoxic activity against 

human umbilical vein endothelial cells (HUVEC) with an IC50 of 500 fM.4 HUVEC cells 

Somocystinamide A

Figure VI.1: Antiangiogenic activity of 1 in zebrafish

Transgenic Tg(fli1:EGFP) zebrafish embryos in which GFP is expressed in endothelial cells were 
incubated without (control) or with increasing concentrations of 1: 3 μM, 1.6 μM, 300 nM, 160 

nM, or 80 nM. The GFP gene was coupled to the VEGF gene so that fluorescence would be 
observed at sites where angiognesis (promoted by VEGF) was occurring. Blood vessel 

morphology was recorded by fluorescence microscopy. 
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are  primary  endothelial  cells  derived  from human  tissues  and  are  a  good model  for 

studying angiogenesis.5 In cancer therapy, it is crucial to have control over angiogenesis 

in  the  tissues  surrounding  a  tumor.  Growing tumors  need  an  even  greater  supply of 

nutrients  from the blood than normal  tissue.  Therefore,  a  compound that  inhibits  the 

growth of HUVEC cells would be expected to be advantageous against cancer through 

anti-angiogenic effects. Furthermore, 1 was shown to be cytotoxic against A549 (human 

lung carcinoma) cells with an IC50 value of 46 nM.4

Vascular endothelial growth factor (VEGF) is a key growth factor that is involved 

in  angiogenesis.5 In  rapidly  developing  organisms,  the  presence  of  this  protein  in  a 

particular  area  indicates  active  formation  of  blood  vessels.  The  use  of  transgenic 

zebrafish embryos, which are transparent, allows direct observation of a drug's effects on 

angiogensis through the visualization of  green  fluorescent  protein (GFP) that is placed 

under  the  control  of  a  VEGF promotor.6 In  such  a  study by our  collaborators  at  the 

Moores Cancer  Center,  somocystinamide A (1)  was found to  significantly reduce the 

level of GFP, and thus indicate a reduced level of VEGF activity present in zebrafish 

embryos even at low drug concentrations (<0.1 μM, the media concentration).4 Equally 

significant, the zebrafish were not adversely affected by the compound even at 1.6 μM,4 

providing a large potential therapeutic window (Figure VI.1).

Of the various mechanisms by which a cell can be killed by a chemical agent, 

apoptosis is the most effective mechanism. This is because certain forms of apoptotic 

processes  can be initiated,  in  principle,  by as little  as a single  molecule  coming into 

contact with the corresponding receptor on the cell surface.7 Therefore, when extremely 

potent cytotoxicity is observed, it  is reasonable to hypothesize that the cytotoxicity is 
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Figure VI.3: Extrinsic pathway via activation of caspase-8 leading to apoptosis

FAS: Fas death receptor, TNFR: tumor necrosis factor receptor, FADD: Fas-associated protein 
with death domain, CAD: caspase activated DNase, ICAD: inhibitor of CAD. Scissors indicate 

proteolytic activities.

Cell Membrane

Nucleus

Cell membrane

Figure VI.2: Impact of somocystinamide A (1) on proliferation of paired neuroblastoma 
cells lacking caspase 8 expression (triangles) or expressing caspase 8 (squares)4

Caspase-8 potentiates the activity of 1 by 50 fold.
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caused via an apoptotic mechanism. A study conducted using two neuroblastoma-7 cell 

lines, one with caspase 8 expression and the other without it, lends further evidence to the 

hypothesis that somocystinamide A is an apoptosis inducer.8 The former cell line was 

found to be 50-fold more susceptible to the effects of  1 than the latter (Figure VI.2).4 

Caspase 8 is normally an inactive protease, but once activated through recruitment by 

FADD proteins at the death receptor and subsequent self-proteolysis of the pro-domain, it 

can activate executioner caspases (caspases-3,6,7), which will exercise their destructive 

proteolytic ability and cause apoptosis (Figure VI.3).7 Because the initial recruitment of 

Figure VI.4: Intrinsic pathway via activation of caspase-9 leading to apoptosis

Upon binding of cytochrome c and dATP, Apaf-1 (apoptotic peptidase activating factor 1) recruits 
procaspase-9 through its caspase recruitment domain (CARD) and releases the active form of 

caspase-9. The rest of the apoptotic events are essentially identical to those of the extrinsic 
pathway (Figure VI.3).
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the pro-caspase 8 is induced through an extracellular  signal,  this  process is  called an 

extrinsic  pathway.7 Interestingly,  1 was  also  found  to  intrinsically  trigger  apoptosis 

through the caspase-9 pathway (Figure VI.4), but to a lesser extent.4 Moreover, when 1 

was reduced to the corresponding monomeric thiol, its bioactivity was lost, suggesting 

that  either  the  dimeric  nature  or  the  disulfide  functionality of  1 is  necessary for  the 

activity.4 Conformer distribution calculation of  1 revealed evidence for intramolecular 

hydrogen bonding between the acetamide groups, which would hold the molecule in a 

pair-of-forceps fashion (Figure VI.5). Given that the enamide functionality appears to be 

necessary  for  the  bioactivity,  it  is  possible  that  each  enamide  functionality  in  1 is 

responsible for recruitment of a pro-caspase-8 protein and that a pair of pro-caspase-8 

proteins are brought together through the virtue of the aforementioned conformation.

Furthermore, examination of A549 cells stained with DAPI, anti-ceramide, and 

anti-caspase-8 suggested that the mechanism of somocystinamide A-mediated apoptosis 

Figure VI.5: Most stable conformer of somocystinamide A found through molecular 
modeling

Molecular mechanics-level calculation was used for conformer search. The distance between the 
amide NH proton and the amide oxygen in the center of the figure is only 2.2 Å.
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involved  structural  alterations  to  the  plasma  membrane.4 To  determine  whether  the 

observed activity was simply due to the lipophilic nature of the natural product, an analog 

of  1 that  lacks any functionalization in the middle of the chain was tested (2).9 This 

analog (2) was found to be completely inactive. Likewise, the hydrolysis product of  1, 

bis-methylamide 3 was also inactive.10 Therefore, the enamide as well as some or all of 

the other functional groups present in 1 seem to be necessary for induction of apoptosis.

Somocystinamide A (1) completely and readily intercalates within liposomes and 

it retains potent anti-proliferative activity when administered as such.4 Therefore, if the 

solubility of  1 or its analogs prove to be an issue in the course of development, use of 

liposomes  would  be  a  potentially  viable  mechanism  for  delivery  of  the  drug.  The 

combination  of  the  anti-proliferative  activities  and  the  ability  to  induce  apoptosis  in 

endothelial cells is an excellent biological profile for potential treatment of cancer.11 An 

endogenous protein, angiostatin,12 has a similar bioactivity profile, and it has advanced to 

phase II  clinical  trial  as of 2008 for treatment  of lung cancer.13 Given its  bioactivity 

profile, somocystinamide A (1) presents itself as a promising cancer therapeutic.

Docosanedioic bis-enamide analog (2) and hydrolyzed analog of 1 (3).
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VI.2 Synthetically challenging features of somocystinamide A

When an olefin is introduced immediately adjacent to an amide, the characteristics 

of the compound changes more drastically compared to the alkylamide analog. One of the 

most noticeable changes is the shift in UV absorption spectrum. Enamide, by which is 

meant a vinyl amide herein, possesses conjugation of the carbonyl double bond and the 

alkenyl  group. This  conjugated system absorbs UV at 230-240 nm,14 which can be a 

useful physical property when the presence of an enamide compound is sought by HPLC 

techniques. Easily accessible enamides will almost always have a proton at  R3 position 

(Scheme VI.1). The proton is also very diagnostic for an enamide moiety in that it gives 

rise to a unique doublet 1H NMR signal at 7.0-7.2 ppm.15

Chemically, enamides can be significantly more unstable than amides due to the 

possible tautomerism to become an acyl imine or an acyl  iminium ion that is  further 

activated  by  the  adjacent  carbonyl  group.  For  example,  pronounced  instability  of 

somocystinamide A (1) was noted when it underwent complete hydrolysis in CDCl3 in an 

NMR tube due to the residual moisture and acid (HCl) present in CDCl3 (Scheme VI.2).3 

Given this precedence, it is possible that some natural products, as we know them, are 

actually artifacts of hydrolytic decomposition of enamides.

Scheme VI.1: Enamide
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Scheme VI.2: Instability of enamide as seen in the facile decomposition of 
somocystinamide A

Figure VI.6: Proposed biosynthesis of somocystinamide A (1)

The depicted mechanism of the terminal olefin formation is reminiscent of the predicted 
biosynthesis of curacin A, which also contains a terminal olefin.18
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The enamide functional group comes in different forms: a secondary enamide, 

where R1 is a proton, or a tertiary enamide, where R1 is an alkyl group (Scheme VI.1). As 

will  be discussed later,  this  distinction becomes significant  for devising a  strategy to 

introduce the enamide functionality.  In fact,  most of the accomplishments in enamide 

synthesis have been for secondary enamides, and the same approaches have been found 

ineffective for tertiary enamides.16

Figure VI.7: Enamide containing natural products
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As discussed earlier, the enamide is a labile functional group and therefore care 

must  be taken to  avoid inadvertent  decomposition during handling of the compound. 

Growing sophistication in natural product isolation techniques have no doubt contributed 

to the increasing number of enamide-containing secondary metabolites that have been 

isolated in recent years (Figure VI.7). All of these natural products appear to have been 

assembled through hybrid PKS-NRPS systems (except  for  10,  a  peptide derivative),17 

where the bulk of the carbon skeletons are constructed through PKS catalytic activities 

and  amino  acid  residues  are  embedded  via  NRPS  catalytic  activities  to  provide  the 

nitrogen of the enamide moieties. In particular, the biosynthesis of somocystinamide A 

(1) was proposed as shown in Figure VI.6.18 Most of these natural products have been 

shown  to  possess  strong  bioactivity.  Enamide-containing  natural  products  can  be 

categorized into secondary enamides (6-10) and tertiary enamides (11, 12,  1). The latter 

group generally has a methyl group on the enamide nitrogen that is most likely derived 

from S-methy-adenosylmethionine.19,20

Phomoenamide  (6),  for  example,  was  shown  to  have  a  minimum  inhibitory 

concentration (MIC) value of 6.25 μg/mL against Mycobacterium tuberculosis H37Ra.21 

Salicylihalamide A (7) is strongly cytotoxic against NCI melanoma cell line (GI50 = 7 

nM)22 and is  a  very potent  inhibitor  of vacuolar  H+-ATPases (IC50 < 1  nM),23 whose 

involvement is implicated in diseases such as osteoporosis and cancer (Figure VI.7).24 

Likewise,  lobatamides,  which  are  structurally  related  to  the  salicylihalamides,  also 

possesses  cytotoxicity  against  human  cancer  cell  lines  and  inhibitory activity  against 

vacuolar H+-ATP ases.25 The peptidic compounds terpeptin (8) and chondriamide A (10) 

have  cell-cycle  inhibition  activity and cytotoxicity against  colon cancer  cells  (LOVO 
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cells), respectively.26,27 Ulapualides, isolated from sponges and nudibranchs, have been 

shown to have antifungal  and ichthyotoxic  properties,  as  well  as  cytotoxicity against 

leukemia cells.28 Interestingly, almost all of the recently isolated enamide natural products 

are of marine origin.  These newly discovered and bioactive enamide natural  products 

should drive innovation in the synthesis of enamides.

There  have  been  extensive  studies  on  enamide  chemistry  in  the  context  of 

heterocycle and asymmetric synthesis, where enamides are used as synthons.29,30 There is 

one review on the preparation of this labile, yet crucial functional group.15 In Scheme 

VI.3, four major types of approaches for synthesizing enamides are summarized.

In devising a strategy for the synthesis of  1, the stabilities of both the disulfide 

and the enamide became of concern. Since the installment of the enamide was envisioned 

to be performed at a very late stage, if not at the last step, it was desirable to assess the 

difficulty  of  synthesizing  a  tertiary  enamide  as  part  of  a  model  system.  The  most 

straightforward  and  expeditious  approach  to  the  desired  enamide  is  to  acylate  the 

corresponding  carboxylic  acid  with  the  fully  furnished  imine  (Scheme  VI.3).31 This 

approach was successful with simple substrates bearing carboxylic acids and no other 

functional groups (Scheme VI.4).

Scheme VI.3: Enamide synthesis on model systems through acylation of imine
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Furthermore,  the  presence  of  the  disulfide  group in  1 requires  great  care  and 

consideration during the course of synthesis.32 For example,  synthetic investigation of 

epidithiapiperazine-dione natural products (such as 24 in Figure VI.8) has met with much 

difficulty in the installation of the disulfide (Scheme VI.6).32,33 To date, only one complete 

total synthesis of a compound of this class has been reported.34 Another case in point is 

Figure VI.8: Examples of disulfide-containing natural products

Scheme VI.4: Different approaches to enamide functional group

A: direct acylation of imine, B: vinylation of amide, C: amide addition to alkyne, D: 
condensation of aldehyde to amide. Curtius rearrangement of α,β-unsaturated acyl azides was 

excluded due to its rarity. Typically, other approaches also utilize one of these reactions to 
prepare the starting enamide material.
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Scheme VI.6: Total synthesis of glyotoxin involving sensitive installation of disulfide

After a lengthy investigation, a strategy was devised in which the disulfide is only formed in the 
last step. Any attempts to install it in earlier stages were not successful.34

Scheme VI.5: Approaches to install disulfide of the epidithiapiperazinedione core

In the first and the third case, a multi-step maneuver of functional groups is required to install 
disulfide. In the second case, a very harsh condition (S2Cl2 and NaH) is required. None of these 

approaches would be ideal for a total synthesis of a natural product with labile functional 
groups.34
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psammaplin A (25); in all three of the published syntheses of 25, the sulfur atoms were 

introduced as a disulfide in the final step so as to avoid side reactions (Scheme VI.7).35

VI.3 Attempted synthesis of somocystinamide A through Suzuki coupling

With a method to construct a simple enamide in hand, retrosynthetic analysis of 

the natural product led to the proposed synthetic approach shown in red in Scheme VI.8. 

Suzuki coupling is well known as a robust reaction to connect a vinyl or aryl halide to a 

vinyl or aryl borylate.36 The reaction is somewhat less reliable if the boron is on an sp3 

Scheme VI.8: Retrosynthetic analysis of somocystinamide A

The initial strategy is shown in red while the successful approach is shown in blue.

Scheme VI.7: Synthesis of psammaplin A

The installation of the labile disulfide had to be reserved until the last step.35
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carbon.36,37 Thus, besides the enamide synthesis, other steps of concern in the proposed 

synthesis  were the Takai  vinyl  iodide synthesis38 and the Suzuki  coupling.  The Takai 

reaction was tested on a commercially available aldehyde derived from proline, which is 

structurally very similar to  the actual  substrate except for the absence of sulfur.  This 

Scheme VI.10: Suzuki coupling with varying coupling partners

For convenience, a commercially available olefin 48 was used despite the wrong length of the 
alkyl chain. 

Scheme VI.9: Synthesis of vinyl iodide for Suzuki coupling (Scheme VI.10)



251

reaction proceeded with good yield (70%). The necessary vinyl halide for the Suzuki 

coupling could be synthesized via the Takai protocol from the corresponding aldehyde.38 

Finally late-stage dimerization at the sulfur atom via air oxidation and installation of the 

enamide moiety were planned to complete the synthesis of 1.

The synthesis  of  1 began with  the  putative  biosynthetic  precursor,  L-cysteine, 

whose stereochemistry translates into the final product. The cysteine was then protected 

as a Boc-thiazolidine  41 with the use of benzaldehyde and Boc anhydride.39 Following 

reduction of  the carboxylic  acid  41 to  an alcohol  42 and oxidization  back up to  the 

aldehyde  43 via  a  Swern  reaction,39,40 the  aldehyde  was  treated  with  chromium (II) 

chloride and iodoform (Takai protocol).38 The Takai reaction seemed to give a good yield 

by  direct  TLC  analysis  of  the  reaction  mixture.  However,  after  work-up  and 

chromatography, only a minute amount of the desired product was recovered, possibly 

due  to  the  presence  of  excess  iodoform  (elutes  closely  with  the  product)  and 

decomposition  of  the  vinyl  iodide.  Brief  efforts  at  optimizing  this  reaction  were  not 

successful.

Scheme VI.11: Ruthenium catalyzed cross metathesis approach
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The vinyl iodide 44 was tested for the Suzuki coupling reaction and only a trace 

amount of the desired product was formed. The difficulty of this reaction was attributed 

to the combination of functional group incompatibility and, possibly, the excess 9-BBN 

that  could  have  reduced  the  palladium-vinyl  complex  to  the  terminal  alkene.41 To 

examine the latter possibility, the same Suzuki coupling reaction was carried out with a 

trifluoroboronate substrate, which is a solid that can be isolated.42 However, this approach 

also proved unfruitful.

VI.4 Cross metathesis approach to somocystinamide A skeleton

To circumvent  the Suzuki  coupling problem, a  cross  metathesis  approach was 

employed.43 Conveniently,  commercially  available  methyl  10-undecenoate  (48)  would 

give the correct  chain length for  the natural  product  because the terminal  sp2 carbon 

would be cleaved off in the process. The metathesis reaction was carried out using 48 and 

the  vinyl  thiazolidine  51,  which  was synthesized  from the  aldehyde  43 via  a  simple 

Wittig reaction.44 Different Ruthenium catalysts and various amounts of each substrate 

and the catalyst were screened to find an optimum condition for this coupling reaction 

(Table VI.1).

The  production  of  the  dimeric  ester  53 seemed  much  faster  than  the  desired 

product by TLC analysis.  This observation seemingly implied that the dimerization of 

the  ester  happens  first  and  then  the  dimeric  ester  is  used  in  the  actual  metathesis. 

Therefore it was hypothesized that the yield could be improved by utilizing pre-prepared 

dimeric ester for the metathesis, which would presumably reduce the work load for the 

catalyst. However, this hypothesis was discounted because the use of  12 as one of the 
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coupling  partners  did  not  improve  the  yield  and  apparently  opened  another  reaction 

pathway for the starting material (entry 5, Table VI.1). In any case, the second generation 

Hoveyda catalyst was found to be the best catalyst for this purpose.45

Table VI.1: Optimization of ruthenium-catalyzed cross metathesis.

catalyst conc.a esterb yield of 52 c

1 Grubbs I, 20 mol % 0.04 48, 10 equiv 0%

2 Grubbs II, 20 mol % 0.04 48, 10 equiv 26% (na)

3 Grubbs II, 4 mol % 0.04 48, 3 equiv 23% (57%)

4 Hoveyda II, 5 mol % 0.03 48, 3 equiv 81% (94%)

5 Hoveyda II, 5 mol % 0.03 53, 1.5 equiv 53% (55%)

6 Hoveyda II, 2.5 mol % 0.03 48, 3 equiv 44% (na)

7d Hoveyda II, 5 mol % 0.04 48, 3 equiv 73% (83%)

8e Hoveyda II, 5 mol % 0.2 48, 2.2 equiv 82% (82%)

(a) Concentration of 9 (M); (b) Equivalents of 48 or 53 with respect to 51; (c) Isolated yields. 
Yields in parentheses are based on recovered starting material; (d) 3.2 g scale (ca. 10 times more 

than entries 1~6); (e) 5.5 g scale. The E/Z ratio was 18:1.
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VI.5 Total synthesis of somocystinamide A

With a reliable coupling protocol in hand, a new synthetic route was devised, as 

shown  in  Scheme  VI.12.  The  deprotection  of  the  cysteine  residue  was  effected  by 

reduction of the benzylic carbon with sodium in liquid ammonia in excellent yield (54).13 

Upon methylation with diazomethane, the resulting thiol (55) was treated with TFA and 

subsequently with acetic anhydride and triethylamine to replace the Boc protecting group 

with acetate, which results in acylation of the thiol group as well (56). Both the removal 

of the unwanted acetate on the thiol and hydrolysis of the methyl ester were achieved in 

one step by treatment with lithium hydroxide in aqueous THF, which also causes the 

oxidative dimerization of the thiol if performed in air (somocystinoic acid, 57).46 This air 

oxidation only occurred with small  scale reactions (<100 mg).  Attempts  to effect  the 

Scheme VI.12: Initially planned final steps to Somocystinamide (1)
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dimerization  with  conventional  means,  such  as  treatment  with  I2,  did  not  give  good 

yields.

The method developed from the model study was used to effect the acylation with 

the  corresponding  imine.  Various  conditions  were  investigated  to  couple  the  in  situ 

generated  imine  58 to  the  corresponding  di-acyl  chloride  60,  whose  formation  was 

verified by the reaction with methylamine to  produce  3 (Scheme VI.13,  Table  VI.2). 

Model compounds (63-65) were also tested in this investigation for enamide formation 

(Figure VI.9, Table VI.2). In most cases, the starting material decomposed while in some 

cases a trace amount of 1 was observed (Table VI.2). This result was curious because, in 

Scheme VI.13: Possible mechanism of enamide formation

Figure VI.9: Model compounds used in the study of enamide formation
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Table VI.2: Enamide formation via acyl chloride

Substrate Conditions Result

1 63 1. SOCl2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

2 63 1. (COCl)2, DMF, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

3 64 1. SOCl2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

4 64 1. (COCl)2, DMF, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

5 64 1. (COCl)2, DMF, CH2Cl2

2. MeOH, Et3N
Methyl Ester, low 

yield

6 65 1. SOCl2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

7 65 1. SOCl2 (1.5 eq), CH2Cl2

2. MeOH, Et3N
Methyl ester, 

moderate yield

8 57 1. (COCl)2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Trace of 1

9 57 1. SOCl2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Decomp.

10 57 1. (COCl)2, DMF, CH2Cl2

2. MeOH, Et3N
Methyl Ester, low 

yield

11 57 1. (COCl)2, DMF, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
Trace of 1

12 23 1. EtCO2Cl, Et3N, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
No Acylation

13 64 1. EtCO2Cl, Et3N, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
No Acylation

14 65 1. EtCO2Cl, Et3N, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
No Acylation

15 21 1. EDCA·HCl, Et3N, CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
No Acylation

16 21 MeNH2, 4-pentenal, MS3Å ~70% yield

17 23 1. (COCl)2 (excess), CH2Cl2

2. MeNH2, 4-pentenal, MS3Å
~70% yield



257

addition  to  the  model  study,  there  are  reports  of  synthesis  of  simple  enamides  via 

acylation of the corresponding acid chloride with imine.47 It is possible that the putative 

acyl  iminium ion  intermediate  61 is  intercepted  intramolecularly  due  to  the  dimeric 

nature of the substrate (Scheme VI.13).48 In support of this hypothesis, the tautomer 59 

was not observed at all by 1H or 13C NMR in CD2Cl2.49

Conventionally, protocols for enamide formation include, in addition to acylation 

of imines, direct addition of amides to alkynes, condensation of aldehyde with amide, and 

the olefination of amides (Scheme VI.3). Most of these protocols suffer from low yields 

and/or lack of stereocontrol on the double bond geometry.  The most recent collective 

effort  in  enamide  synthesis  has  been  on  the  development  of  amide  vinylation 

methodology.  In  1991,  Suzuki  and  coworkers  first  reported  successful  vinylation  of 

amides with vinyl halide in the presence of copper (I) iodide.50 At the time when there 

were only a few methods to regiospecifically and stereospecifically produce enamides, 

Scheme VI.14: Copper-mediated vinylation of a primary amide model compound (65) 
and attempted chemoselective methylation

For the methylation step, the investigated conditions are the following: K2CO3 in EtOH, MeCN, 
and dioxane; NaHMDS in THF, NaH in THF.
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this  noble  method  guaranteed  both  aspects  of  reaction  specificity.  Since  the 

regiospecificity and stereospecificity are solely dictated by the position of the halide on 

the olefin, this methodology could be universally applied to any enamide systems as long 

as all the functional groups are tolerated. In the past decade, Buchwald and coworkers 

have  improved  this  reaction  through  identification  of  a  more  suitable  ligand  for  the 

copper catalyst.16a As such, a Cu-mediated vinylation approach was explored. However, 

as expected from the literature,16a direct vinylation of acyclic secondary amide was not 

possible.  While  it  was  possible  to  vinylate  a  primary  amide  model  compound,  the 

required chemoselective methylation of the enamide moiety was not successful (Scheme 

VI.14).

The  observation  that  the  hydrolytic  decomposition  of  1 to  3 seems  to  have 

relatively low activiation energy3 inspired us to carry out the opposite reaction, namely 

condensation of the aldehyde 551 with 3 (Scheme VI.15). Because of the need to remove 

water during the course of reaction, the use of a Soxhlet extraction apparatus was more 

Scheme VI.15: Final steps to somocystinamide A (1)



259

convenient for small scale reactions and it also allowed for use of solvents heavier than 

water (Figure VI.10).52 Observing that the putative intermediate  21 did not yield  1, we 

hypothesized that the E1 path way was not viable (Scheme VI.13). In support of this 

hypothesis, use of a more polar solvent, THF, had an adverse effect in comparison to 1,2-

dichloroethane, a more non-polar solvent.53 The best result was obtained when TsOH was 

used as the catalyst, which gave a 47% yield  (Scheme VI.15).54 Thus, a total synthesis of 

1 was completed. This synthesis is fairly robust for all steps but the last two such that >1 

g of 57 was prepared. However, scale-up for the production of 3 proved difficult due to 

complications  in  the  purification  procedure  as  a  consequence  of  the  extremely  poor 

Figure VI.10: Reaction setup for enamide formation using molecular sieves and glass 
wool in a Soxhlet extractor
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solubility of 3. Therefore, a modified synthetic route or improved purification protocols 

are necessary for larger-scale production of 1 and its analogs.

VI.6 Bioassays of the synthetic sample of somocystinamide A

Upon the completion of a total synthesis of somocystinamide A (1), its in vivo 

activity was investigated in brine shrimp. While 1 was not lethal to the brine shrimp even 

at  130  μM  (media  concentration)  after  24  hours  of  exposure,  their  motility  was 

significantly impaired even at 1.3  μM. A much decreased quantity of intestinal contents 

were found in the treated group. Thus,  1 seems to possess biological properties not yet 

understood.

In an A549 (human lung carcinoma) cytotoxicity assay, the synthetic sample of 

somocystinamide A (1) possessed anti-proliferative activity, but to a lesser extent than the 

natural  sample.  Initially  there  was  concern  about  the  possibility  that  1 was  not  the 

extremely bioactive metabolite in the earlier investigation.55 To investigate the cause of 

this decreased activity, a hypothesis was formed and examined; synthetic 1 is purer than 

natural  1 and the natural sample contained contaminants that assisted in solubilizing  1, 

whereas the synthetic sample had poor solubility. While much better than 3, the solubility 

of 1 is not satisfactory for many purposes. Indeed, in the brine shrimp assays, the samples 

at  100  μM were  cloudy with  incompletely dissolved  1.  In  96-well  plate  cytotoxicity 

assays, serial dilutions are made from the highest concentration solution. Therefore, if 

any  portion  of  1 precipitates  in  the  highest  concentration  solution,  all  of  the  wells 

containing solutions of 1 also have decreased concentrations of 1.
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Because all the in vitro bioassays are done in aqueous environments, the solubility 

of somocytinamide A (1) in various types of aqueous solutions were examined (Figure 

VI.11).  The  solubility  was  determined  by injecting  a  sample  of  1 onto  a  RP-HPLC 

column and measuring the PDA-detected UV-absorbance of 1. As expected, more of the 

compound was detected when only organic solvents were used (the first two entries in 

Figure  VI.9).  However,  when  a  solution  of  1 was  diluted  with  H2O,  the  measured 

solubility  decreased  significantly.  Phase-transfer  catalyst-like  additives  (CTAB, 

dodecamide,  DMEM) eliminated  the  solubility  of  1.  Given  these  results,  any  future 

Figure VI.11: Solubility of somocystinamide A (1) in various media

The solubility was measured by the UV absorbance (Y-axis) of RP-HPLC PDA dectector. For 
each run, 10 μL of a 100 μM solution was injected. The X-axis denotes the presence or absence 

of additives. The 4th and 5th runs were duplicates.
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bioassay of 1 must be carried out with care. It is recommended that the maximum amount 

of organic solvents tolerated by the cells be used in the sample solutions.

VI.7 Scalable synthesis of somocystinamide A

While  the  above  synthetic  route  is  sufficient  for  small-scale  synthesis  in  a 

laboratory, it has three main bottlenecks in terms of scaling-up.

1.The conversion of  52 to  56 requires 5 steps for what  is  essentially a  deprotection-

reprotection maneuver.

2.The conversion of 57 to 3 cannot be readily scaled-up due to the insolubility of 3. If 3 

readily  dissolved  in  solvents  such  as  EtOAc,  the  workup  and  purification  would  be 

simply a matter of aqueous acid/base washings for this amine coupling step.

3.The final step of introducing the enamide moiety has not been optimized beyond 41% 

yield.

In order to remedy all three of these issues, an efficient alternative method must 

be first developed for the production of  3, which would enable optimization studies on 

the  finals  step  from  3 to  1.  When investigating  the enamide  formation reaction  with 

simpler substrates, such as undecanoic acid, it was observed that the resulting tertiary 

enamide  had  excellent  solubility  in  common  solvents  such  as  CH2Cl2  and  MeOH. 

However, the dimeric equivalent of this compound,  2, had extremely poor solubility in 

these same solvents. Suspecting that the insolubility of bis-amide 3 was at least partially 

due to its dimeric nature and the methyl amide functionality, a synthetic route for 3 was 

devised in which the intermediates remain as monomers until the enamide formation step 

as shown in Scheme VI.16.
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This scheme shortened the synthesis by two steps. However, the cross metathesis 

step suffered low yields (~40%) under the same condition as the previous synthesis. After 

examination of the reaction by-products, a large amount of dimer  74 was found as an 

insoluble solid. In the previous reaction (51 to 52), the dimeric ester by-product was able 

to  be  recycled  in  the  reaction  (Table  IV.1,  entry  5),  which  was  probably  a  large 

contributing factor to the excellent yield (82%) despite the faster formation of 53 than 52. 

Therefore, it was hypothesized that if a solvent system that solubilize 74 was utilized, the 

yield would increase due to recycling of  74. When 9:1 CH2Cl2 / MeOH was used, the 

yield decreased and most of the starting material (51) was left intact. When CHCl3 was 

used,  the  cross  metathesis  proceeded smoothly with  excellent  yield  (81-84%).  It  was 

Scheme VI.16: Revised synthesis of the bis-methylamide 3
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noted, however, that the purification of the product (71) was more troublesome than 52 

due to the increased polarity of 71.

Afterwards, the conversion of  71 to  73 was straightforward. As a result of this 

revised synthesis, the use of a potentially dangerous and toxic reagent, diazomethane was 

also eliminated.56 The hydrolysis/oxidation step from 73 to 3 only required washing of the 

precipitated product,  3, thereby taking advantage of its insolubility. However, the yield 

was somewhat less than ideal (65%). Purification methods such as washing of a solid is 

well-suited  for  future  adaptation  to  industrial  scale  production  should  the  compound 

become a pharmaceutical product.57 All of these steps were done at fairly large scales and 

>1 g of  73 and >500 mg of  3 were obtained, the latter of which would not have been 

reasonable without this revision of the synthesis. Finally, the penultimate natural product 

3 (301 mg) could be converted to somocystinamide A (1, 119 mg, 33% yield) through the 

previously established method (Scheme VI.15), thereby completing a sufficiently large-

scale  synthesis58 required  for  future  in  vivo investigations.  The  overall  yield  of  this 

revised synthetic route was 11% over 7 steps from the known aldehyde 43, whereas the 

overall  yield of the earlier  synthesis  was 9% over 10 steps from  43.  Despite a small 

difference in the overall yield, the smaller number of steps required for the revised route 

makes it significant improvement.

VI.8 Conclusions

A stereoselective and stereospecific total synthesis of a promising anti-angiogenic 

marine natural  product, somocystinamide A (1) was accomplished through ruthenium-

catalyzed olefin cross metathesis, molecular oxygen and base-promoted dimerization of 
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the thiol,  and enamide formation through condensation of  aldehyde with amide.  This 

synthesis  provided material  for further bioassays  and helped to  identify the solubility 

problem of this natural product. Furthermore, the synthesis was successfully revised to 

suit the future needs for synthesis of analogs and a large supply of the compound for in  

vivo evaluations.
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VI.9 Experimental section

General Experimental Procedures and Materials

Unless noted otherwise, all materials were purchased from commercial sources 

and  were  used  without  further  purification.  Anhydrous  benzene  was  purchased  from 

EMD.  Tetrahydrofuran  (THF)  was  distilled  from  sodium  /  benzophenone.  Et3N  and 

CH2Cl2 were distilled from CaH. Ac2O was distilled from quinone. Dimethyl sulfoxide 

(DMSO), oxalyl chloride, and trifluoroacetic acid (TFA) were distilled without desiccant. 

All  reactions  were  carried  out  under  dry  argon  atmosphere  unless  otherwise  noted. 

Reaction temperatures herein recorded are external temperatures unless otherwise noted. 

Flash  chromatorgraphy  was  performed  using  EMD  silica  gel  (230-400  mesh)  in  all 

cases.59 Thin layer chromatographic (TLC) analysis was performed using EM Science 

pre-coated  silica  gel  plates  (Merck  60  F254).  Melting  points  were  determined  on  an 

Electrothermal Mel-Temp device and are uncorrected. Optical rotations were measured 

on a Jasco P-2000 polarimeter. IR spectra were recorded on a Nicolet Magna-IR 550. 1H 

NMR and 13C NMR spectra were recorded on a Varian Inova spectrometer (500 MHz and 

125 MHz,  respectively)  or  on  a  Varian  Inova spectrometer  (300 MHz and 75  MHz, 

respectively).  1H  and  13C  spectra  recorded  in  CDCl3 (or  in  CD3OD/CDCl3) were 

referenced to the residual solvent peaks at 7.26 ppm (CHCl3) and 77.0 ppm (CDCl3), 

respectively.  High  resolution  mass  spectra  were  recorded  on  a  ThermoFinnigan 

MAT900XL spectrometer.
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Preparation of Known Aldehyde 43

The first step was done according to reference 59.60 The rest of the steps to the aldehyde 

(43) were carried out according to reference 38.39

43
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Synthesis of enamides 22 and 2. To a solution of the aldehyde 5 (97 μL, 0.98 mmol) in 

CH2Cl2 (5 mL) was added a 2M solution of MeNH2 in THF (0.49 mL, 0.98 mmol) and 

MgSO4 (710 mg) at 0˚C. Immediately, the mixture was warmed to rt and left stirring for 

1.5 hrs. Then neat acetylchloride (70 μL, 0.98 mmol) was added. After 10 min, pyridine 

(95  μL, 1.18 mmol) was added, and the mixture was left  stirring for 3 hrs at  rt.  The 

reaction mixture was filtered and was poured into a cold saturated solution of NaHCO3. 

Upon phase separation, the organic layer was washed with saturated NaHCO3 and  was 

dried over Na2SO4. The volatiles were removed in vacuo and a brown oil was obtained, 

which was mostly pure by TLC and 1H NMR (96 mg, ~70% yield). In order to obtain an 

analytically pure sample, the brown oil was subjected to flash column chromatography 

using silica gel (1:6 EtOAc / Hexanes to 1:5 EtOAc / Hexanes). A colorless oil (51 mg, 

0.37 mmol, 37%) was obtained. TLC Rf = 0.41 (3:7 EtOAc/Hexanes). The bis-enamide 2 

was synthesized in the same manner except that two equivalents of  5 and MeNH2  were 

used. 1H and 13C NMR spectra: see Figures VI.10-13.
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(2R,4R)-tert-butyl 4-((E)-2-iodovinyl)-2-phenylthiazolidine-3-carboxylate (44). CrCl2 

(5.189 g, 42.22 mmol) was flame-dried in a flask under vacuum. Upon cooling to rt, THF 

(31 mL) was added and the suspension was stirred at rt for 25 min. Then the mixture was 

cooled to 0°C. A solution of the aldehyde 43 (1.972 g, 6.693 mmol) and CHI3 (5.270 g, 

13.38 mmol) in THF (30 mL) was cannulated dropwise into the CrCl2 suspension over 20 

min. An additional amount of THF (10 mL) was used to rinse the flask containing 43 and 

CHI3, which was cannulated again into the CrCl2 suspension. At this point, TLC analysis 

showed that there was little starting material left, and that a significant amount of the 

desired product had formed. This mixture was taken out of the ice bath immediately and 

was stirred at rt for 4 hrs. The mixture was diluted with Et2O (30 mL), and it was poured 

into brine, which was extracted with Et2O (20 mL x 2). The organic layer was washed 

with brine, and was dried over Na2SO4. Upon removal of the solvents, the residues were 

subjected to flash column chromatography (hexanes to 1:4 EtOAc/hexanes) to obtain 124 

mg of the product (44) as a pale yellow solid (4.4% yield). TLC Rf = 0.30 (1:4 EtOAc / 

hexanes). 1H and 13C NMR spectra: see Figures VI.15 and 16.

(2R,4R)-2-phenyl-4-vinylthiazolidine-3-tert-butyl carboxylate (51). To the suspension 

of MePPh3·Br (13.37 g, 37.43 mmol) in THF (150 mL) at –78°C (dry ice bath) was added 

1.0 M NaHMDS (43 mL, 43 mmol) dropwise under vigorous stirring, which resulted in a 

yellow solution. The dry ice bath was removed and the solution stirred for 45 min at rt. 
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The solution was cooled again to –78°C and a solution of the aldehyde (8.302 g, 28.30 

mmol, synthesized according to literature2) in THF (100 mL) was added dropwise. Then 

the solution was warmed to rt over night under stirring. Consumption of the aldehyde was 

confirmed by TLC analysis. Then 1.0 M aqueous NH4Cl (100 mL) and Et2O (100 mL) 

were added successively. The aqueous phase was extracted with Et2O (100 mL x 2). The 

combined organic phase was washed with brine,  dried over Na2SO4,  and was filtered 

through a plug of silica gel. Upon evaporation of solvents, the residue was purified by 

flash column chromatography (3:97 to 1:9 Et2O / hexane) and a white solid (6.04 g, 20.7 

mmol) was obtained (74% yield). Mp 44-45 ºC. TLC Rf 0.39 Et2O / hexane (1:4). [α]D
23 

+136.2º (c 6.50, CHCl3). IR (film, KBr) νmax 2977, 1698, 1367, 1164 cm-1. 1H NMR (300 

MHz, CDCl3)  δ 7.22-7.39 (m, 5H), 6.10 (s, 1H), 6.03 (m, 1H), 5.37, (d, 17.1 Hz, 1H), 

5.25 (dt,  J=10.2, 0.9 Hz, 1H), 4.83 (m, 1H), 3.27 (dd,  J=11.7, 6.6 Hz, 1H), 2.85 (dd, 

J=11.7, 5.1 Hz, 1H), 1.33 (s, 9H).  13C NMR (75 MHz, CDCl3) δ 153.7, 141.6, 137.8, 

128.2,  127.5,  126.3,  117.2,  80.7,  66.3,  64.5,  36.1,  28.2.  HRMS  (EI):  calcd  for 

C16H21O2N1S1: 291.1288, found 291.1284.

(2R,4R)-3-tert-butoxycarbonyl-4-((E)-11-methoxy-11-oxoundec-1-enyl)-2-

phenylthiazolidine (52).  To the solution of the thiazolidine olefin  51 (5.500 g, 18.87 

mmol) in CH2Cl2 (95 mL) was added methyl undecenoate (9.2 mL, 41 mmol) at rt. The 
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solution was then subjected to vacuum-sonication-Ar introduction cycle three times for 

degassing. Then second generation Hoveyda-Grubbs catalyst (592 mg, 0.944 mmol) was 

addedin one portion. After 20 min of stirring at rt, the solution was refluxed for 16 hrs. 

Then the solvents were removed under vacuum and the residue was subjected to flash 

column chromatography (hexane to 1:9 Et2O / hexane) to obtain colorless oil (7.174 g, 

15.54 mmol,  82% yield).  Along with the desired product  was isolated the  cis isomer 

(TLC Rf=0.52 Et2O / hexane 3:7, 539 mg, 1.17 mmol, 6% yield cis). TLC Rf 0.47 Et2O / 

hexane (3:7). [α]D
23 –81.7º (c 1.85, CHCl3). IR (film, KBr) νmax 2978, 2928, 2853, 1740, 

1696, 1367, 1166 cm-1.  1H NMR (300 MHz, CDCl3) δ 7.21-7.38 (m, 5H), 6.08 (s, 1H), 

5.78 (dt, J = 15.3 Hz, 6.6 Hz, 1H), 5.63 (dd, J = 15.3 Hz, 7.6 Hz, 1H), 4.81 (ddd, J = 7.6, 

6.5, 4.6 Hz, 1H), 3.65 (s, 3H), 3.24 (dd, J=11.7, 6.5 Hz, 1H), 2.79 (dd, J = 11.7, 4.6 Hz, 

1H), 2.29 (t, J = 7.6 Hz, 2H), 2.06 (q, J = 6.8 Hz, 2H), 1.61 (m, 2H), 1.28-1.41 (m, 20H). 

13C NMR (75 MHz, CDCl3) δ 174.2, 153.5, 141.8, 133.9, 129.4, 128.1, 127.3, 126.2, 

80.4, 66.0, 63.8, 51.3, 36.5, 34.0, 32.1, 29.2, 29.1, 29.1, 29.0, 29.0, 28.2, 24.9. HRMS 

(EI): calcd for C26H39O4N1S1: 461.2594, found 461.2592.

52-cis. 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.16 (m, 5H), 6.13 (s, 1H), 5.63 (t, J = 9.7 

Hz, 1H), 5.58 – 5.45 (m, 1H), 5.13 (d, J = 6.1 Hz, 1H), 3.65 (d, J = 1.7 Hz, 3H), 3.20 (dd, 

J = 11.6, 6.4 Hz, 1H), 2.72 (dd,  J = 11.6, 5.5 Hz, 1H), 2.29 (t,  J = 7.5 Hz, 2H), 2.25 – 

2.10 (m, 2H), 1.60 (dd, J = 13.6, 6.8 Hz, 2H), 1.51 – 1.14 (m, 20H). 13C NMR (125 MHz, 

CDCl3) δ 174.15, 153.59, 141.92, 132.08, 129.72, 128.11, 127.30, 126.01, 80.46, 66.05, 

59.14, 51.33, 36.75, 33.99, 29.58, 29.24, 29.19, 29.11, 29.02, 28.17, 27.60, 24.84.
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(E)-11-((2R,4R)-3-(tert-butoxycarbonyl)-2-phenylthiazolidin-4-yl)undec-10-enoic 

acid (52-OH). The solution of the methyl ester  52 (11.40 g, 24.70 mmol) in THF (240 

mL) was cooled to 0°C. A solution of LiOH·H2O (10.07 g, 240.2 mmol) in H2O (120 mL) 

was added in one portion. Then the reaction mixture was stirred and warmed gradually 

over night to rt. Upon seeing some intact starting material on TLC, MeOH (25 mL) was 

added at  rt.  6  hrs  later,  the solution was cooled to  0°C and Et2O (200 mL) and 1M 

NaHSO4 solution (300 mL) were added, after which the pH was  ca 2~3. Upon phase 

separation,  the  aqueous  layer  was  extracted  with  Et2O (150 mL x 3).  The  combined 

organic  layer  was washed with brine (250 mL),  dried over  MgSO4,  and was filtered. 

Upon removal of the solvents, a gummy oil (11.27 g) was obtained, which was used in 

the  next  step  without  further  purification.  TLC Rf 0.70 EtAcO /  hexane  (3:2).  [α]D
23 

+69.5º (c 4.4, CHCl3). IR (film, KBr) νmax 2975, 2928, 2855, 1701, 1369, 1164 cm-1.  1H 

NMR (300MHz, CDCl3)  δ 7.21-7.38 (m, 5H), 6.08 (s, 1H), 5.78 (dt,  J = 15.3, 6.6 Hz, 

1H), 5.63 (dd, J = 15.3, 7.6 Hz, 1H), 4.82 (ddd, J = 7.6, 6.4, 4.7 Hz, 1H), 3.24 (dd, J = 

12.2, 6.4 Hz, 1H), 2.80 (dd, J = 12.2, 4.7 Hz, 1H), 2.34 (t, J = 7.5 Hz, 2H), 2.07 (q, J = 

6.7 Hz, 2H), 1.63 (m, 2H), 1.30-1.43 (m, 19H). 13C NMR  δ 179.5, 153.6, 141.8, 134.0, 

129.4, 128.1, 127.4, 126.3, 80.5, 66.1, 63.9, 36.6, 34.2, 32.2, 29.21, 29.15, 29.04, 28.99 

(3 C's), 28.2, 24.6. HRMS (EI): calcd for C25H37O4N1S1: 447.2438, found 447.2441.
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(R,E)-methyl 12-acetamido-13-(acetylthio)tridec-10-enoate (56). To the solution of the 

thiazolidine 52-OH (11.145 g from the previous step) in THF (10 mL) was added NH3(l) 

(350 mL) that was distilled over Na. To this mixture was added cubic pieces (5~7 mm) of 

Na under vigorous stirring until dark blue color persisted. The mixture was kept refluxing 

at rt and Na pieces were added as necessary to keep the color for a total of 2 hrs. Then 

NH4Cl was carefully added until the color disappeared. NH3 was removed under gentle 

stream of N2 to obtain a colorless oil (8.260 g).

The carboxylic acid (8.030 g, from the previous step) was dissolved in Et2O (50 

mL) and was cooled to  0°C. Ethereal solution of CH2N2 (0.14 M, 170 mL, 24 mmol) was 

added dropwise over 30 min.  Then N2 was  bubbled in  for  45 min to  remove excess 

CH2N2. Upon removal of the solvent in vacuo, white crystals were obtained (8.74 g).

These crystals were dissolved in CH2Cl2 (200 mL) and was cooled to  0°C. Then 

TFA (50 mL) was added dropwise over 30 min. Upon further stirring at 0°C for 30 min, 

the volatiles were removed  in vacuo   to yield orange oil. Residual TFA was removed 

under  hi-vacuum for 1 hr.  This TFA salt  was dissolved in CH2Cl2 (220 mL) and the 

solution was cooled to  0°C. Then Et3N (30.6 mL, 220 mmol) and Ac2O (10.4 mL, 110 

mmol) were added slowly under stirring. The solution was let warm to rt over night under 

stirring. Then the volatiles were removed in vacuo. The residues were dissolved in Et2O 

(200 mL) and 0.5 M HCl solution (200 mL) was added. Upon phase separation,  the 

aqueous phase was extracted with Et2O (200 mL x 2). The combined organic phase was 



274

washed with H2O (150 mL), saturated NaHCO3 solution (100 mL), H2O (100 mL), and 

brine (100 mL) successively. After flash column chromatography (15:85 EtAcO / hexane 

to 1:1 EtAcO / hexane), the desired product was obtained as a white solid (~4.2 g, 12 

mmol, 50% yield over 5 steps). The disulfide methyl ester was also isolated as a colorless 

oil (173 mg, 0.275 mmol, 1% yield). Mp 70-71 ºC. TLC Rf 0.38 EtAcO / hexane (3:2). 

[α]D
23 –13.2º (c 6.10, CHCl3). IR (film, KBr)  νmax 3278, 3081, 2985, 2926, 2852, 1737, 

1691, 1647, 1547, 1434, 1373, 1186, 1139, 968, 630 cm-1. 1H NMR (500MHz, CDCl3)  δ 

5.97 (d, J = 8.1 Hz, 1H), 5.57 (dtd, J = 15.5, 6.6, 1.2 Hz, 1H), 5.29 (ddt, J = 15.5, 6.4, 1.2 

Hz, 1H), 4.50 (quin, J = 6.8 Hz, 1H), 3.60 (s, 3H), 3.01 (d, J = 6.6 Hz, 2H), 2.28 (s, 3H), 

2.24 (t,  J = 7.7 Hz, 2H), 1.94 (q, J = 7.8 Hz, 2H), 1.90 (s, 3H), 1.55 (quin, J = 7.4 Hz, 

2H), 1.21-1.30 (m, 12H).  13C NMR (125MHz, CDCl3)   δ 195.9,  174.1, 169.3,  133.1, 

127.1, 51.3, 50.9, 33.9, 33.4, 32.0, 30.4, 29.0, 29.0, 28.9, 28.8, 28.8, 24.7, 23.1. HRMS 

(EI): calcd for C18H32O4N1S1 (M+H): 358.2047, found 358.2045.

Somocystinoic acid (57). To the solution of the methyl ester (487 mg, 1.36 mmol) in 

THF  (40  mL)  was  added  1M  NaOH  solution  (20  mL)  at  rt  under  stirring.  O2 was 

continuously bubbled into the mixture while stirring at rt until the consumption of the 
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thiol was observed by TLC (20 hrs). The reaction mixture was diluted with Et2O (30 mL) 

and 1M KHSO4 solution (40 mL) was added at  0°C. Upon phase separation, the aqueous 

layer was extracted with Et2O (30 mL) and EtAcO (30 mL x 2). The combined organic 

layer was dried over MgSO4 and was filtered. Removal of the solvents in vacuo yielded 

pale yellow oil (458 mg), which was used without further purification for the next step. 

TLC Rf 0.41 AcOH / MeCN / EtAcO (1:9:90). [α]D
23 +41.6º (c 0.66, CHCl3). IR (film, 

KBr)  νmax 3272(br), 3079(br), 2927, 2855, 1712, 1648, 1550, 1374, 969 cm-1.  1H NMR 

(300 MHz, CDCl3)  δ 6.23 (d, J = 8.1 Hz, 2H), 5.66 (dtd, J = 15.5, 6.8, 0.7 Hz, 2H), 5.43 

(dd, J = 15.5, 6.2 Hz, 2H), 4.70 (quin, J = 6.5 Hz, 2H), 3.06 (dd, J = 13.5, 6.0 Hz, 2H), 

2.85 (dd, J = 13.5, 6.2 Hz, 2H), 2.35 (t, J = 7.1 Hz, 4H), 2.04 (m, 4H), 2.03, (s, 6H), 1.64 

(quin, J = 7.4 Hz, 4H), 1.26-1.43 (m, 20H). 13C NMR (75 MHz, CDCl3)  δ 178.7, 170.1, 

133.7,  127.6,  50.8,  44.5,  33.9,  32.0,  28.7,  28.7,  28.6,  28.5,  28.3,  24.6,  23.3.  HRMS 

(FAB): calcd for C30H52O6N2S2 (M+H): 601.3340, found 601.3337.

Somocystinoic acid di-N,N-methyl amide (17). To the suspension of somocystinoic acid 

(72 mg, 0.1198 mmol) in CH2Cl2 (8 mL) was added MeNH3Cl (24 mg, 0.36 mmol), Et3N 

(84 µL, 0.60 mmol), and EDC·HCl (50 mg, 0.26 mmol), and DMAP (5 mg) successively 
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at 0°C under stirring. The reaction was immediately warmed to rt and was stirred at rt for 

5  hrs.  After  3  hrs  into  the  reaction,  white  precipitates  appeared.  The  solvents  were 

removed under vacuum. The residues were taken up in CH2Cl2 / MeOH (2:1) and the 

mixture was washed with 0.5 M HCl solution and saturated NaHCO3 solution and was 

dried over Na2SO4. Upon removal of the solvents, sufficiently pure material for the next 

step was obtained as a white solid (52 mg, 0.083 mmol, 69% yield over 2 steps). Mp 

154-155 ºC. TLC Rf 0.36 MeOH / CH2Cl2 (1:9). [α]D
23 –17.8º (c 1.4, CHCl3/MeOH 1:1). 

IR (film,  KBr)  νmax 3306,  3276,  2918,  2849,  1642,  1540 cm-1.  1H NMR (300 MHz, 

CD3OD/CDCl3 1:1, rotamers)  δ 7.55 (d, J =8.3 Hz, 2H), 7.25 (bs, 2H), 5.31 (dt, J = 15.5, 

6.7 Hz, 2H), 5.06 (dd, J = 15.5, 6.6 Hz, 2H), 4,24 (m, 2H), 2.53 (d, J = 7.1 Hz, 4H), 2.38 

& 2.39 (s, 6H), 1.83 (t, J = 7.8 Hz, 4H), 1.68 (q, J = 6.5 Hz, 4H), 1.64 (s, 6H), 1.25 (quin, 

J = 7.4 Hz, 4H), 0.95-1.05 (m, 20H). 13C NMR (75 MHz, CD3OD/CDCl3 1:1, rotamers) 

δ 175.2, 175.1, 170.7, 170.6, 132.7, 127.2, 50.1, 43.3, 35.6, 35.5, 31.6, 28.6, 28.5, 28.5, 

28.4, 28.3, 25.2, 25.1, 21.7,. 21.6. HRMS (EI): calcd for C32H59O4N4S2 (M+H): 627.3972, 

found 627.3973.
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Somocystinamide A (1). The suspension of the methyl amide (42 mg, 0.0670 mmol) in 

1,2-dichloroethane  (20  mL)  was  degassed  three  times  by  vacuum-sonication-Ar 

introduction  cycle.  Then  4-pentenal  (100  µL,  1.01  mmol,  synthesized  according  to 

literature)51 and  TsOH·H2O (3  mg,  0.015  mmol)  were  added  successively  at  rt.  The 

reaction mixture was refluxed for 14 hours under stirring in a Soxhlet apparatus that is 

equipped with glass wool and molecular sieves 4Å so as to remove residual H2O. Then 

another batch of 4-pentenal (100 μL, 1.01 mmo) and TsOH·H2O (3 mg, 0.015 mmol) 

were added. After 1.5 hours, 4-pentenal (100 μL, 1.01 mmol) was added again. Upon 

further refluxing and stirring for 1.5 hours, the reaction mixture was cooled to 0°C, and 

Et3N (100 µL) was added. Most of the solvent was removed in vacuo, but  ca. 1 mL of 

solvent  was  retained,  which  was  directly  subjected  to  flash  column  chromatography 

(EtAcO to 1:1:8 MeOH / CH2Cl2 / EtAcO) to obtain somocystinamide A (21 mg, 0.0277 

mmol, 41% yield) as an off-white amorphous solid. Mp 93-95 ºC. TLC Rf 0.56 MeOH / 

CH2Cl2 / EtAcO (1:1:8). [α]D
22 +19.1º (c 0.59, CHCl3). IR (film, KBr) νmax 3286(br), 2926, 

2854, 1645, 1541,  1395, 1289, 1087, 968 cm-1. 1H NMR (300 MHz, CDCl3, rotamers) δ 

7.35 (d, J = 14.4 Hz 0.6H), 6.67 (dt, J = 13.7, 1.3 Hz, 1.4H), 6.28 (d,  J = 7.8 Hz, 2H), 

5.84 (m, 2H), 5.65 (dtd,  J = 15.5, 6.7, 1.1 Hz, 2H), 5.43 (dd,  J = 15.5, 6.2 Hz, 2H), 

4.91-5.11 (m, 4H), 4.67 (quin, J = 6.5 Hz, 2H), 3.07 and 3.08 (s, 6H), 3.06 (m, 2H), 2.82 

(m, 6H), 2.42 (m, 4H), 2.03 (m, 4H), 2.01 (s, 6H), 1.64 (quin, J = 7.5 Hz, 4H), 1.25-1.38 

(m, 20H).  13C NMR (75 MHz, CDCl3,  rotamers) δ 171.7, 169.1, 137.4, 137.0, 133.7, 

129.2, 128.1, 127.6, 115.4, 115.0, 109.0, 108.4, 50.8, 44.7, 34.5, 34.5, 34.4, 33.8, 32.3, 

32.2, 29.7, 29.7, 29.3, 29.2, 29.0, 28.9, 25.0, 23.4. UV (MeOH) λmax 234 nm (ε 3.2×105). 

HRMS (EI): calcd for C42H70O4N4S2 (M+): 758.4833, found 758.4823.
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N-methylundec-10-enamide (70). To a solution of 10-undecenoic acid (25.136 g, 136.40 

mmol) in CH2Cl2 (350 mL) was added MeNH2·HCl (18.45 g, 273.3 mmol) at rt. This 

mixture was cooled to –15ºC and Et3N (57.0 mL, 408 mmol) was added. Then EDC·HCl 

(27.29 g, 142.4 mmol) and DMAP (238 mg, 1.95 mmol) were added successively under 

vigorous stirring. The mixture was very cloud at this point. The mixture was gradually 

warmed to rt, and was stirred over night. The mixture appeared milky. Upon removal of 

the volatiles  in  vacuo,  the solid  residues  were triturated with EtOAc (500 mL).  This 

mixture was filtered, and the solids were rinsed with EtOAc. Then the EtOAc solution 

was poured into 1M HCl (250 mL), and the phases were separated. The organic layer was 

washed with H2O (150 mL), saturated NaHCO3 (150 mL), H2O (100 mL), and brine (100 

mL) successively. After the solution was dried over Na2SO4 and the solvent was removed, 

a white solid (70) resulted, which was sufficiently pure for the subsequent step. 1H NMR 

(300 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.50 (s, 1H), 5.05 – 4.86 (m, 

2H), 2.80 (d, J = 4.9 Hz, 3H), 2.15 (t, J = 7.6 Hz, 2H), 2.02 (dd, J = 14.1, 6.9 Hz, 2H), 

1.70 – 1.53 (m, 3H), 1.45 – 1.18 (m, 15H). 13C NMR (75 MHz, CDCl3) δ 173.80, 139.15, 

114.10, 58.15, 36.71, 33.75, 29.28, 29.03, 28.86, 26.24, 25.75.
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(2R,4R)-tert-butyl  4-((E)-11-(methylamino)-11-oxoundec-1-enyl)-2-phenyl 

thiazolidine -3-carboxylate (71). To the thiazolidine (51) (2.063 g, 7.079 mmol) and the 

methylamide (70) (2.270 g, 11.50 mmol) was added CHCl3 (45 mL) that was passed 

through basic alumina (activity I). Then the reaction mixture was degassed in vacuum 

with ultrasonic assistance three times. Grubbs-Hoveyda II catalyst (95 mg, 0.152 mmol) 

was  added.  After  stirring  at  rt  for  30  min,  the  reaction  mixture  was   refluxed  (bath 

temperature = 80ºC). Over the course of 18 hrs, additional amounts of 70 (1.932 g, 9.791 

mmol) and Grubbs-Hoveyda II catalyst (354 mg, 0.564 mmol, 5.8 mol%) were added in 

four  portions.  Then  the  mixture  was  cooled  to  rt,  concentrated  under  vacuum,  and 

subjected to silica gel flash column chromatography (1:9 EtOAc / Hex to 2:9:9 acetone / 

EtOAc / Hex). Some of the colored impurities were not completely removed. A dark-

brown thick oil (2.752 g, 5.974 mmol, 84%) was obtained. TLC Rf = 0.47 (2:9:9 MeOH/

EtOAc/hexanes). [α]22
D +58.6º (c 3.6, CHCl3). IR (film, KBr) νmax 3298(br), 2927, 2854, 

1696, 1650, 1554, 1368, 1163, 1109, 697 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.19 

(m, 5H), 6.05 (s, 1H), 5.83 – 5.70 (m, 1H), 5.61 (dd, J = 15.3, 7.4 Hz, 1H), 4.79 (s, 1H), 

3.22 (dd, J = 11.7, 6.5 Hz, 1H), 2.81 – 2.75 (m, 1H), 2.75 (d, J = 4.9 Hz, 3H), 2.17 – 2.08 

(m, 1H), 2.08 – 1.99 (m, 2H), 1.64 – 1.53 (m, 2H), 1.41 – 1.20 (m, 21H). 13C NMR (100 

MHz, CDCl3) δ 173.8, 153.5, 141.7, 134.0, 129.3, 128.1, 127.4, 126.2, 80.4, 66.0, 63.8, 

36.6, 36.5, 32.1, 29.2, 29.2, 29.1, 29.0, 28.9, 28.1, 26.1, 25.7.  HRMS (ESI): calcd for 

C26H40N2O3SNa [M+Na+]: 483.2652, found 483.2654.
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(R,E)-S-2-acetamido-13-(methylamino)-13-oxotridec-3-enyl  ethanethioate  (73). 

Liquid NH3 (150 mL) was distilled from Na onto a solution of 71 (3.098 g, 6.725 mmol) 

in THF (10 mL). Then Na pieces (~ 5 mm cubes) were added to keep the color of the 

solution dark blue for 2 hrs under reflux (at rt) and vigorous stirring. Solid NH4Cl was 

added carefully until the blue color disappeared. NH3 was evaporated under a stream of 

N2. Then 1M NaHSO4 (300 mL) was added, which was extracted with EtOAc (200 mL x 

3). The organic layer was washed with brine and dried over Na2SO4. Upon removal of the 

solvent in vacuo, amorphous pale brown solid (2.531 g) resulted, which was used in the 

next step without purification. This solid (2.531 g) was dissolved in CH2Cl2 (75 mL) and 

freshly distilled TFA (18 mL) was added at 0ºC under stirring. After the solution was kept 

at 0ºC under stirring for 30 min, the volatiles were removed in vacuo. The residues were 

placed under high vacuum for 2 hours, which resulted in a thick orange oil. This oil was 

dissolved in CH2Cl2 (100 mL) and the solution was cooled to 0ºC. Et3N (15.8 mL, 113.2 

mmol) and acetic anhydride (5.3 mL, 56.6 mmol) were added successively at 0ºC under 

stirring. The solution was gradually allowed to warm to rt. After 16 hrs of stirring at rt, 

the volatiles were removed in vacuo. The residues were treated with 1M NaHSO4 (250 

mL), which was extracted with EtOAc (200 mL x 3). The combined organic layer was 

washed with brine (150 mL) and dried over Na2SO4. Most of the solvent was removed 

under vacuum, and the crude solution was let stand in a -20ºC freezer over night. Pale 

brown solids were precipitated and filtered, which was rinsed with hexanes. Upon drying 
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under  high  vacuum,  73 was  obtained  as  a  pale  brown  solid  (1.112  g).  The  filtrate 

contained some of the product, and it was purified by flash column chromatography (1:1 

EtOAc/hexanes to 2:9:9 MeOH/EtOAc/hexanes). A total of 1.406 g of  73 was obtained 

(59% yield). Mp 95-97ºC. TLC Rf = 0.22 (2:9:9 MeOH/EtOAc/hexanes). [α]22
D –8.0º (c 

0.90, CHCl3). IR (film, KBr)  νmax 3314, 3286, 3089(br), 2925, 2853, 1693, 1646, 1553, 

1412, 1373, 1133, 968 cm-1. 1H NMR (300 MHz, CDCl3) δ 6.03 (d, J = 8.3 Hz, 1H), 5.90 

(s, 1H), 5.59 (ddd, J = 7.9, 7.3, 4.0 Hz, 1H), 5.43 – 5.21 (m, 1H), 4.52 (p,  J = 6.3 Hz, 

1H), 3.04 (d, J = 6.6 Hz, 2H), 2.76 (d, J = 4.8 Hz, 3H), 2.32 (s, 3H), 2.13 (t, J = 7.6 Hz, 

2H), 2.00 – 1.95 (m, 2H), 1.93 (s, 3H), 1.72 – 1.42 (m, 2H), 1.26 (m, 10H). 13C NMR (75 

MHz, CDCl3) δ 196.2, 173.9, 169.5, 133.1, 127.8, 58.1, 51.0, 36.5, 33.5, 32.0, 30.5, 29.1, 

29.0,  29.0,  28.7,  26.2,  25.6,  23.2.  HRMS (ESI):  calcd  for  C18H32N2O3SNa [M+Na+]: 

379.2026, found 379.2029.



282

Figure VI.12: 1H NMR spectrum of 22 in CDCl3
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Figure VI.13: 13C NMR spectrum of 22 in CDCl3
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Figure VI.14: 1H NMR spectrum of 2 in CDCl3
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Figure VI.15: 13C NMR spectrum of 2 in CDCl3
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Figure VI.16: 1H NMR spectrum of 44 in CDCl3
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Figure VI.17: 13C NMR spectrum of 44 in CDCl3
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Figure VI.18: 1H NMR spectrum of 51 in CDCl3
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Figure VI.19: 13C NMR spectrum of 51 in CDCl3
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Figure VI.20: 1H NMR spectrum of 52 in CDCl3
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Figure VI.21: 13C NMR spectrum of 52 in CDCl3
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Figure VI.22: 1H NMR spectrum of 52-cis in CDCl3
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Figure VI.23: 13C NMR spectrum of 52-cis in CDCl3
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Figure VI.24: 1H NMR spectrum of 56 in CDCl3
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Figure VI.25: 13C NMR spectrum of 56 in CDCl3
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Figure VI.26: COSY spectrum of 56 in CDCl3
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Figure VI.27: HMBC spectrum of 56 in CDCl3
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Figure VI.28: 1H NMR spectrum of 57 in CDCl3
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Figure VI.29: 13C NMR spectrum of 57 in CDCl3
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Figure VI.30: 1H NMR spectrum of 3 in 1:1 CDCl3/CD3OD
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Figure VI.31: 13C NMR spectrum of 3 in 1:1 CDCl3/CD3OD



302

Figure VI.32: 1H NMR spectrum of 1 in CDCl3
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Figure VI.33: 13C NMR spectrum of 1 in CDCl3
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Figure VI.34: 1H NMR spectrum of 70 in CDCl3
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Figure VI.35: 13C NMR spectrum of 70 in CDCl3
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Figure VI.36: 1H NMR spectrum of 71 in CDCl3
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Figure VI.37: 13C NMR spectrum of 71 in CDCl3
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Figure VI.38: 1H NMR spectrum of 73 in CDCl3



309

Figure VI.39: 13C NMR spectrum of 73 in CDCl3
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Abstract

Scytonemin is a cyanobacterial alkaloid that has UV-screening properties. In order 

to gain insights into the biogenesis of the unique structure and to produce a chelation-free 

sample, synthetic studies were conducted on scytonemin. Through a successful synthesis 

of the proposed monomeric precursor of scytonemin, its spontaneous dimerization was 

shown  to  be  impossible  under  ambient  conditions.  Various  attempts  to  oxidatively 

dimerize this monomer and explanations for their failure are described herein. As a result, 

an alternative structure for the monomeric precursor of scytonemin was proposed.
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VII.1 Introduction

Cyanobacteria  can  be  commonly  found  in 

environments that  are  exposed to harmful  levels  of 

UV  radation  as  well  as  sun  light  necessary  for 

photosynthesis.1 In  order  to  avoid  the  deleterious 

effects of UVA (320-400 nm),  UVB (280-320 nm), 

and UVC (190-280 nm) radiations, pigmented metabolites, including scytonemin (1),2 are 

stored in the extracellular sheaths of many cyanobacteria.1,3 Indeed, this dark-greenish 

brown indole  alkaloid  is  particularly  well  suited  for  absorbing  UV light  in  the  blue 

wavelengths (Figure VIII.1).4

This  natural  product  is  a  dimer  of  a  unit  that  appears  to  be  derived  from L-

tryptophan  and  chorismate.5 Under  anaerobic  conditions,  scytonemin  can  exist  in  a 

reduced form (2) as shown in Scheme VII.1.2 Almost 150 years after the initial report of 

the  compound,6 the  structure  of  1 was  finally  elucidated  in  1993  by  Gerwick  and 

Figure VII.1: Light absorption spectrum of scytonemin (1) (taken from ref. 4)
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coworkers through NMR and MS analysis of 1, as well as those of the ozonolysis product 

of 2 (Scheme VII.1).2 Incidentally, 3 is also a natural product (nostodione) isolated from a 

terrestrial  cyanobacteria,  Nostoc commune,  and it  is  known to disrupt  mitotic  spindle 

formation in sea-urchin eggs.7

Due to the unique carbon skeleton and ecological significance of this metabolite, 

there  is  a  considerable  interest  in  its  biosynthesis.8 The  first  study in  this  regard  by 

Scheme VII.1: Fragmentation of the reduced form of scytonemin (2) through ozonolysis in its 
structure elucidation (Gerwick et al. 1993)

Scheme VII.2: Biosynthetic gene cluster for scytonemin in Nostoc punctiforme5,6
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Garcia-Pitchel and coworkers reported the identification of the scytonemin biosynthetic 

gene cluster in 2007 (Scheme VII.2).5,8 The involvement of tryptophan and chorismate in 

the biosynthesis were implicated by the presence of genes NpR1261-1266 and by the 

presence of genes NpR1260, 1267, and 1269, respectively. Subsequently, Balskus and 

Walsh provided biochemical  evidence for  the biosynthetic  intermediacy of  α-hydroxy 

ketone  7 and  p-hydroxyphenylpyruvic  acid  4.5 The  proposed  mechanism  shown  in 

Scheme VII.3: Proposed mechanism for the biosynthesis of scytonemin (1) by Balsksus and 
Walsh5

Biosynthetic products that were analytically characterized (6 and 7) are highlighted by 
rectangles. Note the proposed structure of the monomer (11). In reality, the putative monomeric 

precursor is exclusively in the keto form (vide infra).
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Scheme VII.3 is  based on the observed activity of the ThDP (thiamine diphosphate)-

dependent acetolactate synthase (NpR1276 in Scheme VII.2 and 3). 

Phosphorylated  thiamine  is  essential for  the  normal  function  of  the  nervous 

system  in  many  species.9 Having  a  ylide  functionality,  thiamine  possesses  both 

nucleophilicity  and  electrophilicity.  Consequently,  5 is  able  to  undergo  nucleophilic 

addition to  the ketone of  α-ketoacid  4,  facilitate  aldol  condensation with another   α-

ketoacid 6, and eliminate as an ylide to regenerate itself (Scheme VII.3). Decarboxylation 

of 7 is expected to be necessary due to the steric hindrance by the carboxylic acid in the 

cyclization step. Although structure  8 appears to be suitable for a rapid intramolecular 

cyclization reminiscent of the Pictet-Spengler reaction, catalysis is apparently necessary.10 

Balskus and Walsh were able to synthesize α-hydroxy ketone  S-8 without spontaneous 

cyclization  through  an  independent  route,  and this  material  was  used  as  a  synthetic 

standard for comparison with the acid-catalyzed decarboxylation product of  7 (Scheme 

VII.4).5 

As can be seen in Scheme VII.3, there are many steps remain to be determined in 

the biosynthesis of scytonemin. For example, despite genetic evidence, the intermediacy 

Scheme VII.4: Chemical synthesis of a putative biosynthetic precursor of scytonemin (1), 
soraphinol A (S-8)
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of the monomer  11 has not been established. Furthermore, it is unclear from the gene 

cluster  analysis  whether  the  oxidative  dimerization  step  is  enzyme-catalyzed  or 

spontaneous under ambient conditions. The most straightforward approach to answering 

this question is to synthesize the putative monomer precursor. If the monomer does not 

dimerize spontaneously, synthetic attempts to dimerize it could provide insight into the 

chemistry that must occur for this important step in the biosynthesis of scytonemin (1).

Scheme VII.5: Initially conceived synthesis of scytonemin monomer 11

Dissection “a” represents the initially conceived approach. Dissection “b” represents the revised 
approach. While the biomimetic approach of “a” is attractive, the starting material 16 would 

require many steps to prepare.

Scheme VII.6: Predicted mechanism for regioselectivity of aldol condensation between ketone 
18 and aldehyde 19
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Scheme VII.7: Synthesis of scytonemin monomer

The product of  the condensation of 18 and 19 was exclusively in the keto form (22) and not in 
the enol form (11) as predicted by others. Therefore, this product is given a new compound 

number (22).

Figure VII.2: Select HMBC, COSY, and ROESY correlations of scytonemin monomer 
(22) in DMF-d7

1H NMR shifts are shown in red and 13C NMR shifts are shown in blue.
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It  has  been  reported  that  1 possesses  anti-proliferative  and  anti-inflammatory 

activities.11 However, due to its strong metal-binding properties (especially for zinc), a 

pure sample of 1 could not be obtained for further biological assays. Therefore, a metal-

free synthetic sample of 1 would be valuable for pharmaceutical investigation.

Scheme VII.8: Absence of tautomerization and resonance characteristics of scytonemin 
monomer (22)

Figure VII.3: Scytonemin monomer (22): geometry optimized computer model

A dihedral angle constraint was placed around the single bond between the phenyl ring and the 
exocyclic double bond so as to keep the phenyl ring perpendicular to the tricyclic system 

(according to the NMR data). Ab initio (Hartree-Fock 3-21G*) geometry optimization was 
performed using Spartan®. A conformer distribution calculation at a molecular mechanics level 

also yielded the depicted geometry as one of the best conformers.
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VII.2 Synthesis of scytonemin monomer

At the outset, a synthetic route that involves a putative biosynthetic precursor was 

considered  for  the  synthesis  of  monomer  11 (Scheme  VII.5),  where  diketone  16 is 

predicted to  undergo a  cyclization reaction similar  to  the cyclization of  8 in  Scheme 

VII.3. However, due to the fairly large number of steps 16 would require to synthesize, 

another approach was conceived through the use of an alternative intermediate 17 instead 

of 16 (Scheme VII.5). In this strategy (dissection b), aldol condensation of ketone 18 with 

aldehyde  19 was envisioned.  The required regioselectivity was expected based on the 

Figure VII.4: 1H NMR spectrum of 22 in DMF-d7
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predicted transition state involving a six-membered ring chelation between  18 and  19 

(Scheme VII.6).

Fortunately,  ketone  18 is a known compound that has been synthesized in the 

course of investigating rhodium-catalyzed decomposition of a diazo group.12 Thus, the 

synthesis  of  scytonemin  monomer  began  with  indole-2-acetic  acid  (20),  which  was 

activated  for  acylation  by ethylchloroformate  and  N-methylmorpholine  to  yield  diazo 

ketone  21.  After  the solvent was changed from diethyl ether (literature12) to THF, the 

yield increased to 81% from 50~60%, presumably due to the improved solubility of the 

starting material. The rhodium-catalyzed decomposition of the diazo group was sluggish 

despite the literature precedence,12 and the product (18) was somewhat unstable during 

purification. This material (18) slowly converts to a pink-purple compound that further 

converts to an insoluble blue material upon standing in solution. The identity of these 

colored compounds could not be determined due to their lack of solubility.

The aldol condensation of  18 and  19 was performed by refluxing in a Soxhlet 

extractor equipped with a plug of glass wool and 3  Å molecular sieves for removal of 

water.13 Catalysis  by  toluenesulfonic  acid  appeared  to  have  proceeded  as  predicted 

(Scheme VII.6) and the other possible regioisomer (22) and over-condensed product (23) 

could not be found in the reaction mixture. The major product's color was bright yellow 

in a dilute solution and bright orange when dried. This solid had good solubility in DMF 

and DMSO, moderate solubility in pyridine and MeOH, and somewhat poor solubility in 

CH2Cl2
 and EtOAc, and was insoluble in diethyl ether, hexane, and water. This material's 

structure was fully elucidated by NMR and HR-MS analyses (Figure VII.2). It should be 

noted that it was difficult to remove all of the unreacted 4-hydroxybenzaldehyde (19), 
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and complete purification was only possible by RP-HPLC or by another round of flash 

column chromatography.

The regiochemistry of the site of aldol condensation was determined based on 

HMBC and ROESY correlations. The ROESY correlation between the indole NH proton 

and meta-proton on the phenol indicated that the geometry of the exocyclic double bond 

is E (Figure VII.2). The 1H NMR spectra in both MeOH-d4 and DMF-d7 revealed that the 

ketone was exclusively in the keto form (22) and not at all in the enol form (11), as has 

been suggested by others.5 This finding is supported by the calculated energy difference 

between the keto and enol forms (24 kcal/mol).14 This is possibly due to both the anti-

aromaticity of the cyclopentadiene in the enol form (11) and the electron-donating ability 

of the phenol and electron-withdrawing ability of the ketone (Scheme VII.8). Due to the 

NMR equivalence of the two pairs of protons on the phenol moiety (H-14, H-14' and 

H-15,  H-15';  see  Scheme  VII.9  for  numbering),  the  phenyl  ring  is  expected  to  be 

perpendicular to the tricyclic system, and not in direct conjugation with the rest of the 

molecule (Figure VII.3). Finally, the color of a solution of 22 could be changed to bright 

red when treated with a base (Figure VII.4). Upon neutralization, the color of the solution 

changed back to bright yellow and a TLC analysis showed that 22 was intact. 

VII.3 Oxidative dimerization of scytonemin monomer

Now with the monomer  22 available,  oxidative  dimerization  was all  that  was 

necessary for the total synthesis of scytonemin (1).  Once the methylene carbon in  22 

becomes oxidized to a methine (25), tautomerization should be able to render that carbon 
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both  electrophilic  and  nucleophilic  (Scheme  VII.9).  This  dual  property  of  25 may 

promote spontaneous dimerization.

Figure VII.5: pH-dependent color change of monomer 22

Left: a solution of 22 in MeOH. Right: a solution of 22  in MeOH that was treated with NaOH.

Scheme VII.9: Proposed mcehanism for dimerization of oxidized monomer 25 to reduced 
scytonemin 2

Note that the conversion of 2 to 1 is known to occur spontaneously under ambient conditions.2
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Inspired by the above hypothesis, 22 was initially subjected to naturally-occurring 

oxidative conditions, such as O2, UV light, and the combination thereof to oxidize the 

methylene carbon selectively. However, even after prolonged exposure to aerial O2 and 

UV light (1 week), the monomer 22 remained intact (entry 1 in Table VII.1). Therefore, it 

was  concluded  that  either  this  oxidative  dimerization  step  is  a  non-spontaneous 

enzymatic  reaction  or  the  oxidation  of  the  methylene  carbon  occurs  earlier  in  the 

biosynthesis of 1.

In order  to  evaluate  the two possible  hypotheses,  an isotope-labeled monomer 

(22) could be synthesized and fed into scytonemin-producing organisms, such as Nostoc 

punctiforme, to look for incorporation of the labeled monomer. The synthesis of 22 was 

repeated  with  [1-13C]  4-hydroxybenzaldehyde15 for  the  feeding  study  (see  Scheme 

VII.7).16 If  incorporation  occurs,  it  could  be concluded that  22 is  a  true biosynthetic 

intermediate and that oxidation of the methylene carbon does not happen earlier in the 

biosynthesis. If incorporation does not occur, nothing can be firmly concluded due to the 

possibility that 22 cannot cross the cell membrane of the cyanobacterium.
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Table VII.1: Oxidative dimerization conditions

Entry Reagents Result

1 UV light, air, MeOH No Rxn

2 O2, MeOH No Rxn

3 Fe(III) citrate, pyridine, H2O2 No Rxn

4 MeOH, NaOCl Decomp.

5 m-CPBA, MeOH No Rxn

6 Ce(SO4)2, H2SO4 No Rxn

7 NCS, MeOH No Rxn

8 Phosphomolybdic acid, MeOH Green soln, but no desired products 
(1 or 2) by LCMS

9 CrO3, AcOH, THF, H2O Decomp.

10 Base, Cu(RCO2)2, THF17 Green  products,  but  no  desired 
products (1 or 2) by LCMS

11 NaOH, DMSO, AgNO3 Same mass as nostodione (3), but 1H 
NMR did not match

12 DDQ, THF Trace amount of 2 by LCMS

13 Pd(OAc)2, O2, DMSO Mostly decomposition, but a trace of 
1 was observed by LCMS

14 Pd(OAc)2, O2, pyridine Most  of  22 remained  intact,  the 
remainder decomposed

15 Fremy's salt Decomp.

16 1. formylation
2. diazonization
3. Rh2(OAc)4

Unknown products

17 SeO2, DMSO Decomp.

18 (PhCO)2Se, DMSO Decomp.

19 ZrO2, air, MeOH/DMF

20 Rose bengal, UV, air, DMF
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Given the knowledge that the monomer 22 does not spontaneously oxidize under 

ambient conditions, various oxidizing reagents were tested for selective oxidation of 22

as shown in Table VII.1. These reaction conditions included two-electron oxidants, such 

as  hypochlorite,  N-chlorosuccinimide,  m-chloroperbenzoic  acid  and  one-electron 

oxidants, such as iron (III) and dichloro-dicyanobenzoquinone. However, none of these 

conditions  yielded  scytonemin  (1)  or  its  reduced  form (2)  in  amounts  detectable  by 

LCMS or 1H NMR except for entry 13, but because the detected amount was so little, the 

presence of 1 in the reaction mixture could not be unequivocally established. Moreover, 

even  after  most  of  22 decomposed in  this  Pd(OAc)2 catalyzed reaction,  a  significant 

amount of 22 was still intact, which presumably meant that oxidative decomposition of 1 

(if it was formed at all) was much faster than oxidative dimerization of 22.

In light of these failed reactions, it  was hypothesized that at least some of the 

failed oxidation reactions were due to chemoselective oxidation of the phenol and not the 

cyclopentenone of 22. This hypothesis seemed reasonable due to the electron-rich nature 

of  the  phenolic  ring  upon  deprotonation.  To  overcome  this  potential  problem,  a 

methylated version of  22 was synthesized according to Scheme VII.10. However, even 

Scheme VII.10: Synthesis of methylated monomer 29

Note that the yield could be increased to ~70% if a significant excess of 28 was used. 
However, the chromatographic purification became increasingly difficult due to the 

unreacted 28, which almost completely coeluted with 29.
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this  methylated  monomer  28 could  not  be  oxidatively  dimerized  under  various 

conditions. A significantly different synthetic approach was clearly necessary.

In the gene cluster for the biosynthesis of 1 (Scheme VII.2), there are a few genes 

whose roles are not clearly understood in light of the proposed biosynthesis (Scheme 

VII.3).  For  example,  NpR1270  (a  putative  glycosyltransferase)  may  or  may  not  be 

involved in the dimerization step. One hypothesis has been brought forth in P. Proteau's 

thesis as follows. The enzyme from NpR1270 is hypothesized to glycosylate the ketone 

oxygen,  converting  the  keto  form  to  the  enol  form,  and  the  glycosylated  enol  is 

transported across  the cell  membrane to be transported into the extracellular  sheaths, 

Scheme VII.11: Possible role of glycosylation in the biosynthesis of scytonemin

In 30, resonance forms with a negative charge on the cyclopentadiene are preferred due to 
creation of aromaticity, which renders the ring susceptible to oxidation due to its rich electron 

density. Once oxidized to 31, dimerization could occur in the same manner as in Scheme VII.9.
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where  the  electron-rich  enol  α-carbon  is  oxidized  and  coupled  to  another  monomer 

molecule (Scheme VII.11).18

In order to construct a mimic of the glycosylated monomer  30,  per-acetylation 

was attempted to form 33 (Scheme VII.12). However, the only product isolated from the 

reaction was a mono-acetylated monomer  34. By taking advantage of the protection of 

the reactive phenolic hydroxy group in  34, glycosylation of the corresponding enolate 

was attempted. It is noteworthy that there have not been rigorous synthetic studies on the 

glycosylation of enolate-systems even though this process appears to be widely utilized in 

nature.19 Treatment of  34 with per-acetylated glucose derivative  35 and potassium tert-

butoxide resulted in the loss of the acetyl group and reversion to monomer 22.

Similarly, double silylation of 22 to form 36 was attempted, but it only resulted in 

either decomposition or mono-silylation to produce 37 (Scheme VII.14). In order to form 

a silyl enol ether of the ketone in 36, it was treated with LiHMDS and TBDMSOTf. A 

new product was formed in this reaction, but due to its unstable nature, it could not be 

Scheme VIl.12: Attempts to synthesize 30 and/or a mimic thereof (e.g. 33)
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isolated for full characterization. Therefore, this crude material was treated with m-CPBA 

to oxidize the α carbon. However, the resulting product showed intact methylene protons 

in its 1H NMR spectrum.

VII.4 Chemical insights on the biosynthesis of scytonemin

After  repeated  failure  to  dimerize  22,  the  legitimacy  of  the  structure  of 

scytonemin 1 was questioned. While the HMBC correlations noted by Gerwick et al. are 

fairly conclusive, they leave some room for three additional possibilities (Figure VII.6).20 

Particularly, the structure 38 is interesting because reduction and ozonolysis of 38 in the 

same manner as the conversion of 1 to 2 would also result in the formation of nostodione 

(3). However, there is no other way to evaluate these structures unless they are actually 

synthesized and their spectral data are compared with the authentic compound, which 

was not feasible due to time constraints.

Scheme VII.13: Attempts to perform Rubottom oxidation via doubly silylation of 22
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Subsequently, the intermediacy of 22 was also questioned. Given that  22 cannot 

assume the  enol  form to  enrich  the  electron  density  on  C-5,  presumably  due  to  the 

consequential anti-aromaticity (Scheme VII.8), selective oxidation of C-5 is not readily 

realizable. To eliminate the anti-aromaticity problem and to be able to convert C-5 to sp2 

hybridization, a carbon other than C-5 in the cyclopentenone ring could be converted to 

an sp3 carbon, thereby breaking the conjugation of the system. For example, the reason 

for  the  ketone  18 being  able  to  undergo  an  aldol  condensation  via  acid-catalyzed 

enolilzation  is  likely  owing  to  the  non-conjugated  nature  of  the  enol  form  of  the 

cyclopentenone ring.  The most feasible site of oxidation level change is  the carbonyl 

carbon  in  the  cyclopentenone  ring.  Thus,  the  synthesis  of  22 was  modified  for  the 

preparation of cyclopentene-ol  43 (Scheme VII.14). The execution of this synthesis is 

ongoing at the time of this writing.

Figure VII.6: Alternative structures for scytonemin
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Incidentally,  the  desylilated  version  of  43 is  identical  to  a  biosynthetic 

intermediate  (10)  proposed  by  Balskus  and  Walsh  (Scheme  VII.4).5 It  is  perfectly 

reasonable to propose that 10 is the true monomeric precursor, and not 22, provided that 

C-5 of 10 is readily oxidizable (Scheme VII.14). Therefore, chemical investigations of 43 

and/or 10 are expected to provide evidence for or against the alternative intermediacy of 

10.  Moreover,  while  enolate-glycosylation  of  34 was  not  possible,  the  same 

transformation  may  be  possible  for  42,  which  would  allow  access  to  glycosylated 

Scheme VII.14: Newly proposed route for the synthesis of 2

Neither 44a or 44b suffers from anti-aromaticity. However, an important resonance form of 25 
suffers from anti-aromaticity (Scheme VII.9), and it may not be possible to synthesize 25 at all. If 

this route is successful, credence to the intermediacy of desilylated version of 44 will be 
provided.
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monomer 30. Testing for incorporation of 13C-labeled 30 as well as the desilylated version 

of  43 would  be  of  interest  with  regard  to  the  evaluation  of  the  putative  glycosylase 

(NpR1270) in the biosynthesis of scytonemin.

VII.4 Completion of the total synthesis of scytonemin

As seen in entry 12 of Table VII.1, treatment of  22 with DDQ produced trace 

amounts of  1 and  2. The presence of these two compounds was detected by RP-HPLC 

coupled with ESI-MS, in which the retention time and mass spectra of  1 and  2 were 

matched  with  the  crude  reaction  products.  However,  the  integration  of  the  peaks 

corresponding to  1 and  2 were too small to be certain that they were not due to some 

background noise. DDQ oxidation of a methylene carbon attached to C-3 of indole is 

Scheme VII.15: Chemo-selective oxidation of benzylic ether by DDQ in a neat mixture

Scheme VII.16: Completion of total synthesis of scytonemin albeit very low yield
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well known in the literature (Scheme VII.15).21 Therefore, this reaction was revisited to 

improve the yield so as to determine the identity of the reaction product.

As mentioned earlier, complete purification of 22 was difficult due to 19 eluting in 

close proximity to 22 during flash chromatography. Therefore, many of the batches of 22 

used for the oxidative dimerization studies were contaminated with significant amounts 

of 19. In order to avoid any possible side reactions involving 19, such as reduction of the 

oxidant by  19, fine-tuned flash column chromatography conditions (1:19 to 1:4 THF / 

hexanes) were developed to completely purify  22. Moreover, being inspired by Li and 

coworkers'  work  on  so-called  dehydrogenative  coupling  involving  DDQ  (Scheme 

VII.16),22 a concentrated solution (0.44 M) of very pure  22 in 1,4-dioxane was used in 

this  DDQ oxidation (Scheme VII.17).  In this  attempt,  distinct  chromatographic peaks 

corresponding to 1 and 2 were observed after flash column purification. Semi-prep HPLC 

purification of the reaction products is under way at the time of this writing. Due to the 

low yield, however, it is still thought that the alternative intermediacy of 43 is possible. It 

is possible that an unnatural reaction pathway with a high activation energy is operating 

in the DDQ reaction with the compound 22.

Scheme VII.17: Highly chemo-selective DDQ oxidation of (E)-16-epinormacusine B (45)
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VII.5 Conclusions

A cyanobacterial alkaloid scytonemin possesses a unique dimeric structure that 

raises many interesting biosynthetic questions. Through chemical synthetic investigations 

of  this  alkaloid,  a  few  important  insights  into  its  biosynthesis  were  obtained.  The 

biosynthetic precursor proposed by Walsh (11) was found to be a structure that does not 

exist because the equilibrium between 11 (enol form) and 22 (keto form) lies exclusively 

towards 22. Through various failed attempts to oxidatively dimerize 22 (although a trace 

amount of 1 and 2 appeared to have been produced under certain conditions), this newly 

proposed  monomeric  precursor  was  found  to  have  physico-chemical  properties  that 

appear  to  be  incompatible  with  the  oxidation  required  for  conversion  to  the  natural 

product 1. Therefore, if 22 is a biosynthetic precursor, its dimerization must be catalyzed 

by an enzyme with unusual chemical properties. An alternative conclusion from this work 

is that a compound other than 22 is the biosynthetic precursor. In order to further evaluate 

the intermediacy of  22,  a  stable  isotope-labeled version of  it  is  being prepared for a 

feeding study. The intermediacy of an alternative precursor, such as 44, was proposed and 

it is being evaluated through chemical synthesis. Finally a small yield of  1 and  2 were 

obtained after revisiting the DDQ oxidation of 22. Further studies are required to improve 

the yield of this reaction to a meaningful level.

VII.6 Experimental Section

General
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Unless noted otherwise, all materials were purchased from commercial sources 

and were used without further purification. Anhydrous benzene, 1,4-dioxane, and 1,2-

dichloroethane  were  purchased  from  EMD.  Anhydrous  N,N-dimethylformamide  was 

purchased  from  Acros.  Tetrahydrofuran  (THF)  was  distilled  from  sodium  / 

benzophenone. Pyridine, Et3N, and CH2Cl2 were distilled from CaH. Ac2O was distilled 

from quinone.  CHCl3 was  passed  through  a  column of  basic  alumina  activity  I.  All 

reactions were carried out under dry argon atmosphere unless otherwise noted. Reaction 

temperatures  herein  recorded  are  external  temperatures  unless  otherwise  noted.  Flash 

chromatorgraphy was performed using EMD silica  gel  (230-400  mesh)  in all  cases.23 

Thin layer chromatographic (TLC) analysis was performed using EM Science pre-coated 

silica gel plates (Merck 60 F254). Melting points were determined on an Electrothermal 

Mel-Temp  device  and  are  uncorrected.  Optical  rotations  were  measured  on  a  Jasco 

P-2000 polarimeter. IR spectra were recorded on a Nicolet Magna-IR 550. NMR spectra 

were recorded on a Varian Inova spectrometer (500 MHz and 125 MHz, respectively for 

1H and 13C), Varian Mercury spectrometer (400 MHz and 100 MHz, respectively for 1H 

and  13C), Varian Mercury spectrometer (300 MHz and 75 MHz, rspectively for  1H and 

13C), or Varian Inova spectrometer (300 MHz and 75 MHz, respectively for 1H and 13C). 

1H and  13C spectra recorded in CDCl3 were referenced to the residual solvent peaks at 

7.26 ppm (CHCl3) and 77.0 ppm (CDCl3), respectively.  1H and  13C spectra recorded in 

DMF-d7 were referenced to the residual solvent peaks at 8.03 ppm (CHNO(CH3)2) and 

163.15  ppm (CDCl3),  respectively.  High resolution  mass  spectra  were  recorded on  a 

ThermoFinnigan MAT900XL spectrometer.
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1-diazo-3-(1H-indol-3-yl)propan-2-one (21). This synthesis was done mostly according 

to  the  literature  procedure12 with  minor  modifications,  such  as  the  solvent  and 

concentration.  A  CH2N2 solution  in  Et2O  was  prepared  according  to  a  literature 

procedure.24 The concentration of CH2N2 was determined to be 0.24 M by treatment with 

an excess amount of benzoic acid and back titration with NaOH in the presence of phenol 

red. To a solution of indole-3-acetic acid (2.500 g, 14.27 mmol) in THF (100 mL) at 0ºC 

were added ethyl chloroformate (1.42 mL, 14.9 mmol) and  N-methyl morpholine (1.64 

mL, 14.9 mmol) successively under stirring. After 15 min of stirring at 0ºC, the solution 

of CH2N2 was added in one portion (225 mL, 54.0 mmol). This solution was allowed to 

gradually warm to rt over night. A pale brown-orange solution with black tar-like residues 

resulted. Most of the volatiles were evaporated under a stream of N2. The residues that 

dissolved in EtOAc were subjected to flash column chromatography using deactivated 

basic alumina (activity III) as the stationary phase (1:9 EtOAc / hexanes to 1:1) to obtain 

an orange oil (2.31 g, 11.6 mmol, 81% yield). TLC Rf = 0.39 (1:1 EtOAc / hexanes). 1H 

NMR (400 MHz, CDCl3) δ 8.64 (bs, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 

1H), 7.28 – 7.19 (m, 1H), 7.19 – 7.12 (m, 1H), 7.04 (d, J = 2.4 Hz, 1H), 5.19 (s, 1H), 3.77 

(s, 2H). 13C NMR (101 MHz, CDCl3) δ 194.5, 136.2, 126.9, 123.6, 122.2, 119.7, 118.5, 

111.4, 54.3, 37.9.
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3,4-dihydrocyclopenta[b]indol-2(1H)-one  (18).  This  synthesis  was  done  exactly 

according to according to the literature procedure.12
 However, the yield was consistently 

lower than reported (20~40%). TLC Rf = 0.37 (3:7 THF / hexanes). 1H NMR (300 MHz, 

CDCl3) δ 8.16 (s, 1H), 7.50 (d,  J = 7.6 Hz, 1H), 7.39 (dd,  J = 4.7, 3.4 Hz, 1H), 7.25 – 

7.12 (m, 2H), 3.54 (s, 2H), 3.53 (d, J = 1.0 Hz, 2H). 

(E)-3-(4-hydroxybenzylidene)-3,4-dihydrocyclopenta[b]indol-2(1H)-one  (22).  The 

best overall yield was obtained when a crude mixture or 18 was used in this reaction. To a 

solution of the diazoketone 21 (277 mg, 1.39 mmol) in CH2Cl2 at rt was added Rh2(OAc)4 

(6 mg, 0.014 mmol). Vigorous evolution of gas was observed. After 2 hrs, no starting 

material was detected by TLC analysis. A reddish orange solution resulted. The reaction 

mixture  was  filtered  through  a  plug  of  silica  gel,  which  was  rinsed  with  1:1 

EtOAc/hexanes  (100 mL).  Upon removal  of  the solvents  in  vacuo,  155 mg of  crude 

material  was  obtained  (a  mixture  of  white  and orange  solids).  To a  solution  of  this 
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material in 4:1 CH2Cl2/1,2-dichloroethane (10 mL) were added 4-hydroxybenzaldehyde 

19 (144 mg, 1.18 mmol), toluenesulfonic acid monohydrate (16 mg, 0.080 mmol), and 

molecular  sieves  3  Å (155 mg)  at  rt.  This  mixture  was brought  to  reflux  in  a  flask 

equipped with a condenser. After 14 hrs of refluxing, additional amounts of 19 (27 mg, 

0.22 mmol) and molecular sieves 3  Å (60 mg) were added. After 4 hrs, the reaction 

mixture was filtered through a plug of silica gel, which was rinsed with EtOAc (200 mL). 

Upon  concentration  under  vacuum,  this  solution  was  subjected  to  flash  column 

chromatography (1:19 THF/hexanes to 1:4) to obtain a bright orange solid (58 mg, 0.211 

mmol, 15% yield from 21 over 2 steps). Mp >210ºC. IR (film, KBr) νmax 3375(br), 2963, 

2921, 1712, 1599, 1483, 1441, 1274, 1231, 1165, 1123, 745 cm-1. 1H NMR (300 MHz, 

DMF-d7) δ 11.11 (s, 1H), 10.22 (s, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 8.1 Hz, 1H), 

7.57 (d, J = 8.0 Hz, 1H), 7.23 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.12 (ddd, J = 7.9, 4.5, 0.6 

Hz, 1H), 7.06 (s, 1H), 6.97 (dd, J = 6.1, 2.4 Hz, 2H), 3.56 (s, 2H). 13C NMR (75 MHz, 

DMF-d7) δ 205.3, 160.2, 141.6, 141.4, 131.7, 127.6, 127.3, 125.4, 125.2, 124.5, 121.2, 

120.9, 120.4, 117.3, 113.9, 36.9. HRMS (EI): calcd for C18H13NO2[M+]: 275.0941, found 

275.0945 (Δ 1.6 ppm).

(E)-3-(4-methoxybenzylidene)-3,4-dihydrocyclopenta[b]indol-2(1H)-one  (29).  This 

compound was synthesized in the same manner as 22. Yellow-green solid. 1H NMR (300 

MHz, CDCl3) δ 8.21 (s, 1H), 7.60 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.0 Hz, 1H), 7.35 (d, J 

= 8.1 Hz, 1H), 7.25 (t, J = 7.2 Hz, 1H), 7.17 (s, 1H), 7.16 (dd, J = 7.4 Hz, 1H), 7.04 (d, J 

= 8.7 Hz, 2H), 3.90 (s, 3H), 3.55 (s, 2H).  13C NMR (75 MHz, CDCl3) δ 204.6, 160.3, 

140.2, 138.8, 129.6, 128.7, 127.8, 124.3, 124.3, 120.9, 120.3, 119.8, 114.8, 111.8, 55.5, 
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36.5.  HRMS (EI):  calcd for C19H15NO2Na [M+Na]: 312.0995, found 312.0998 (Δ 1.0 

ppm).

(E)-4-((2-oxo-1,2-dihydrocyclopenta[b]indol-3(4H)-ylidene)methyl)phenyl  acetate 

(34). To a solution of 22 (21 mg, 0.076 mmol) in pyridine (200 μL) was added Ac2O (200 

μL) at rt. This solution was left at rt over night. Most of the volatiles were removed in  

vacuo, and the residues (dark orange oil) was subjected to flash column chromatography 

(hexanes to 1:9 acetone/hexanes) to obtain 16 mg of an yellow solid (0.050 mmol, 66% 

yield). TLC Rf = 0.64 (1:2 acetone/hexanes). 1H NMR (400 MHz, CDCl3) δ 8.29 (s, 1H), 

7.64 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 7.9 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.27 (m, 1H), 

7.23 (d, J = 8.6 Hz, 2H), 7.16 (m, 1H), 7.14 (s, 1H), 3.56 (s, 2H), 2.36 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 204.3, 169.5, 150.8, 139.6, 139.1, 134.0, 131.9, 129.1, 124.7, 124.0, 

122.9, 122.5, 121.5, 121.0, 119.9, 112.0, 36.4, 21.2. LRMS (ESI, negative): 316 [M-H].

(E)-3-(4-(trimethylsilyloxy)benzylidene)-3,4-dihydrocyclopenta[b]indol-2(1H)-one 

(37). To a solution of 22 (40 mg, 0.145 mmol) in THF (1.1 mL) at -78ºC were added 2,6-

lutidine (42 μL, 0.426 mmol) and TMSOTf (52 μL, 0.29 mmol) dropwise under stirring. 

After  stirring  for  5  min  at  -78ºC,  the  solution  (orange-yellow  color)  was  warmed 

immediately to rt. After stirring at rt for 3 hrs, saturated NaHCO3 solution (10 mL) was 

added to quench, which was extracted with EtOAc (20 mL x 3). The combined organic 

layer was washed with H2O (15 mL) and brine (25 mL) successively, and was dried over 

Na2SO4. This product readily decomposed to 22 on a silica gel TLC plate. Upon removal 

of the solvents under vacuum, 34 mg of amorphous yellow-orange solid was obtained 
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(0.098 mmol, 67% yield). 1H NMR (300 MHz, CDCl3) δ 8.26 (s, 1H), 7.55 (d, J = 8.3 Hz, 

2H), 7.35 (d, J = 8.0 Hz, 1H), 7.26 (t, J = 7.2 Hz, 1H), 7.17 (t, J = 7.2 Hz, 1H), 7.16 (s, 

1H), 6.99 (d, J = 8.6 Hz, 2H), 3.53 (s, 2H), 0.36 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 

204.6, 156.2, 140.1, 138.9, 129.6, 127.9, 125.5, 124.4, 124.3, 124.3, 120.9, 120.8, 119.8, 

116.3, 111.8, 36.5, 30.3, 0.32.
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Figure VII.7: 1H NMR spectrum of 21 in CDCl3
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Figure VII.8: 13C NMR spectrum of 21 in CDCl3
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Figure VII.9: 1H NMR spectrum of 18 in CDCl3
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Figure VII.10: 13C NMR spectrum of 22 in DMF-d7

Note that this sample contains a significant amount of 4-hydroxybenzaldehyde (19), and its 13C 
shifts include 191.8, 164.9, 133.1, 130.2, 117.0, as were established by HMBC.
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Figure VII.11: COSY NMR spectrum of 22 in DMF-d7
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Figure VII.12: HSQC NMR spectrum of 22 in DMF-d7

Note that this sample contains a significant amount of 4-hydroxybenzaldehyde (19), and its 13C 
shifts include 191.8, 164.9, 133.1, 130.2, 117.0 ppm, as were established by HMBC. 1H shifts of 

19 include 9.88, 7.83, 7.04 ppm.
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Figure VII.13: HMBC NMR spectrum of 22 in DMF-d7

There are some impurity peaks such as the one at 1.5 ppm (1H).
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Figure VII.14: 1D NOESY NMR spectrum of 22 in DMF-d7
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Figure VII.15: HRMS (EI) spectrum of 22

Reference: Perfluorokerosene. Two pink lines are reference peaks.
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Figure VII.16: 1H NMR spectrum of 29 in CDCl3
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Figure VII.17: 13C NMR spectrum of 29 in CDCl3
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Figure VII.18: COSY spectrum of 29 in CDCl3
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Figure VII.19: HSQC spectrum of 29 in CDCl3
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Figure VII.20: HMBC spectrum of 29 in CDCl3
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Figure VII.21: ROESY spectrum of 29 in CDCl3
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Figure VII.22: HRMS (ESI-FT) spectrum of 29 (showing [M+Na])
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Figure VII.23: 1H NMR spectrum of 34 in CDCl3
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Figure VII.24: 13C NMR spectrum of 34 in CDCl3
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Figure VII.25: 1H NMR spectrum of 37 in CDCl3



365

Figure VII.26: 13C NMR spectrum of 37 in CDCl3
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Abstract

Conclusions drawn from the research activities described in Chapters I through 

VII are discussed herein.
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VIII.1 Thesis

Natural products chemistry has benefited from organic synthesis in the areas of 

structure  elucidation  and  confirmation,  pharmaceutical  application,  and  biosynthetic 

study of natural products. Simultaneously, natural products have been a major driving 

force for the advancement of organic synthesis. Given this rich history, direct application 

of  organic  synthesis  to  issues  and  opportunities  surrounding  natural  products  should 

improve productivity in all three areas mentioned above. As a significant added benefit, 

new chemical transformations and synthetic strategies may be discovered in the process.

VIII.2 Natural products isolated through the dissertation research

In order to evaluate the thesis that contributions from organic synthesis enhance 

the productivity of natural products chemistry,  various studies were conducted, which 

included applying the techniques  learned through the mastery of organic  synthesis  to 

natural product isolation and structure elucidation. The structures of the natural products 

that were isolated in this endeavor are summarized below in Figure VIII.1. A chemist 

well-trained  in  synthetic  organic  chemistry  usually  has  mastered  the  art  of 

chromatographic purification of unstable compounds. This skill most certainly increases 

the  chance  of  isolating  natural  products  of  interest  with  a  good  yield  and  purity. 

Moreover, a synthetic chemist has seen a large number of NMR spectra of many different 

classes of compounds, which is an experience that can aid in the structure elucidation 

process.
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Water-soluble organic compounds are difficult to purify and to handle. Therefore, 

many natural products remain undiscovered due to their polarity and solubility in water. 

Skills nurtured through organic synthesis were utilized to isolate credneric acid (1),  a 

metabolite found in the aqueous extract of a Lyngbya sp. from Papua New Guinea. In the 

pursuit to identify neurologically important marine natural products, two polybrominated 

diphenyl ethers (2 and  3) were obtained through a bioassay-guided isolation approach. 

The literature 13C NMR values for 2 contradicted our findings, and this discrepancy was 

unequivocally  resolved  through  synthesizing  alternative  structures  to  evaluate  the 

contradicting 13C NMR data.

Although unresolved, a novel concept (synthetic introduction of a stereochemical 

reference, SISTER method) was developed to elucidate the absolute stereochemistry of 

natural  products  that  do  not  have  a  functional  group  appropriate  for  traditional 

derivatizations, such as synthesis of a Mosher's ester. In the course of this investigation, 

Figure VIII.1: Natural products isolated during the dissertation research

Cyclopropyl fatty acid 4-m was isolated from a Madagascar collection of Lyngbya majuscula. 
Likewise, 4-c was isolated from a Curaçao collection of the same organism. The stereochemistry 

of these two natural products are updated as per Chapter IV.
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an  interesting  concept  regarding  the  'phylogenetic  nature'  of  absolute  stereochemical 

assignments was noted.

VIII.3 Synthetic investigations of biologically important natural products

Through  the  total  synthesis  of  both  enantiomers  of  epiquinamide  (5),  a 

contribution was made to resolve the confusion about the identity of the potent nicotinic 

receptor  agonist  found  in  the  skin  of  a  rainforest  frog,  Epipedobates  tricolor. 

Unfortunately,  5 was found to be inactive in many bioassays tested thus far. However, 

through the concept of using a biomimetic starting material (an ornithine derivative), a 

very expedient and practical synthetic route to 5 was developed. Had 5 been a bioactive 

molecule,  this  synthesis  should have been able  to  provide sufficient  quantities  of the 

natural product for pharmaceutical investigations.

A total synthesis of a marine cyanobacterial metabolite, somocystinamide A (7), 

an exceptionally potent inhibitor of endothelial cell proliferation and angiogenesis, was 

also  accomplished.  The  challenges  presented  by  the  enamide  functionality  were 

overcome  after  rigorous  investigations.  Surprisingly,  the  disulfide  group,  historically 

known to be a difficult functional group to synthesize, was relatively easily introduced 

after resorting to a somewhat biomimetic condition (molecular oxygen atmosphere in the 

presence of an aqueous base). Finally, a revision of the synthesis was successfully made 

to improve the scalability of the first synthesis, thereby providing a sufficient quantity of 

7 for  in  vivo  studies.  This  latter  synthesis  should  enable  future  investigations  of 

somocystinamide A analogs for development in the treatment of cancer.
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Synthetic studies were conducted on a structurally unique alkaloid, scytonemin 

(8),  a  UV-blocking  metabolite  produced  by  cyanobacteria.  The  first  synthesis  of  the 

putative monomeric precursor (9) of this natural product was accomplished in one step 

from a known indole derivative. Access to the monomer 9 allowed experiments to show 

that dimerization of 9 cannot occur spontaneously under ambient conditions and that such 

a  reaction  is  probably  enzymatically  catalyzed  (if  it  occurs  at  all).  Moreover,  many 

chemical and biosynthetic insights were gained through attempts to dimerize  9, which 

was  successful  at  a  small  yield  albeit  a  very  low yield. The  synthesis  of  9 and  its 

derivatives contributed to a concurrent biosynthetic investigation of scytonemin as well. 

Figure VIII.2: Natural products that were synthetically investigated during the disseration 
research
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Interestingly,  pure  9 was tested in a mechanism-based anti-cancer assay and found to 

have unique and potentially valuable properties.

VIII.4 Final conclusions.

Through the chemical  investigations  of  natural  products  mentioned above,  the 

benefits  of  applying  organic  synthesis  to  natural  products  chemistry  were  clearly 

demonstrated. The approaches taken in this dissertation should continue to be productive 

in the foreseeable future.
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UV spectrum for scytonemin monomer

λmax : 255 nm (ε = 3.8 m2/mol); 289 nm (ε = 2.9 m2/mol); 401 nm (ε = 6.1 m2/mol)
Taken in 99:1 MeCN/THF (0.1 mg/ mL)
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Feeding study with 13C-labeled scytonemin monomer

The experimental results for the feeding study are summarized in Scheme 1. 
Labeled scytonemin's identity was confirmed through its retention time, which coincided 
with that of an authentic sample of scytonemin.

It is apparent that monomer 22 can be converted to 1 by a scytonemin-producing 
cyanobacterium. Moreover, two different hypotheses can be postulated based on the 
absence of singly labeled scytonemin (Figure 1). It is possible that presence of 22 
suppressed any production of scytonemin as well as its monomer in the organism through 
a feedback mechanism. In this hypothesis, the observation of the unlabeled scytonemin is 
explained by small basal production of 1 prior to the UV radiation treatment and the 

introduction of 22. Alternatively, it is possible that 22 blocked the UV radiation, which 
could result in suppression of the production of scytonemin in the cell. Given that most 
scytonemin molecules are found in the sheath and not in the cyanobacterial cell, it is 

Figure 1: ESI mass spectra of control and 13C-labeled monomer treatment scytonemin

The peak 543.3 corresponds to scytonemin ([M-H]) while the 545.3 peak corresponds to doubly 
labeled scytonemin ([M-H]).

Scheme .1: Incorporation of 13C-labeled monomer 22

Surprisingly, singly labeled scytonemin was not observed at all. However, almost equal amounts 
of unlabeled and doubly labeled scytonemin were observed. Tolypothrix distorta is a 

cyanobacterum that is known to be able to sustain moderate UV radiation through producing 
scytonemin.
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possible that the dimerization process only occurs in the sheath. If so, the labeled 
monomer that penetrated into the sheath would be converted only to doubly labeled 
scytonemin due to the suppressed production of scytonemin monomer in the cell.
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Progress Report on N2024

The above scheme summarizes the experiments done on N2024 so far. The 13C and 1H 
NMR spectra of N-Bz-O-Ac-N2024 were consistent with the expected structure. The 
decision was made to protect the free amines as amides because of the expected side 
reaction of the amine nitrogens attacking the ester(s) in the hydrolysis step (thereby 
forming lactams).

The attempt to perform ethenolysis by olefin metathesis was not successful even after 
prolonged reaction time. The 1H NMR spectrum of the resulting material revealed olefin 
peaks, indicating that there was no reaction. However, oxidative ozonolysis seemed to 
have proceeded well based on the crude 1H NMR taken on the product, in which the 
olefin peaks had disappeared. Subsequently, barium hydroxide mediated hydrolysis was 
carried out. After work-up, there were a few different compounds in the mixture and upon 
HPLC purification, only one of them was isolated in sufficient quantity for NMR 
analysis. Despite the 1.7 mm probe, it was not possible to obtain 1H NMR spectrum of 
good quality for this material. This disappointing result may be due to two factors; 1) 
insufficient starting material, 2) the final product's poor solubility. The latter issue may 
have been worsened by the presence of an additional carboxylic acid moiety created by 
the oxidative ozonolysis step. For the next time, doubly reductive ozonolysis may be for 
performed, where the resulting ketone and aldehyde are reduced to alcohol. One 
complication would be the introduction of a new stereo center, the secondary alcohol.

Another approach that could be taken either independently from the above chemistry or 
in conjunction is to utilize the newly installed carbon-sensitive probe for 13C NMR 
experiments. With this probe, experiments like INADEQUATE and 13C-13C COSY can be 
performed without the need for 13C enrichment, thereby clarifying 13C peaks through 
decoupling.



379

Experimental Details for Determination of Racemerization Rate of (S)-2-
methylbutanal

Pier Lucio Anelli, Fernando Montanari, and Silvio Quici Organic Syntheses, 1993, 8, 
367-372.

(S)-2-methylbutanal was synthesized according to the published procedure (above).
The optical rotation was measured on a JASCO P-2000 polarimeter in the time-course 
measurement mode. Measurements were taken at 589 nm and at 22 ºC.

For the DMF/water run, 20.2 mg of (S)-2-methylbutanal was dissolved in 300 μL of 
DMF. Then immediately after the addition of 1.2 mL H2O, the mixture was swirled and 
its optical rotation was measured at 30 minute intervals.

For the MeOH run, 46.4 mg of (S)-2-methylbutanal was dissolved in 1.5 mL of MeOH. 
Immediately the mixture's optical rotation was measured at 1 minute intervals.

Below is a typical experimental result in which racemerization of (S)-2-methylbutanal is 
clearly seen through gradual decrease in the optical rotation value.
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