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  The projects described in this dissertation are focused on compounds derived 

from marine organisms collected from the western Atlantic marine environment.   

  Chapter 1 provides an introduction to the study of natural products chemistry, 

marine natural products, and overview of the research undertaken from natural product 

chemists. 

  Chapter 2 describes the isolation and structure elucidation of a series of rare 

diterpenoids from the gorgonian Briareum asbestinum, together with their conformational 

analysis and biosynthetic interconversions. These rare diterpenes from Briareum 

asbestinum are linked by an unusual transannular oxa-6π electrocyclization which is 

described in detail and this work demonstates the biomimetic hemisynthesis of 

briareolate esters L (19) to B (22) achieved via an intermediary, briareolate ester G (2), 

through a controlled set of photoinduced isomerizations and a unique photochromic 

transannular oxa-6π electrocyclization. This work focuses largely on the mechanistic 
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understanding of the photochemical production of these briarane diterpenoids and 

illustrates a unique UVA/UVC, photochromic switch which induces a transannular oxa-

6π electrocyclization.  

  Chapter 3 describes the assay-guided isolation of marine antioxidants. This 

chapter focuses on the screening of marine organism extracts using the Ferric Reducing 

Antioxidant Power (FRAP) assay for antioxidant activity guided isolation of marine 

natural products. The chapter concludes with the activity guided isolation and structural 

elucidation of 1-O-palmitoyl-2-O-myristoyl-3-O-(6-sulfo-α-D-quinovopyranosyl)-

glycerol (40) to show direct antioxidant potential through FRAP analysis. 

  Chapter 4 describes the isolation, structural elucidation and pharmacological 

evaluation of the novel secondary metabolites iso-PsA(45), Iso-PsC (46), iso-PsD (47) as 

well as known Pseudopterosins A(41), B(42), C(43), D(44), K(48), K2’OAc(49), 

K2’OAc(50). These secondary metabolites were evaluated for both cytotoxicity.  The 

chapter concludes with the screening of these compounds as αβ-amyloid fibril modulators 

utilizing atomic force microcopy (AFM). 
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Chapter 1: Introduction 

Natural Products  

  Evolution has generated the immensely rich, and organically diverse planet that 

we know today1. It is through evolution that organisms attain advantages which allows 

them to thrive2. It is increasingly evident that evolutionary development is not restricted 

to physiological developments but includes evolutionary chemical advantages that 

organisms develop and exploit. As a result of the isolation and study of these molecules, 

the biomedical community increasingly finds growing and diverse therapeutic 

applications for these natural products.  

  A natural product is a chemical compound or substance produced and found in 

nature,  these compounds differ from primary metabolites in that it is not required for 

survival but rather provides an evolutionary benefit to promote survival 2a, 3. Natural 

products come from a variety of sources including terrestrial and marine-based plants, 

microorganisms and animals 3a, 4.  The diversity of organisms found in nature is out-

matched only by the even greater diversity and structural complexity of natural products. 

Commercial use of natural products exploits beneficial, chemical evolutionary 

developments in one or more species to provide similar survivability benefits to humans 

3a, 5. 

 Natural products have long been recognized as a fundamental source of 

therapeutic agents. Today, nearly 49% of the most prevalent drugs originate from natural 

products 6 but through most of our history, natural products were the sole means 
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to\ treat disease and injury. It is a growing understanding of molecular biology and 

combinatorial chemistry, which has enabled the era of rational design of chemical 

compounds which target specific molecules 7. In recent decades the growing capabilities 

in synthesis has changed the role of natural products in drug discovery and development 

where they are now regarded as a precursor.  However the identification and study of 

natural products, where researchers may now create synthetic analogs of increasingly 

complex, natural products, has fueled studies within the biomedical community which 

offer pharmacological improvements in both efficacy and safety 8.  

  The exploitation of natural products is seen throughout history where one of the 

world’s oldest documented medicinal plants, marijuana, has been used for both 

recreational and medicinal purposes for centuries; and, in recent years, Cannabis sativa 

L. has undergone a medical research renaissance 9. The Cannabis plant comprises a 

variety of chemicals, the most widely used being the 60+ cannabinoids which are C-21 

terpenophenolic compounds and are found exclusively in this genus9a, 10. The most 

commonly studied cannabinoids, and the most widely and publically known within 

medicinal studies, are the bioactive tetrahydrocannabinol (THC) (1) and canibidiol (2) 10. 

However, despite the pharmacological, though illegal, benefits of the direct natural 

compounds themselves, semi synthetic cannabinoid’s such as Nabilone (3) were 

developed and approved in 1985 by the U.S. Food and Drug Administration for treatment 

of chemotherapy-induced nausea and vomiting, thereby giving testament to the use of 

natural products themselves being used as medically beneficial and also offering 

scaffolds as a basis to improve pharmacological benefits (Figure 1)11. 

 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FTetrahydrocannabinol&ei=PmQgVfKUHISWsAXNiYD4CQ&usg=AFQjCNGiQ5PtAOMpCzjw_hQ0VSxRZIO8Mg&sig2=JEkZxA7BMgIpNhfHhoTDIA&bvm=bv.89947451,d.b2w
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Figure 1. Structures of tetrahydrocanibidiol (1), cannabidiol (2), and Nabilone 
(3). 

Marine Natural Products 

  Because marine environments exhibit some of the most biodiverse ecosystems on 

the planet they provide an excellent opportunity to find new chemistry. Marine 

invertebrates which include, the octocorals, or Octocorallia, are among the most diverse 

in the marine environment 12. This diverse group of marine invertebrates which includes 

soft corals, blue corals, sea pens, sea whips and sea fans, comprises over 11,000 species13 

and are one of the richest sources of bioactive natural products which have found their 

way to market13.  It is only within the past 60 years that advances have enabled marine 

natural products research and, as a consequence, the study of natural products continues 

to have renewed impact14. The start of marine natural products research can be dated 

back to the discovery of spongothymidine for anticancer (4) and spongouridine (5) for 

antiviral purposes both isolated from Cryptotethia crypt 15. Through intensive biological 

testing upon initial isolation followed by synthesis of structural analogues led to the 

development of cytosine arabinoside (Ara-C) as a clinical anticancer agent approved of in 

June 1969 (figure 2)16. Possibly the most famous is Prostaglandin (15 R)-PGA 2 (6) 

which is derived from Plexaura homomalla, described in 1968, and which led to the 

common class of birth control (figure 2) 3b, 17.   Since then therapeutic value has been 



4 

found in the area of pain management with the discovery and approval of Zinconotide a 

α-Conotoxin from a marine snail Conus Magus 15.  

Spongeothymidine (4) Spongeouridine (5)

OHHO

NHO
NH

O

O

OHHO

NHO
NH

O

O O

HO
HO

COOH

Prostaglandin (15R)-PGA 2 ) (6)
Figure 2. Structures of of spongothymidine (4) and spongouridine (5), Prostaglandin (15 
R)-PGA 2 (6) 
   Halichondrin B (7), was isolated from the western Pacific marine sponge 

Axinella, and which showed growth inhibitory activity towards multiple cancer cell lines 

18(figure 3). Halichondrin B (7) was studied intensely but, due to its structural 

complexity, proved too costly for commercial use from a synthetic, harvesting, or 

aquaculture standpoint 18. To overcome these problems these natural products can serve 

as an important inspiration for drug discovery allowing synthetic chemist in collaboration 

with biologist to develop structurally similar frame work which can allow for the 

development of safer and more effective drugs and at the same time develop synthetic 

strategies that are practical with respect to commercial use of these compounds.  

Eribulin(8) exemplifies this importance and more specifically in the area of marine 

natural products for use as a framework for the development of therapeutic drugs(figure 

3)15, 19. It was synthetic and structure relationship studies which resulted in the ability to 

commercially produce the synthetic analog eribulin (8) used for the treatment of 

metastatic breast cancer (Figure 1.2)15, 19.  While there is not yet an abundance of marine-

derived drugs, the sheer diversity of oceanic bio-environments all but dictate future 

successes in the quest for novel chemical structures and the subsequent development of 

new drugs and commercial products 15.    
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Figure 3. Structures of halichondrin B (7) and eribulin (8). Key structural difference are 

highlighted in blue and red 
Statement of purpose: 

  Natural products often exhibit pharmacological activity and, as such, can have a 

significant impact in drug design. Natural products chemistry research emphasizes the 

study of the chemistry and biochemistry of naturally occurring compounds in the context 

of the biology of the living systems from which they are obtained. The study of natural 

products offers the opportunity for scientists to study the role, relationship, purpose, and 

synthesis of these compounds and their pharmacological potential3b. It is the goal of 

natural product chemists to not only explain the nature of these compounds but, more 

importantly, to determine how and why these natural compounds are produced  and to 

specifically assess their potential to be utilized in new ways 3b. As such, the isolation and 

understanding of both the structure and mechanisms of natural products has, and will 

continue to, significantly impact the scientific community. This thesis covers multiple 

subcategories within the area of marine natural products. Specifically it offers research 

focused on biosynthetic understanding, activity guided isolation, structural elucidation, 

and pharmacological evaluation of natural products from the western Atlantic Ocean.  

  Chapter 2 provides biosynthetic scrutiny of a set of bio transformations in 

Briarium asbestinum. This hemisynthetic work features rare, forward and retro 
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transannular 6π electrocyclizations in which both the photochemical and the traditional, 

ground state synthetic parameters on which these pivotal transformations are predicated. 

As this is only the second, demonstrated example of a transannular electrocyclization we 

paid particular attention to the macrocyclic chemistry and to the constraints imposed by 

this system in order to achieve interconversion. Chapter 3 focuses on the isolation of 

marine natural products that may serve as novel chemical entities for protection against 

oxidative stress. Activity-guided isolation protocols are utilized for the isolation of these 

products from our collection of marine organisms harvested in Islamorada Florida. 

Chapter 4 covers the isolation and pharmacological evaluation of marine natural products 

from collections made in various locations throughout the Caribbean - specifically 

octocoral Pseudopterosin elisabethae. Pseudopterosins isolated during the course of this 

study were subjected to various biological assays in order to better assess their 

therapeutic potential and their utility as biomedical probes on specific targets.  
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Chapter 2: Biosynthetic Production of Marine Secondary Metabolites from Briareum 

Asbestinum 

Introduction: 

  The project outlined in chapter two revolves around the hemisynthetic study of 

Briareolate esters from Briarium asbestinum. B. asbestinum is a soft gorgonian octocoral 

found on coral reefs in tropical and subtropical areas. B. asbestinum is typically located in 

the western Atlantic Ocean, the Caribbean Sea, off the coast of Florida, and in the Gulf of 

Mexico although many species of Briareum are found worldwide 12, 20. Natural product 

studies from B. asbestinum began in the late 1960s with the discovery of crystalline 

terpenoid lactones and taurobetanine, both isolated from B. asbestinum harvested from 

the Bahamas 21. The Briareum genus has since provided a plethora of biologically active 

natural products including sterols, alkaloids, and terpenoids 21a-c, 22. Natural products from 

B. asbestinum have exhibited numerous biological properties and have shown to be 

cytotoxic, antimicrobial, anti-inflammatory, antiviral, immunomodulatory, antifouling, 

ichthotoxic, and pesticidal 21a-c, 22.  

Diterpenoids produced by Caribbean Briareum asbestinum 

  Some of the most interesting natural products from B. asbestinum are the 

cembranoids (9) which are prenyl diphosphates forming diterpenes and which, through  

cyclization and coupling, form the parent Cembranoid skeleton 23 Cembranoid-based 

natural products found in B. asbestinum exhibit immense structural diversity as a result of 

a variety of cyclization events (via 3-8 or 2-11), followed by 
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bio-transformations which include oxidation, various types of ether linkage and, more 

specifically, pericyclic reactions that result in differing ring systems and substitutions 

(see Figure 4).   

  The 2,11-cyclized and 3,8-cyclized cembranoids have been classified into five 

main categories: the cladiellins (also known as eunicellins) (10), the briarellins (11), the 

asbestinins(12), the briarane type with or without  the γ-lactone ring24. The cladiellane- 

and briarane-type metabolites are produced through different cembranoid terpene 

cyclizations and, as first proposed by Faulkner, are both bicyclic, fused, 6 and 10 

membered rings (see Figure 4) 24-25.  

Cladiellane-Type 

  The cladiellins (eunicellins) (10) represent the most abundant class of 2,11-

cyclized, cembranoid natural products. These secondary metabolites represent a class of 

natural products with a common oxatricyclopentadecane core. To date, 23 briarellins (11) 

and 34 asbestinins (12) have been isolated exclusively from B. asbestinum 24, 26.   

   Eunicellin (10), a cladiellin and the first 2,11-cyclized cembranoid (9), was first 

isolated in 1968 27. It is believed that briarellins and asbestinins are derived from this 

cladiellin-type scaffold through subsequent bio-transformations which generate the 

tetracyclic briarellin (11) scaffold. Asbestinins are derived from the briarellins where they 

undergo a very unfavorable, supraficial 1,2-methyl shift which yields the asbestinin-type 

scaffold(12) 24, 26 (see Figure 4). 
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Figure 4. The proposed biosynthetic pathway from cembrane to sarcodictyins. eunicellin, 
briarellin, asbestinane, and briarane-type carbon skeletons28.  

Briarane-Type 

  In 1977, the first Briarane-type  natural product, Briarein A, was isolated from the 

Caribbean gorgonian, B. asbestinum28. This briarane type represents the group of 

octocorallian 3,8-cyclized cembranoids, which exhibit a common 6 and 10 membered 

bicyclic system.  B. asbestinum has yielded 34 briarane-type compounds that contain the 

γ-lactone ring (14) and a total of 14 briarane types which contain the C19-methyl ester in 

lieu of the γ-lactone ring(13)28.  Briarane-type C19-briareolate esters (13) are a small 

group of briarane-types which contain an unusual C-19 methyl ester in lieu of the γ-

lactone ring and which are typically found in gorgonian coral. The exact mechanism of 

the biosynthetic pathways however, is still not fully understood 28. 
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  This thesis concentrates on the biosynthetic study of a relatively small group of 

Briarane-type diterpenoids, specifically those which contain the C19-methyl ester in lieu 

of the γ-lactone ring and which were isolated exclusively from Caribbean B. asbestinum. 

These particular Briarane-type diterpenoids represent a small subset of compounds which 

account for less than 4% of all the diterpenoids produced by Briareum worldwide29. 

There are four main structural differences within this Briareolate ester subset, the 

(5E,7Z)–dienone moiety; the (5Z,7Z)-dienone, the 2H Pyran, and the (7R,8S) epoxide 

(Figure 5) 28.  

  The biosynthetic study of secondary metabolites is often complex and is usually a 

multi-step, enzyme-catalyzed process with subsequent bio-transformations which result 

in a structurally rich class of natural products 30; While these biosynthetic pathways are 

predominantly enzymatic in nature, several examples have been shown to occur 

spontaneously in nature through photochemical or thermal transformations.  

 
E/Z briareolate ester Z/Z briareolate ester 2H Pyran briareolate ester

H
O

CO2Me

H
O

CO2Me

(Z)

(Z)

1
2 3

4
5

6789
10

1112
13

14

epoxide briareolate ester

H (S)
(R)

O
CO2Me

(Z)

O

         
(5E,7Z) dienone (15) (5Z,7Z) dienone (16) (2H)-pyran (17) (7R, 8S) epoxide (18)

(Z)

(E)CO2MeO

 

Figure 5. Key core structural differences within the Briarane-type C19 methyl esters  
  Many attempts to synthesize the chemistry from Briareum have been made, but 

with little progress in those Briarane types which contain the C19-methyl ester in lieu of 

the γ-lactone ring31. Recently, the photochemical production has been shown to be 

responsible for many marine secondary metabolites as a result, research in this field has 

enjoyed increased attention 32. At it is already well known that natural, chemical 
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synthesis by both terrestrial and marine organisms often requires light-induced 

transformations such as isomerization, fragmentation, and pericyclic reaction 33, it was 

the goal of the project outlined in chapter to study these interconversions, in particular the 

rare, transannular electrocyclization and the unique constraint’s imposed by the 

macrocyclic ring found in the briareolate esters. 

  We recently isolated the briarane-type cembranoid briareolate ester L (19) - the 

first natural product to possess a 10-membered macrocyclic ring with a (5E,7Z)–dienone 

moiety. This cembranoid was isolated, along with its known isomer briareolate ester G 

(20), and was found to differ only in the (5Z,7Z)-dienone configuration. Two years prior 

to this isolation, Trauner had intuitively advanced (speculated) a proposed biosynthetic 

pathway in which briareolate ester G (20)   “appeared correlated” and in equilibrium with 

its tricyclic isomer ester B (22) 25. This attracted our attention for two reasons: a) oxa-6π 

electrocyclizations are known as fast and reversible reactions and one would imagine that 

a steady equilibrium between (19), (20) and (22) would be challenging to resolve and b) 

transannular oxa-6π electrocyclizations have rarely been studied. Previous studies 

concluded that alkyl substitutions on both α positions induce steric interactions in which 

the s-cis comformer is destabilized and produces only the s-trans dienones34. The 

possibility of a transannular 6π-electrocyclization (TAPE) hinged on the ability of this 

unique E,Z-dienone system (19)  to isomerize to the corresponding Z,Z-dienone (20)  

while overcoming the conformational constraints imposed by the macrocyclic ring 

structure to reach the puckered inside space. 

  In view of our ability to not only access these rare natural products, but to do so in 

relevant quantities, and more importantly with Transannular oxa 6π electrocyclization being 

extremely rare and only one published report, by the Trauner research group, is in evidence with 
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the synthesis of smenochromene D. Our system is therefore unique and we believe that, with the 

Trauner group having speculated this proposed biosynthetic pathway, the study of transannular 

oxa 6π electrocyclization is of significant value to both synthetic and natural product chemists.  

This work appeared to be a means by which to better understand this unique macrocyclic 

chemistry and to determine the parameters required to overcome the (s-trans to s-cis) 

rotamer interconversion and thereby generate the unfavored s-cis cyclic transition state 

required for interconversion to (22).  

  The goals of this project were to fully study the proposed biosynthetic 

interconversion between (19), (20), and (22) and it almost seemed that we were destined 

to fully study this biosynthetic interconversion. Our goal was, upon isolation, to establish 

the full structure in respect of this unique macrocycle and to determine the constraints it 

may impose and the thermal and photochemical conditions required to achieve these 

interconversions.  

briareolate ester B (22) 
(2H)-pyran

briareolate ester L (19)
(5E,7Z)S-trans dienone

briareolate ester G (20)
(5Z,7Z)S-trans dienone
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Figure 6. Biosynthetic analysis of Briarolate esters. 

Pericyclic Reactions 

 Pericyclic reactions are effective strategies for creating structurally complex 

molecules from simple precursors and are increasingly recognized for their role in the 

biosynthesis of natural products 35. Pericyclic reactions represent an important body of 

chemical transformations that enables facile ring formation and skeletal rearrangements 
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(e.g. sigmatropic rearrangements, cycloadditions and electrocyclizations). Indeed a 

significant number of pericyclic reactions are shown to occur frequently in the formation 

of natural products 36.  A pericyclic reaction comprises a single step in which the 

transition state has a cyclic geometry and a bond formation occurs. In particular, 

transannular reactions are extremely efficient in the synthesis of complex polycyclic 

natural products which possess multiple stereocenters. A number of impressive 

precedents exist for transannular Diels−Alder 37 and hetero-Diels−Alder 37a, 38 reactions 

with electron-poor enones to achieve synthesis of complex molecules. An important 

subset of these reactions is the electrocyclic reactions and it is only in recent years that 

sufficient examples have been demonstrated for acceptance among synthetic and natural 

product chemists.  

Electrocyclic Reactions 

Electrocyclic reactions represent a type of pericyclic rearrangement in which a pi 

bond is converted into a sigma bond 39. Electrocyclizations, which include Oxa-6π 

electrocyclizations, are categorized by being either photochemical or thermal and can be 

either ring-opening or ring-closing in nature40. Depending on the type of reaction, 

(photochemical or thermal), these reactions occur specifically through either a 

conrotatory or disrotatory mechanism which dictates the predominant product with high 

stereospecificity 36e, 39a, 40-41. Interestingly, examples of molecules presenting a conjugated 

(Z,Z)-dienone are extremely rare as a result of facile conformational rotation of the 

carbonyl moiety (s-trans to s-cis enone) which spontaneously induces a rapid thermal 

oxa-6π electrocyclization to afford the corresponding (2H)-pyran products (Figure 7)42. 

In fact, the equilibrium shift between dienone (or dienal(23)(24)) and their (2H)-
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pyran(25) counterparts does not usually depend on conformational restrictions but rather 

incorporates electronic factors to either stabilize or destabilize the 6π electron 

conjugation36e, 42d, 43. Although electrocyclizations of this type are common, simple (2H)-

pyrans that are not masked by further transformations, of which are not fused to aromatic 

systems, are particularly rare36e.  

 
oxa-6π  

electrocyclization

O
O

O
23 24 25

 
Figure 7. Example of a typical oxa-6πelectrocyclization 

 While many, naturally-occurring, electrocyclic reactions have been explored in 

biomimetic syntheses, examples of transannular electrocyclization (6π, 8π or 12π) are 

sparse in scientific literature 44. Transannular interactions, in particular 

electrocyclizations involving these same chemical interactions, typically take place in a 

large macrocycle to form the new molecules. These, in particular, are considered 

extremely rare and, to date, there has been just one biomimetic total synthesis which 

demonstrated a transannular oxa-6π electrocyclization. This study was undertaken by 

Trauner in the synthesis of smenochromene D (29)(Figure 8) 45.  The reactions involved a 

quninone-based terpene that, through boric acid, mediated alkylation (26) and 

subsequently formed a cyclicborate intermediate (27) which in turn, and through 

subsequent elimination, formed the vinyl orthoquinonemethide (28) which itself 

subsequently underwent a thermal oxa-6π electrocyclization in order to install the 

chromene system (29)(Figure 8). Dienones are rare and are typically not isolated as they 

undergo oxa-6π electrocyclization as in the case of chromenes. These pyrans occur in 
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many natural products but typically undergo further pericyclic transformations such as [2 

+ 2] cycloadditions or oxidations followed by [4 + 2] cycloadditions to produce further 

derivatives. Our system is therefore unique in that all three isomers are stable and 

reaction stops at the 2H pyran with no further transformations. Many 2H pyran 

formations have already been shown to exhibit photochromic properties and therefore 

additional goals of this study were to investigate both thermal and photochemical 

parameters and to determine the photochromic properties of the system in order to fully 

elucidate the mechanism behind these unusual transformations 46.  
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Figure 8. Synthesis of smenochomene D through a transannular oxa-6πelectrocyclization 
45  
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Photochromisim   

   Photochromic material refers to the reversible transformation of chemical species, 

induced in one or both directions by electromagnetic radiation, between two states having 

observable variation in light absorptions in different regions.” 46b, 47. Photochromism was 

first discovered by Fritzsche in 1867 with the study of the reversible color change of 

2,3,4,4-tetrachloronaphthalen-1(4H)-one 46.  Photochromic materials can serve as 

ultraviolet protective shields 47c-f and the use of light to trigger reactions is particularly 

attractive, for example, the photoisomerization of non-toxic E -combretastatins to the 

clinically active Z provides a phototheraputic method to overcome nondiscriminative 

systemic toxicity of Z- combretastatins to allow accurate, remotely controlled cancer 

therapy 48. 

  Photochromic compounds have many industrial applications such as optical 

molecular switches, biological sensors, and many more 47c-f. The study of photochromic 

compounds involves the study of photochromism, the mechanism of the photoprocesses, 

the development of synthetic pathways, the investigation of the properties and their 

potential applications 46b, 49.  

  All photochromic compounds have at least have two different forms which 

exhibit different absorption spectra of either the intensity or the wavelength. Fulgides, are 

one of the most intensely studied class of photochromic systems featuring both an 

isomerization and an electrocyclization  similar to the system we are studying it is their 

ability to interconvert between the cyclized form (33)  and un-cyclized (30 & 31)  form 

upon exposure to certain wavelengths of light that is of particular interest (figure 9). 

Fulgides were first synthesized and discovered by Strobb in the 1905 50. Various fulgides, 
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and their derivatives, have since been synthesized and scrutinized for their photochromic 

properties.  

  The value of a photochromic material is dependent upon its specific properties 

such as distinguishable absorption spectra, thermal and photochemical stability, large 

quantum yields, and differences in molar absorption coefficient. In the case of fulgides 

both the E (30)  and Z- open (31)  forms display a λmax = 427 nm and the closed form  

(32) where λmax = 571 nm (Figure 1.8) 51. In the case of fulgides under irradiation with 

427 nm light, forward electrocyclization occurs creating the closed form at 90%, 

whereas, under 571 nm light reverse electrocyclization occurs and both the E (30) and Z 

(31) form reach a photochemical or thermal equilibrium 52. 
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Figure 9. Photochromic interconversion of Fulgides 
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Isolation of Briareolate esters 

  In order to study the biosynthetic pathway of these briarane type diterpenoids the 

first step was the isolation of (19) to (22) in order to test our hypothesis. The gorgonian 

Briareum asbestinum was collected by hand using SCUBA at a depth of 15 m from 

Hillsboro Ledge, Boca Raton in Florida (BR02-002).  The sample of B. asbestinum (2 kg 

wet wt.) was extracted with methanol for 24 h. Extracts were then passed through a 

column of HP-20 resin equilibrated with methanol. The combined eluents were diluted 

with water and passed again through the column. The column was eluted with fractions 

of H2O, a) H2O, (b) 40% (CH3)2CO, (c) 75% (CH3)2CO: H2O and (d) (CH3)2CO. The 

75% fraction was subjected to further column chromatography on HP-20SS resin, eluting 

with increasing concentrations of CH3CN in H2O / CH3CN (40-100%). Selected 

fractions based on TLC and NMR we combined and subjected to repetitive injections of 

purification on preparative PRP-1 column for clean up to give briareolate ester L (19; 200 

mg), briareolate ester G (20; 10 mg), and briareolate ester B (22; 5 mg).  

Conformational analysis of the dienone 

  Having established the stereochemistry with our initial structural assignment of 

both (19) and (20) we felt it crucial to confirm the exact geometry of the dienone system 

with particular emphasis to the orientation of the C9 carbonyl of the dieneone fragment.  

The stereochemistry of the diene was easily distinguished through NOSEY correlations 

(20) showed correlations observed through the H6 and H7 established (22) as (5Z,6Z). 

However (19) showed a correlation of the H7 to H2 which indicated the proton was 

inside the ring establishing aΔ6,7 for (19)  as (5E,6Z).  To assign the geometry of the 

carbonyl  we undertook a closer inspection of spectroscopic data NMR analysis which, 
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most notably, showed a downfield shift (1H NMR CDCl3) of the Δ7,8 olefinic proton in 2 

δH7 6.62 ppm, δC7 138.1 ppm versus δH7 7.64 ppm, δC7 145.2ppm, δH2 5.52 ppm. (1H 

NMR CD3OD) of the Δ7,8 olefinic proton in 2 δH7 6.71 ppm,  versus δH7 7.71 ppm, , δH2 

5.13 ppm. The large deshielding of both the H7 in (19) as compared to (20) indicates the 

carbonyl in closer proximity to the H7 proton compared to (20) 53.  Similarly the H2 

proton in (19), which is directly across the macrocycle, shows a similar increase of about 

0.5ppm compared to (20) which suggests an isotropic from the carbonyl which could, in 

turn, suggest that the C9 carbonyl in (19) is placed inside the ring in s-cis conformation34. 

However the epoxide (18), which was determined through x-ray crystallography and 

which shows a near identical pattern of shift exhibits the same δH2 5.52 ppm to indicate 

that the carbonyl is outside the ring and in the E,Z-s-trans-dienone geometry54. With IR 

stretching of the carbonyl λvmax= 1640 (19) and 1650 (20), both indicate s-trans 

conformation as this shift would be expected to be higher around  λvmax =1700 if the s-cis 

conformer was present34. However, more importantly with only one carbonyl stretch  

strongly indicates this locked geometry  and  with evidence pointing indicating E,Z-s-

trans-dienone geometry for (19) this would also support (20) is also in fact s-trans 

conformation34. Establishing (20) is also in fact (Z,Z-s-trans-dienone).  Biosynthetic 

Mechanism  

  Having assigned the conformation of both dienone’s in both briareolate ester L 

(19) (E,Z-s-trans-dienone moiety) and G (20) (Z,Z-s-trans-dienone moiety), we could 

further expand on the proposed biosynthetic mechanism knowing that upon isomerization 

of briareolate ester L (19) yielded (20).  Briareolate G (20),  with the Z,Z-s-trans-dienone 

moiety, would  need to undergo the sterically unfavored  s-trans to s-cis rotomer 
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interconversion in order to generate the cyclic transition state required for the oxa-6π 

electrocyclization to occur and, from (22)  (Figure 10), we anticipated that under the 

correct synthetic parameters these compounds could be selectively interconverted and 

thereby undergo either isomerization or oxa-6π electrocyclization, through traditional 

photochemical, thermal or acid catalysis protocols36e, 39a, 41, 43, 55. 
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Figure 10. Revised biosynthetic pathway for a plausible conversion of briareolate esters 
L and/or G to briareolate ester B. 
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Absorption Spectroscopy 

  To better understand the photochemical properties we undertook a closer 

inspection of the UV absorption spectra (figure 11). (19) UV (MeOH) showed absorption 

maxima λmax =237 nm (ε = 2075), 284 nm (ε = 1276) compared to (20) UV (MeOH) 

which showed absorption maxima 232nm (ε = 5626) and 288 nm (ε = 4677) and (22) UV 

(MeOH) λmax = 284 nm (ε = 3800). As no n-π* association with the carbonyl in (19) was 

directly observable, we used Origin™ software to deconvolute the spectra of both 

dienones (19) and (20) in solutions of EtOH which resulted in three, specific bands. 

Spectra of (19) showed λ max = 234 nm (ε = 2055), 284nm (ε = 1306)   λ = 314 nm (ε = 

138) and spectra of (20) showed λ max = 221 nm (ε = 5867), 284nm (ε = 2140)   λ = 324 

nm (ε = 394) (Figure 11). The first band correlates to the primary π-π* transitions. The 

second band correlates to the secondary π-π* transition of the diene; and the third band 

correlates to the n-π* transition associated with the carbonyl. We noted an increased 

overall absorption intensity of (20) compared to (19) together with a slight shift to a 

longer wavelength through this analysis we believed we could selectively target both the 

n-π* through UVA light and the π-π* through UVC light.    
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Figure 11. Normalized UV absorptions spectrum of (19) (610µM) and (20) (180µM) in 
EtOH(a): Deconvoluted UV/Vis spectra of (19); (b): Deconvoluted spectra of (20)
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Photochemical Transformations 

   To further assess the photo-physical properties of Briareolate (19), (20) and (22) 

we took measurements of the emission spectra of both UVA and UVC lights used in the 

experiments and compared these to the absorption spectra (Figure 12).  

  The photochemistry experiments were carried out using a RAYONET Model 

RMR-600 photochemical reaction chamber. Reactions using UVC light utilized the 

2537Å bulb, and UVA light experiments were conducted with the 3500 Å series bulb. 

The UVA 3500 Å light has a single strong emission band λ= 350nm with a range of (315-

400 nm). The UVC light 2537Å bulb had a strong emission band at λ= 253.4, with 

weaker spectral emission bands corresponding to with λmax= 265.2, 280.4, 289.4, 296.7, 

302.2, 312.9, 365.4, 404.7.  Under UVA emission a slight overlap presents with the n-π* 

transition of (19) and (20). The UVA emission from the Rayonnet Photoreactor omits 

spectral overlap with (22) as the n-π* is significantly decreased due to a lone pair being in 

conjugation with the π system. This causes a shift to a lower wavelength and reduced 

intensity (figure 12 Panel c). These results indicate that compound (22) would not 

undergo photochemical reactions under UVA.  Both dieneones show an increase in the 

absorption band intensity and a shift to a longer wavelength as seen with (19) and (20). 

Direct comparison of the dieneone’s (19) and (20) show a decrease in absorption intensity 

of (19) compared to (20) which suggests that (20) would likely undergo more 

photochemical reactions compared to (19) when photochemically excited under these 

parameters. As previously mentioned, the slight shift in spectra (19) λ max = 284nm 

compared to (20) λ max = 288 nm in MeOH suggests greater spectral overlap with UVA 

and provides evidence to support a greater quantum yield. The UVC emission from the 
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Rayonnet Photoreactor contains spectral overlap with (19), (20) and (22), specifically with 

π-π*, which confirms that photochemical excitation can occur and that photochemical 

reactions can proceed.  

 
Figure 12. (a): Overlay of absorbance spectra of (19) with the normalized UVA and 
UVC emission spectra in the Rayonet Photochemical Reactor. (b): Overlay of absorbance 
spectra of (20) (c): Overlay of absorbance spectra of (22).  
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Photochemical interconversion and kinetics 

  The photoreaction experiments were followed by standard 1H NMR and 

irradiation for set time intervals. As the isomers (19), (20) and (22) are present in 

measurable concentrations during the reactions, we used standard 1H NMR to follow the 

photoreactions and the reaction kinetics. Kinetics data for the interconversion of 

briarolate esters was achieved using Origin ™ and ACD NMR software, monitoring the 

integration intensities of the corresponding 6H and 7H olfinic protons within the vinylic 

region (δH5.6 –7.8 ppm) of briareolate ester L (19) and G (20) and 2H pyran briareolate 

ester B (22) to determine the component distribution. The average of the olefinic proton 

integration (H6 and H7), which patterns do not overlap, enabled precise measurement of 

isomer ratios over time (Figure 13). The conversion (%) vs. time (min) data was plotted 

and “best-fit” equations determined to assess the kinetic profiles of the reactions. Best fit 

equations were determined with starting values chosen at random and refined by trial and 

error to obtain the best fit equations using the least squares method. All equations had a 

<0.999% R2 value (see Appendix A1 for supporting data). 

 Photochemical reactions with briareolate ester L (19) were performed in a 

solution containing 10mg/ml of briareolate ester L (19) in CD3OD. For photochemical 

procedures with briareolate ester B(22) a vial containing (7.2mg/ 20mM) briareolate ester 

L(19): briareolate ester G(20): Briareolate ester B(22) (12:18:70) was dissolved in 720 μl 

of CD3OD. 

  Photochemical reactions under UVA irradiation were performed in a standard 

NMR tube with a solution containing (7.2mg/ml / 20mM) of briareolate ester L(19) or 

briareolate ester B(22) prepared in CD3OD and placed directly in the spectrometer for 
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monitoring. All solutions were secluded from ambient light until time of use. UVC 

photochemical reactions were similarly prepared but were performed in quartz reaction 

vessels with aliquots transferred to NMR tubes for analysis. Samples were irradiated for 

set time intervals before NMR recording was performed. 

 

              Briareolate ester L (19)         Briareolate ester G (20)     Briareolate ester B (22) 
H-6= (δH 6.22)                         H-6= (δH 6.14)                        H-6= (δH 5.60) 
H-7= (δH 7.68)                         H-7= (δH 6.71)                        H-7= (δH 5.90) 
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Figure 13.  1H NMR Chemical shift of H6 and H7 olfinic protons of briareolate ester L 

(19), briareolate ester G (20), and briareolate ester B (22) in (CD3OD, 400 MHz). 

 

 

 

 

Photochemical Interconversion with UVC light   
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  Under typical irradiation conditions to promote oxa-6π electrocyclization (UVC), 

we were unable to achieve the desired transannular, photoinduced electrocyclization 

(Figure 14). Instead, under UVC irradiation, briareolate (19) readily underwent 

isomerization to (20). Irradiation of a methanolic solution of (19) in a quartz reaction 

vessel delivered a mixture of the E,Z-dienone (19)  and Z,Z-dienone (20)  and reached a 

steady state equilibrium after 15 minutes. Interestingly, under UVC irradiation, the 

double bond isomerization was obtained with no obvious formation of (22). (Steady state 

ratio for 1:2:3 of 38:62:0). With the lack of spectral overlap of briareolate (22), we 

speculate that (22) is likely too labile under these conditions, and that the strongly 

absorbent dienolether chromophore may be also be photo excited under (π-π* transition) 

thereby enabling a rapid, facile retro-electrocyclization to deliver the mixture of (19) and 

(22) in a 37:63 ratio. 

 

Figure 14. Photoirradiation of (19) in CD3OD [20 mM] under UVC light (254 nm) 
afforded a photostationary state of (19) and (20) (38:62 ratio) after 20 mins.  

Photochemical Interconversion with UVA light 
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  We next turned our attention to the photo-irradiation of 1 under UVA (Figure 15, 

16, and 17). Iirradiation of a methanolic solution of 1 in a Pyrex (or flint glass) reaction 

vessel delivered a mixture of dienones (19)  and (20)  as well as the desired (2H)-pyran 3 

as the major product after 3 hours. (Steady state ratio for 19:20:22 of 27:14:57). Extended 

irradiation times did not result in full conversion in (22) as larger amounts of 

decomposition occurred over time. Under UVA irradiation, the isomerization of (19) to 

(20) takes place in minutes - rapidly reaching a novel, photostationary state (Figure 15, 

16). This implies that the rate determination step of the cascade is likely the carbonyl C19 

isomerization.  

  Interestingly, it was observed that isomerization between (19) and (20) under UVC 

conditions lead to a photostationary state (19) and (20) (37:63 ratio), whereas under UVA 

conditions, (19) is preferred to (20) achieving a photostationary state of (19), (20) (65:35) 

after 2 min, despite it being the thermodynamically less favored product. We attribute 

this to the intensity differences of both the molar absorptivity coefficient (ε) and the 

much more distinct n-π* transitions observed. These intensity differences clearly generate 

differences in the photochemical reactions to cause wavelength-dependent quantum yield 

variations between all three species. This leads in turn, to the occurrence of significantly 

more photochemical reactions in (20) than in (19) to generate the experimentally observed 

photostationary state. As alluded to earlier, it is the n-π* excitation which is responsible 

for pyramidalization which itself causes the rotation of the C19 carbonyl for placement 

inside the puckered macrocyclic space and enables the final step in which the thermal 

transannular 6-π electrocyclization takes place. These results are unique in that a specific 
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n to π* excitation mode was used to promote enone photo-isomerization and transannular 

oxa-6π electrocyclization.  

 
Figure 15. Photoirradiation of (19) in CD3OD [20 mM] under UVA light (315-400 nm) 
afforded a photostationary state of (19), (20) and (22) (27:14:57 ratio) after 3 h. 

 

Figure 16. Photoirradiation of (19) in CD3OD [20 mM] under UVA light (315-400 nm) 
afforded a photostationary state of (19), (20) (65:35) after 2 min. 
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Figure 17.  aStacked overlay of selected 1H NMR to monitor the photochemical reaction 
of (19)  under UVA irradiation in an NMR tube; δ values in CD3OD are reported.b After 
3 hours, measurable decomposition can be observed. 
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Retro-6π electro-cyclization with UVC light 

   Irradiation of pure briareolate ester B (22) under UVA showed neither reaction, 

nor degradation over the course of several hours. We therefore turned our attention to the 

photochemistry of (22) under UVC irradiation to evaluate the potential reversibility of the 

6π electrocyclization. Under similar methanolic conditions, (22) underwent complete 

retro-6π electro-cyclization in 40 minutes to reach a photostationary state identical to that 

of the forward reaction from (19) also leading to the matching ratio between (19), (20)  

and (22)  of 37:63:0 (see Figure 18).  We attribute the lack of retro-6π electro-cyclization 

under UVA light to the lack of spectral overlap which itself would dictate an absence of 

photochemical reactions. 

 

Figure 18. Photoirradiation of (22) in CD3OD [20 mM] under UVC light (254 nm) 
afforded a photostationary state of (19), (20) (37:63) after 40 min. 
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Ground state interconversion 

  In order to assess the possibility of a ground-state, acid-mediated or thermal 

isomerization and 6π electrocyclization sequence, we evaluated numerous conditions36e. 

Both natural products (19)  and (20)  were found to be thermally stable up to 150 °C as 

monitored through 1H NMR in C6D5CD3, methanol, CD3OD and CDCl3 (sealed tube; 

See materials and methods). Over time, decomposition was observed prior to any 

isomerization. As we reported previously, 1,4-conjugated additions can be achieved on 

(19)  with various Lewis bases. With the addition of thiophenol this was readily achieved 

and stereoselectively delivered the macrocyclic enol 56. Additions of Lewis or Brønsted 

acids to thioether did not promote the formation of (Z,Z)-isomer (20). Under acid-

catalysis with TFA or PTSA, (19) remained untouched. However, in the presence of a 

large excess of these acids, (19) was slowly converted to (20) without ever generating the 

2H-pyran (22). Instead, product (33) was cleanly delivered (Figure 21).  

Structural Elucidation of spiroketal γ lactone (33) through Acid Catalysis.   

The HRMS of synthetic acid product (33) consisted of a mass HRESIMS m/z 

461.2532 [M + H]+ (calcd. for C26H37O7, 461.2539).  Corresponding to the loss of 1 

carbon, 4 hydrogen atom from the starting material (19) mass of 492.272, Briareolate 

ester L (33).  Resonances attributable to all 26 carbons and 37 of the 37 hydrogens were 

observed in the 1H and 13C NMR spectra. A close inspection of the NMR spectra of 

Briareolate ester L (19) and synthetic product (33) revealed the similar nature of the two 

compounds, as expected, and allowed most carbons and hydrogens to be assigned by 

direct comparison of chemical shifts. These assignments were confirmed by HSQC, 

HMBC, and COSY correlations similar to those recorded on (19) and are summarized in 
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Table 2. Spectra analysis showed significant spectroscopic changes associated with C-1, 

C-2, C-6, C-7, C-8, C-9, C-10, and that the most significant changes were observed on C-

2 (δH 4.5, δC 89.7), C5 (δH 5.8, δC 124.8), C8 ( δC 139.3), and C9 (δC 112.7).  Key HMBC 

correlation of C-9 to both H-2 and H-10, in addition to the diagnostic C-2(δH 4.5, δC 

89.7), provides evidence to support this acetyl/ hemiacetyl link in this position. This is 

consistent with clandelin-type molecules found in Briarium Asbestinin (5) 22b, 57  [42, 

118-120] [42, 118-120] [42, 118-120] [42, 118-120] [42, 118-120] [42, 118-120] [42, 

118-120] [42, 118-120] [42, 118-120] [42, 118-120] [41, 117-119].  Assignment of both 

the butonic ester and acetate were confirmed through long range HMBC correlations 

placing  the acetate ( δC 170.6)  to C-14 (δH 5.07)  and  respectively the carbonyl  present 

on the butanoic group ( δC 173.6)  to C-12 (δH 5.18). Changes to C-20 (δC 177.4) from 

(δC 173.2) and IR λvmax= 1738 respectively, is consistent with both lactone formation and 

the loss of the methyl ester from the starting material Briareolate ester L(19).   

These results indicate that both the methyl ester and the C-2 Butanoic ester were 

hydrolyzed and the ester subsequently transferred to the C-12 position. The relative 

configuration of C-1, C-2, C-10, C-11, C-12, and C-14 were determined from coupling 

patterns in the 1H NMR spectrum. NOE correlations observed from H-6 to H-7 and H-16 

established the geometry of Δ6,7 Double bond. Correlations between H-18 and H-20  

established the geometry of the spiroketal γ lactone which is in conjunction with the 

steiochemistry observed by the Ketal group assigned  by the correlations of  H-2 and H20 

all of which provided confirmation of isomerization and lactone stereiochemistry of the 

spiroketal γ lactone.    



34 

spiroketal γ lactone (4): isolated as colorless oil λmax= 234 nm (ε 3500)MeoH, 287 (ε 

1713 HRESIMS m/z 461.2532 [M + H]+ (calcd. for C26H37O7, 461.2539). IR λvmax= 

2960, 2874, 1738, 1464, 1365, 1227, 1063, 103, 950, 738, Optical rotation [a]18
D -181.9 

(c 0.008, MeOH) 
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Table 1: NMR tables for spiroketal γ lactone (33), in (CDCl3, 400 MHz) 

 
 

Pos.      
δH  (mult., J in Hz) δC  COSY  HMBC ROSEY 

1 - 46.6 qC - - - 

2 4.45 (d10.7) 89.6 CH 3 1, 3, 9, 15 10 

3 a 2.21 (m) 25.6 CH2 2, 4 1, 4 - 

3 b 2.21 (m) - - 1, 4 - 

4 a 3.16 (t, 12.1) 29.6  CH2 3 2, 3, 16 - 

4 b 1.74(m) - 3 2, 3, 5, 16 - 

5 - 143.8 qC  - - 

6 5.7 (br s) 123.5 CH 7 5, 7, 16 7, 16 

7 5.8 (br s) 124.8 CH 6 6, 8 6, 16, 18 

8 

 

- 139.3 qC - - - 

9 - 112.3 qC - - - 

10 4.10(d, 11.7) 39.2  CH 11 1, 9, 11, 20 2 , 20 

11 2.10 (m) 31.5  CH 10,12,20 10, 12, 20 12,14, 15 

12 5.07 (br s) 73.5 CH 

 

 

 

 

 

 

 

13 13,20 1’ 15 

13a 2.23 (m) 32.6  CH2 12,14 

 

12, 14 - 

13b 2.23 (m) - - 12, 14 - 

14 5.18 (br s) 73.2 CH 

 

13 

 

15, 13, 1’’ 11,14 15 

15 1.28, (s) 24.6  CH3 - 1, 2 11, 14 

16 1.94 (s) 27.1  CH3 - 4, 5,  6 4, 6 

17 3.52 (q, 6.0) 38.8  CH 18 8, 18, 19 - 

18 1.37 (d, 6.7) 14.8   
CH  

17 17 20 

19 - 177.1 qC - - - 

20 0.71 (d, 6.7) 15.1 CH3 11 11 10, 12 

Ester at C-12 - - - - - 

1’ 

  

- 170.6 qC - - - 

2’ 2.05 (m) 21.6  CH3 - 1’ - 

Ester at C-14 -  - - - 

1’’ - 173.8 qC - - - 

2 ‘’ 2.20 (m) 37.0  CH2  1’’, 3’’ - 

3’’ 1.68 (m) 18.5  CH2 - 2’’, 4’’ - 

4’’ 0.95(t, 7.0) 13.5  CH3 - 3’’ - 
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Mechanism and speculation on spiroketal γ lactone (33) and ground state chemisry 

  Formation of the resulting product indicates that under strong acidic conditions 

isomerization does occur, and subsequent ester hydrolysis results in the formation of (33). 

The proposed mechanism occurs through first acid catalyzed acetate transfer from the 

C14 to the C12 position forming (34). This newly formed will subsequently undergo 

further ester transfer transferring the butanoic ester from the C2 to the C14 position 

forming (35).  This newly formed C2 alcohol will undergo a transannular attack on the 

C9 carbonyl to generate the hemiactyl (36). Subsequent hydroxyl formation in this 

hemiacetal will result in in hydroxyl mediated reduction of the methyl ester from this C9 

position resulting in spiroketal γ lactone formation to form (37) the resulting spiroketal γ 

lactone (figure 21). It is unclear why both esters subsequently sterioselectively transfer to 

both the C12 and C14 positions however this was confirmed through HMBC correlations 

and thought to occur through subsequent steps(figure 19).  The ease at which lactone 

formation occurs under acid conditions strongly indicates the epoxide methyl esters (18) 

are precursors to this lactone class of briarane (38). We speculate that through 

sterioselective dihydroxylation of epoxide (18) leads to (38) which can subsequently 

undergo hydroxyl-directed reduction to yield the commonly found briarane containing 

(7S, 8R) lactones (39) seen in figure 22.  

  It is clear from the ground state chemistry that isomerization is possible but the 

conformational restrictions imposed by the steric interactions of the carbonyl prevent it 

from entering inside the ring to form the s-cis cyclic transition state (21) required for 

electrocylization which lead us to believe that photochemical parameters are the only way 
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of overcoming these energy requirements of generating this cyclic transition state with 

the carbonyl inside the ring (22). 
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Figure 21.  Proposed mechanism for acid product. 
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Figure 22.  Proposed biosynthetic sequence for formation of briarane containing lactone. 

Conclusion: 

  Through this work we successfully isolated these unique macrocyclic systems 

(19), (20), and (22). We believe that the macrocyclic chemistry on the dieneone (19) and 

(20) imparts a high strain to the system which facilitates the forward electrocyclization 

formation of the typical pyran product as is usually the case of both macrocyclic 

examples and typical dieneone systems 34, 36e, 58. It is also believed that the steric strain 

and lack of free rotation imposed by the macrocycle inhibits free rotation thereby 

inhibiting the potential for the nucleophilic assisted methods of isomerization which are 

typical of enzyme based methods 56b, 59.  Ground-state acid catalysis also failed to achieve 
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a similar sequence of isomerization from (19), but instead enabled the synthesis of a new 

acid scaffold (33) related to the cladielin natural product. This offers interesting insight 

into the biosynthetic steps involved, but further supports the likelihood that 

electrocyclization is inhibited due to the lack of free rotation of the carbonyl. 

   It is believed that the alkyl substitutions on both α positions of the dieneone 

induce steric interactions making interconversion between these species rather high as is 

typically the case making these particular macrocyclic dieneones stable in the absence of 

light34. The results of the conformation are consistent with destabilization of the s-cis 

conformer (21) and only the s-trans dienones (20) are produced. These are stable and 

therefore inhibit electrocyclization 34. 

   Under the correct photochemical parameters however, we easily overcame the 

energy requirements for this unique macrocycle with regards to the isomerization and 

rotation of the carbonyl (s-trans or s-cis) by putting it inside the ring puckered thereby 

facilitating electrocyclization - specifically under UVA light.   

    Through this work we identified a novel, UV-selective, photochromic switch that 

transforms briareolate esters L (19) to B (22) and vice versa via the intermediate 

Briareolate G (20). For the first time a UVA/UVC photochromic switch has been shown 

to enable both forward and retro 6π electro-cyclizations on demand in a transannular 

fashion and represents the first photochemical, transannular 6π electro-cyclizations 

demonstrated. The unusual excitation of the n-π* transition from (19) or (20) with 

selective UVA light was determined as critical in facilitating the forward 

electrocyclization. It is believed the n-π* transition is responsible for putting the carbonyl 

in sufficiently close proximity inside the ring to facilitate the electrocyclization.  As the 
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forward and retro electrocyclization both occur under UVC, due to spectral leakage in the 

UVA region under UVC light parameters, it is believed that the high energy postulated 

intermediate (Z,Z)-s-cis-dienone rotamer (21) is unfavored with respect to the rate at 

which it is created and is able to undergo the forward electrocyclization at a comparable 

rate to the retro electrocyclization which occurs with (23).  Under these UVA conditions, 

we show (23) does not absorb light and thus switches off the competing retro 

electrocyclization – allowing for a kinetic sink and the observable formation of (23). Our 

work provides significant evidence of the unique photochemical properties associated 

with the exclusive excitation of the n-π* spectral band which enables carbonyl rotation 

inside the macrocyclic ring to facilitate the oxa-6π electrocyclization 60. Our results 

strongly imply that these briareolate esters are produced entirely photochemically in their 

natural habitat and are the only methods by which the large energy requirements for these 

transformations can be overcome36e. In light of the effectiveness of this novel UVA/UVC 

photochromic switch approach, this work likely revises the original biosynthetic proposal 

of briarane diterpenes and provides a unique strategy for laboratory preparation of 

medium-sized ring macrocycles through photo-induced retro-6π electrocyclization of 

bridged (2H)-pyrans 31b. The work offers significant mechanistic insight into 

photochemical oxa-6π-electrocyclization of macrocyclic dienone systems which will 

assist with the development of numerous applications in organic chemistry, photo 

pharmacology, optigenetics, and a variety of industrial applications 47c-f. 
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Chapter 3: Isolation of Marine Natural Products Protective against Oxidative Stress 

Introduction 

  Oxidative stress and reactive oxygenative species have been implicated in a 

variety of neurological disorders such as amyloid lateral sclerosis, heart attack, stroke, 

Alzheimer’s disease and a variety of other neurological disorders61 and novel 

antioxidants are now being used as potential therapeutic agents to treat and manage such 

disorders 62. Marine organisms, such as microalgae and other invertebrates have been 

shown to produce completely novel antioxidants 63. However, research in this field has 

largely focused on the antioxidant effects of crude extracts 64. The premise of this work 

was to use activity-guided isolation protocols to identify new chemical entities from 

marine organisms which can be subsequently subjected to pharmacological evaluation. 

To isolate marine natural products with strictly antioxidant potential we chose a standard 

assay guided isolation protocol, specifically the ferric reducing ability (FRAP) assay.  

The FRAP assay was attractive for two reasons (1) it was simple, fast and efficient which 

enables activity-guided isolation of a large library of extracts attainable in a reasonable 

amount of time and eschews the need for expensive robotics. (2) The FRAP assay 

allowed direct analysis of the extracts 65. This assay therefore, serve as an ideal platform 

for activity-guided isolation from our marine organism collection.  

  The work covered in this chapter largely concentrates on the bioassay guided 

isolation of marine extracts from our marine organism’s collection from the western 
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Atlantic. These organisms were extracted using a developed cyclic loading technique in 

order to generate a library of enriched crude extracts for bio-activity screening. Fractions 

were then assayed using the ferric reducing ability of plasma (FRAP) assay in order to 

measure "antioxidant power" and to develop a putative index of antioxidant potential, the 

results of which enabled selection and prioritization of organisms thereby allowing us to 

focus on the isolation of marine natural products that are actively antioxidant 66. 

Additionally through previous work we were able to identify that Pseudopterosins from 

Pseudopterogorgia elisabethae  showed potent antioxidant activity, with that our goals 

were to isolate and confirm these compounds as well as subject these compounds to 

further pharmacological scrutiny surrounding neurological disorders. 

Oxidative Stress 

  Oxidative stress is a term used to describe small molecules, containing oxygen, 

that are free radicals or are oxidizing agents that are easily converted into radicals67. They 

represent any molecule containing oxygen with an unpaired electron. These species are 

high energy and seek equilibrium by oxidizing the nearest molecule/biomolecule 67. The 

radicals are produced as a byproduct from many common biological processes like 

membranous enzymes, hemo-enzymes containing Fe2+, and enzymes containing Cu2+ 

atoms 68. In the body, the largest production of these ROS occurs from mitochondrial 

respiration, mainly in the form of superoxide and H2O2 
69. These free radicals are also 

naturally generated in other ways such as from high temperatures, UV light exposure and 

other ionizing radiation which, in turn, generates these highly charged reactive species. 

Free radicals contribute to protein and deoxyribonucleic acid (DNA) injury, 

inflammation, tissue damage, and consequently to cellular apoptosis 61b-g. ROS’s are not 
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universally harmful and can have important beneficial roles such as in cellular signaling, 

neuronal synaptic transmission 67, 70 and cellular protection from ischemic 

preconditioning 71. 

  Oxidative stress/ reactive oxygen species (ROS) has however, been implicated in 

a number of neurological disorders such as Parkinson’s disease, aging, amyotrophic 

laterals sclerosis (ALS), dementia, and Alzheimer’s disease (AD) 61a, 72. Phenolic 

compounds like, flavonoids, quinons, coumarins, lignans, stilbenes, tannins and nitrogen-

containing compounds such as alkaloids, betalains and many others, have been identified 

as rich sources of antioxidant activity73. Some of these novel antioxidants are now 

regarded as persuasive therapeutic agents against ROS and related diseases 73-74. 

Antioxidants 

  An antioxidant is any substance, present at low concentrations, that can 

significantly prevent oxidation by neutralizing radicals through either direct radical 

scavenging or by evoking a complex biological response 75. Since free radical production 

is an inevitable function of metabolic activity, we have evolved a complex system for the 

defense against their damaging effects 61e, 67, 76.We have complex biological systems, 

such as the Nrf 2 pathway, which when activated promotes the release phase II 

detoxifying enzymes that can quickly neutralize free radicals by increasing production of 

detoxifying enzymes that neutralize ROS effectively and efficiently when compared to 

conventional radical scavenging 77. There are two main types of antioxidants: Those that 

prevent the generation of ROS, and those that intercept and neutralize them 78. 

Recognition of upstream and downstream antioxidant therapies for oxidative stress have 

proven effective tools against the alteration of any neuronal damage 73, 79.  
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   An area of significant focus in antioxidant research surrounds the treatment and 

evaluation of a broad, terrestrial-based, phenolic flavonoids, a variety of ROS related 

neurological disorder, which has yield promising results 80. Catechols, and phenols in 

general, have the ability to act as direct radical scavenger. Furthermore, there have been 

several examples, such as in the case of ECGC and curcuminoids that have been shown 

to provide protection against oxidative stress by evoking unique, biological mechanisms 

such as the Nrf2 pathway, by increasing the production of detoxifying enzymes. As such, 

they serve as unique therapeutics for neuronal protection and treatment of neurologically- 

related diseases 81. Catechol-based curcuminoids and ECGC have been intensely studied 

with regard to their antioxidant potential and ability to counter a variety of neurological 

disorders by exhibiting  unique mechanisms of action which play dual roles in the 

therapeutic research of Alzheimers 82. Both phenols show neurological protection from 

oxidative stress induced by amyloid beta plaque formation and also an ability to inhibit 

plaque formation; thereby inhibiting the development of oxidative stress 61c, 83. Vitamin E 

has also proven beneficial in combating neurodegenerative diseases in clinical trials and 

is now used in most treatments of neurodegenerative disease 84. Currently, natural 

products such as Curcumin and Resveratrol, which contain phenols, have been shown to 

have neuroprotective properties and appear extremely effective against oxidative stress in 

neuronal related disease models 85.The results of these studies clearly imply that the study 

of antioxidant marine natural products, and their evaluation as therapeutic probes for a 

variety of neurological disorders related to oxidative stress and related diseases, is 

promising area of research to pursue 61b, c, 86. As many terrestrial-based antioxidants have 

been able to show dual roles as novel antioxidants protective against neurotoxic ROS and 
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an ability to modulate Alzheimer’s amyloid plaque our goal was to screen the compounds 

isolated during the course of this study on various neurologically related disease to give 

preliminary justification to warrant further pharmacological exploration.  

αβ-Amyloid plaque and Alzheimer’s Disease  

  Alzheimer’s disease (AD) is neurodegenerative disease which exhibits disease-

specific neuropathological changes. According to the CDC in 2013, as many as 5 million 

Americans were living with AD and worldwide, it is currently thought to afflict as many 

as 20 to 30 million people 43, 87. Scientists do not yet fully understand the causes of AD 

and there is little to no effective treatment 88. The Amyloid Cascade Hypothesis however, 

is now considered a major pathology for the disease89. It involves the formation of 

oligomers of amyloid-beta, which subsequently polymerize to form plaque deposits on 

the brain. The formation of these plaques creates a neurotoxic environment through the 

generation of toxic species; specifically with the generation of ROS through 

mitochondrial dysfunction which causes neuronal cell death. The formation of these 

plaques is now thought to be one of the most critical factors in the development of AD 

and therapeutics that effectively inhibit αβ40 plaque formation and/or reduce the levels of 

consequent neurotoxic effects would be of significant help in combating this widespread 

and growing disease 90. Through this work our goals were to isolate these marine natural 

products and determine if their was potential therapeutic applications for these small 

molecules and to provide preliminary, structural studies with the purpose to  justify 

further experimentation and evaluation with regard to neural degeneration related disease. 
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Marine Antioxidants 

  Marine organisms are exposed to some of the harshest environments on the planet 

and experience relatively high levels of ROS as a result. Photosynthesis, symbiotic 

oxygen production, and intense  levels of sunlight all lead to free radical production91.  In 

the ocean, a strong and clear correlation is evident between those organisms that undergo 

high levels of exposure to ROS and the effectiveness of the antioxidants produced by that 

organism 92.  

  As with all evolutionary processes, if an organism is exposed to particularly high 

levels of ROS they will almost certainly evolve effective, antioxidant mechanisms 64, 93 

and research development in the marine antioxidant field has recently enabled antioxidant 

screening of pure compounds and semi pure fractions, as opposed the screening of crude 

extracts that was typical in earlier antioxidant research 64. Marine organisms, such as 

microalgae and other invertebrates, have been shown to produce completely novel 

antioxidants 94 which underscores the potential for marine natural product compounds in 

treating oxidative stress- related, neurodegenerative diseases. The goal of this project was 

to screen these compounds in various pharmacological assays in order to evaluate their 

therapeutic potential 95.   

Antioxidant Assays 

  For the success of this project measurement of antioxidant capacity was of critical 

importance. The assays used may be categorized into two main groups: (1) those that 

measure direct antioxidant abilities on a specific substrate and, (2) those that measure 

these compounds in a biological setting (in- vivo and in- vitro). Both categories have 

value, but each has its own advantages and disadvantages. The intent of the project was 
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to identify a simple assay that would enable the quick identification of antioxidant bio-

activity and the purification of the identified leads.  

  Most direct methods measure the extent of inhibition of free radical generation by 

the antioxidants present in the sample  and are predominantly based on different free 

radical generators, a target molecule, endpoints and comparison to a known standard such 

as Trolox 96. Consequently, response to the antioxidants will depend on the specific assay 

chosen. There are however, relative advantages and disadvantages inherent in each assay 

and these will vary according to the situation and the type of study undertaken. 

  The Total Radical Trapping Antioxidant Parameter (TRAP) assay was one of the 

first antioxidant capacity assays developed and since its introduction numerous assays 

have become available 97. While TRAP is fast and convenient, it is of limited value in 

determining fat soluble antioxidants. The Chemiluminescence Antioxidant Capacity 

(AOC) assay provides an ability to distinguish between the effectiveness of certain 

antioxidants, however, it is not truly representative of oxidative stress in an actual 

biological setting 96, 98. The Oxygen Radical Absorbance Capacity (ORAC) assay offers 

high specificity using a physiologically important radical but the various extraction 

techniques required in ORAC assay is cumbersome when trying to screen a large library 

of compounds 99. In addition, the ORAC index is unclear when evaluating antioxidant 

potential as the results will vary as they are dependent on the specific free radical used. 

The results of other methods correlate better for reactive ROS. The Trolox Equivalent 

Antioxidant Capacity (TEAC) assay assesses the degree of free-radical inhibition at set 

time intervals in order to standardize the antioxidant capacity. This is a limiting factor 

when evaluating potential antioxidants that may work at a slower rate aor may work in a 
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unique mechanistic way100. The TEAC assay can be used to measure antioxidant capacity 

of both hydrophilic and hydrophobic substances, but suffer from nonlinear results with 

sample dilution.  

  Several other assays exist, each having its own, particular advantages and 

disadvantages. Many of them have been widely used and are accepted for their specific 

applications97b. The FRAP assay in particular was attractive due to the fact that it is 

simple, fast, reliable, rugged  and offers the ability to screen extracts directly and it was 

this ease of use which made it ideal for the purpose of our study on assay-guided 

isolation.  

Ferric Reducing Antioxidant Power (FRAP) Assay 

  Total antioxidant activity is measured by the Ferric Reducing Antioxidant Power 

(FRAP) assay. FRAP uses antioxidants as reductants in a redox-linked colorimetric  

method which involves Fe III to Fe II reduction/oxidation97b. At low pH, the ferric 

tripyridyl triazine (Fe III TPTZ) complex reduces to the ferrous form and is monitored 

through absorbance at 593 nm. The relevant chemical reaction of the FRAP method 

involves a single electron reaction between Fe (TPTZ)2 (III) and an antioxidant (electron 

donor) such as Trolox97b, 101.  The FRAP assay can be performed on a wide range of 

complex biological fluids, including aqueous and methanolic extracts from plants and 

marine organisms, as well as solutions of purified antioxidants 66a. 
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Psedopterosin Chemistry from the Caribbean octocoral P. elisabethae. 

  Through previous research in the West laboratory pseudopterosins from the 

Caribbean octocoral P. elisabethae were shown to show antioxidant activity on the FRAP 

assay as well as the ability to cross the blood brain barrier through pharmacokinetic data 

we believed this presented an excellent area of study for these natural products in which 

we were to isolate pseudopterosins in sufficient quantity and from specific geographic 

locations to enable pharmacological evaluation across multiple assays, in order to assess 

potential therapeutic applications for these compounds 102. Although the overall aim of 

this research was to find compounds that could counteract the detrimental effects of 

ROS/RNS to promote neuronal survival, however many human clinical studies involving 

direct radical scavenges has proven to be ineffective 103.  Caribbean gorgonian octocorals 

of the genus Pseudopterogorgia are both abundant and chemically rich. Many of the 

compounds isolated from these marine invertebrates are of great interest because of their 

structural complexity and pharmacological potential [92]. Pseudopterosins, a class of 

secondary metabolite compounds, exhibit an immense variety of biological activity from 

anti-inflammatory, analgesic 104, antimalarial 105, wound healing 106, antibacterial 106a, 107 

and many others104b, 104d, 105, 108. Pseudopterosin A methyl ether a semisynthetic derivative 

of pseudopterosin presented anti-inflammatory, In double blind phase II clinical trials 

pseudopterosins increased reepithelization accelerated the wound healing process 109. 

Pseudopterosins have even made their way into commercial use, where partially purified 

extracts containing pseudopterosins are incorporated in cosmetic skin care products 104a, 

110. Recent evidence in our own laboratory, through the use of the FRAP assay, shows 

that pseudopterosins  can serve as antioxidants, making these compounds a promising 
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area of study in the treatment of neurological disorders which result from oxidative stress 

102. 

  Pseudopterosin diterpene Pseudopterosins A-D (41-44) were  first isolated from 

samples collected in the Bahamas by Fenical and collaborators from P.elisabethae (see 

figure 34)104a, 111. Since then  P. elisabethae has yielded 26 pseudopterosins (PsA–PsZ) 

isolated from specimens collected in the Bahamas 111, Bermuda 104d, the Florida Keys 112, 

and the Columbian Caribbean 104d, 113.  

  In light of the strong precedence for promising biological activity exhibited by 

this class of compounds, sufficient quantities of pseudopterosins, were isolated and were 

then subjected to various biological assays for assessment. The previously mentioned 

ability of these compounds to serve as antioxidants prompted us to undertake further 

screening in in-vivo studies on Drosophila Melanogaster where they were assessed for 

their ability to protect against neurodegradation under oxidative stress and, more 

specifically, mitochondrial dysfunction resulting in ROS.  

Marine Organism Collection for Activity Guided Isolation: 

  The isolation of marine extracts began with collection of samples from off the 

coast of Islamorada, Florida (see Figure 23). Various fragments of representative species 

were collected by hand at mangrove channels from Islamorida, Florida Keys (Figure 24). 

Sample collection did not involve the removal of whole colonies; but only portions of 

individual organisms. The organisms were cut from the main axis with sharp scissors. 

Organisms were immediately labeled and stored in a freezer. Prior to extractions, samples 

were subjected to freeze drying in order to remove all residual water contained within the 

organism.   
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Figure 23. Map of the hydrography of the collections region in Islamorada, 
Florida. 

Source: “Islamorada, Florida” 24.9358° N, 80.6136° W. Google Earth September 20, 

2015  

Isolation and screening of marine extract for antioxidant activity  

  In order to streamline the analysis of our collection of marine organisms, a small-

scale standardized solid phase extraction (SPE) was used to enable rapid fractionation of 

multiple samples. These were then screened and prioritized for scale-up isolation after 

initial evaluation of antioxidant activity of the extracts.  The crude fractionation of the 

50+ organisms collected and extracted using a solid phase extraction (SPE) 12-port 

vacuum manifold allowed fractionation of multiple samples. The extracts were 

fractionated into three fractions - polar, medium-polar and non-polar. These “enriched” 

fractions were then examined using nuclear magnetic resonance (NMR) for the presence 

of novel compounds and screened for antioxidant activity.  Samples of each fraction 

were loaded onto 96-well plates with FRAP reagent. (Figure 24) Activity was compared 
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to the linear calibration curve from Trolox standards of known concentrations to compare 

relative antioxidant ability and aid in the selection and prioritization of our compounds.  

 
Figure 24. Small scale extraction and extract enrichment procedure. 

Source: Andrew Hall 2013 
FRAP protocol verification  

 The FRAP method has the ability to quantify the amounts of total antioxidants or 

reductants in extracts. The FRAP assay is also the only assay which directly measures 

antioxidants or reductants in a single sample. The first step, to verify the assay, was 

performed correctly. In order to do this we compared the standard assay to that of a serial 

dilution of the stoichiometric antioxidant Trolox to verify a linear relationship between 

antioxidant capabilities compared to concentration (Figure 25). A direct linear 

relationship confirming the reliability and that the experimental protocol was accurate, 

thereby indicating that this assay would properly assess the antioxidant activity of our 

extracts and lead us to the isolation and screening of our Islamorada collection. 
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Figure 25. An example of a standard curve generated using concentrations of Trolox. 

Activity guided isolation from marine extracts  

   As previously indicated these “enriched” fractions were then examined for the 

presence of novel compounds that show antioxidant activity. The results from the 

samples fraction assayed with FRAP reagent, was assessed by comparing the relative 

absorbance value of the extract with that of the trolox values. The results indicated only 

two potential organism extract with sufficient enough activity relative to antioxidant 

activity that warranted further study and isolation.  The two organisms were Halimeda 

(which has already been extensively studied) and green algae (phylum: chlorophyta and 

subphylum chlorophytina). It was these algae which were ultimately selected for workup. 

Active fractions were subject to 1D and 2D NMR along with HPLC analysis. Preparative 

HPLC separation was performed using an evaporative light scattering detector (ELSD).  

http://www.algaebase.org/browse/taxonomy/?id=97241
http://www.algaebase.org/browse/taxonomy/?id=142048
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Figure 26.  Comparison of antioxidant potential of marine extracts 

 

 

Isolation of 1-O-palmitoyl-2-O-myristoyl-3-O-(6-sulfo-α-D-quinovopyranosyl)-glycerol 
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  Specimen LJ-14 showed the strongest antioxidant activity that leads us to the 

selection of this sample for the identification of the bioactive components. Through 

taxonomic identification we were able to identify this species, (seen in Figure 27) as 

belonging to the Phylum: Chlorophyta and Subphylum Chlorophytina pithophoraceae.  

 
 
  Figure 27. Marine algae (LJ-14) collected from Islamorada, Florida Keys. 
  The specimen LJ-14 (26 g dry wt.) was extracted with MeOH and fractionated on 

polymeric HP-20 chromatographic support into three fractions (40, 75, and 100% 

(CH3)2CO in H2O). The fractions were then subjected to 1H NMR to identify the 

presence of unusual metabolites. The 75% (CH3)2CO in H2O fraction found to contain 

the presence of proton signals indicating the presence of a glycoside were subjected to 

repeated preparative C18 HPLC using a gradient elution from 20-100% CH3CN in H2O 

to yield  compound (40) (LJ-14-75-F9; 9.6 mg).  

 

 

Structural elucidation of sulfo-α-quinovopyranosyl  glycolipid (40)  
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    Compound (40) was isolated as a colorless oil with a HRMS [M + H]+ 765.4882 

(calculated for C39H73O12S). Careful analysis of the 1H- and 13C-NMR data including 1H-

1H COSY, TOCSY, DEPT, and HSQC spectra, allowed the assignment of all 13C- and 

1H-NMR signals (Table 2). Three spin systems were recognized, the first one was 

assigned to a glycerol moiety δH 4.34 and 4.14 (δC 63.5); δH 5.13 (δC 70.2); δH 3.89 and 

3.34 (δC 65.8). The second spin system signals were attributable to two fatty acyl groups 

whose terminal methyl signals appeared overlapped at δH 0.84. The third spin system 

indicated the presence of a glycosyl moiety. The methylene protons at δH 2.90 and 2.54 

showed attachment to the same carbon in agreement with the signal at δH 3.77, indicating 

that all these signals belongs to an hexapyranose. The relative small coupling constant 

value of the anomeric proton (H-1’’), J = 3.5 Hz, indicated α orientation of the glycosidic 

union, while the large vicinal coupling seen indicated the glucopyranosyl nature of the 

sugar moiety. The presence of a 6′′′-sulfo-α-quinovopyranosyl was determined on the 

basis of HRMS and non-decoupled HSQC in which both 6H protons showed a JCH = 148 

Hz which is consistent with sulfo-quinovopyranosyl (Figure 28 and 29) 114.    
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Figure 28. Key COSY correlation compounds (40) 
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Figure 29.  Key HMBC correlations 
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Table 2: NMR table for 1-O-palmitoyl-2-O-myristoyl-3-O-(6-sulfo-α-D-
quinovopyranosyl)-glycerol(40), Recorded in CD3OD, 400 MHz, chemical shifts, 
multiplicity and coupling constants (J, Hz) were assigned by means of 1H, 13C NMR and 
2D NMR data.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Pos. Synthetic Product (33)     
δH  (mult., J in Hz) δC  COSY  HMBC  

Glycerol -  - -  

1α 4.34 d  

 

63.5 

 

1b',2 2,3,1'''  
1β 4.14 dd (11.93,7.63) - 1a,2 2,3,1'''  
2 5.13 (d 5.09) 70.2 1b,3a,b 1,3,1''  
3α 3.89dd (10.37,6.06) 65.8 3b 1',1,2  
3β 3.34 (m) - 2,3a 1'1'2  
Sugar      
1’ 4.57 (d 11.3) 98.8 2' 3,5',3'  
2’ 3.18 (m) 72.1 1',3' 4'  
3’ 3.33-3.41 (m) 73.6 2',4',5 1',5'  
4’ 

 

2.9 (m) 74.8 3',5' 6',2'  
5’ 3.77(m) 69.3 6'a,b. 4' 1',3'  
6α’ 2.54 (dd,14.1, 7.0) 54.4 

 

5', 6'b 4',5'  
6β’ 2.92dd (11.9, 7.6) - 5',6'a 4',5'  
Fatty acid      
1''  173.2 

 
 
 
 
 
 

 

   
2'' 2.25d (m) 39.3 3'' 1''  
3'' 1.48 (brs) 33.2 2'' 1''  
4''-15'' 1.23 (brs) 20.7-3    
16'' 0.84 (t, 6.5) 14.3    
Fatty acid      
1''  173.2 

 
 
 
 
 
 

 

   
2'' 2.25 (d) 39.3 3''' 1'''  
3'' 1.48 (brs) 33.3 2''' 1'''  
4''-13'' 1.23 (brs) 20.7-9.0 - 2,3,1'''  
14'' 0.84 (t, 6.5) 14.3  2,3,1'''  
3’’ 1.68 (m) 18.5 - 2’’, 4’’  
4’’ 0.95 (t, 7.0) 13.5 - 3’’  
C14- ester  -  - -  
1’ 

  

- 170.6 - -  
2’ 2.05 (m) 21.6 - 1’  
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  With the planar structure established, confirmation of the fatty acid chain was 

required. To do this we employed the use of fatty acid methyl esters (FAMEs) analysis 

115. This is a common technique used for determination of fat content and fatty acid 

profiles in foods. The triglycerides, which cannot be analyzed directly by gas 

chromatography (GC), were first hydrolyzed and derivatized into their corresponding 

methyesters. In this process KOH is the presence of methanol to hydrolyze the ester 

bonds and the free fatty acid and in the process they converted to the corresponding 

FAMES 115-116. FAMEs are moderately polar and sufficiently volatile to be determined by 

GC analysis. Confirmation was achieved by GC analysis and standards, and the presences 

of both mystric acid and palimitic acids were noted. (Figure 3.8) 115-116.  

 

Figure 30. Sample GC FAMES coromatagram comparing unkown to standards. 
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  Confirmation of the position of these of the fatty acid side chains, was achieved 

through the use of selective enzymatic cleavage of the fatty acids with lipase X 115, 117. 

This is a process by which the primary position on the C3 position of the triglyceride is 

more readily accessible and will therefore cleave faster than at the C2 position (Figure 

31) 117. The reaction mixture was extracted, concentrated and analyzed by LC-MS. This 

resulted in a parent ion at m/z 811 [M + 2Na]+ and a fragment  corresponding to a [M – 

Pamitic acid]+; ion at 528 m/z thereby confirming the structure as that of 1-O-palmitoyl-

2-O-myristoyl-3-O-(6′′′-sulfo-α-D-quinovopyranosyl)-glycerol 117b, 118.  
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Figure 31. Enzymatic cleavage of the fatty acids using Lipase X  
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Isolation and Pharmacological evaluation of Pseudopterosins Terpenes from 

Gorgonian Octocoral Pseudopterogorgia 

Collection of Pseudoterogorgia 

  Pseudopterogorgia spp. colonies were collected using self-contained underwater 

breathing apparatus (SCUBA) at a depth of 5-30 m from the Bahamas. Two particular 

collections were chosen- one from Sandy Point, Eleuthera and the other from off the 

coast of San Salvador- both of which showed the greatest likelihood of possessing the 

targeted chemistry. These organisms were cut from the main axis with sharp scissors, 

immediately labeled, air dried and stored in the freezer until time of use. Prior to 

extraction samples were subjected to freeze drying in order to remove all residual water 

contained within the organism.   

  Samples were then extracted using methanol for repeated extraction cycles. 

Methanolic extracts were then partitioned into three discrete fractions of decreasing 

polarity using a large, reverse-phase HP-20 chromatograph. Approximately 35 mg of 

each 75% fraction was subjected to repeated, preparative HPLC separation on a C-18 

column 60-90% ACN/H2O for 40min followed by 10 min 90% ACN/ H2O for 10 min 

(see Figures 32 & 33). The fractions were collected by hand  and subjected to repetitive 

HPLC injection until a total of 11 pseudoterosin were isolated in <20mg quantities for 

biological evaluation (see Figure 34). Full structural elucidations were performed by Dr. 

Prasoon Gupta and this work focuses on the re-isolation and subsequent confirmation of 

structure and biological activity and screening of these compounds. 
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Figure 32.  Sample chromatogram from the isolation of pseudoterosin (A-D) (41-
44). 
 

 
Figure 33.  Sample chromatogram from the isolation of pseudoterosin iso A, C,D (45-47)  
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Figure 34.  Structure of isolated pseudopterosins:  pseudopterosin’s (A-D)(41-44), Iso-
pseudopterosins (A, C, D) (45-47), pseudopterosin-aglycone(51), and pseudopterosin (K, 
2’AC, 4’AC) (48-50). 

 

Spectroscopic confirmation of iso-Pseudopterosins 

 As a continuation of our study of marine natural products, we describe the structural 

elucidation of the aforementioned series of iso-pseudopterosins. The structures of the new 

compounds were established using spectroscopic comparison of previously assigned 

method by Dr. Prasoon Gupta identified by comparison of their spectroscopic published 

data (Mass and NMR) 104b. 
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  Figure 35.  Structure of iso-pseudopterosins A (45) 
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  Data from high-resolution mass and l3C NMR spectrometry established a molecular 

formula for these metabolites Pseudopterosin iso-PsA (45) had a HRESIMS (positive-ion) m/z 

[M + Na]+ 455.2415 (calculated for C25H36O6Na, 455.2409) Both pseudopterosin iso-PsC (46) 

and PsD (47) had a HRESIMS (positive-ion) m/z [M + H]+ 475.2693 (calculated for C27H39O7, 

475.2695) matching that of matching that of pseudopterosins (B-D) (42-44)  and showing 

evidences of similar acetylation pattern. The 'H NMR spectrum contained in the diagnostic H8 

methyl singlet (δ H1 2.13, 2.11) together with a infrared absorption band at 1732, and 1732 cm-

1104b. 

 Acid hydrolysis of pseudopterosin iso A-C and D (45-47), each yielded the same 

pseudopterosin A–F aglycone (51) skeletal profile whose structure was determined 

through  X-ray crystallography of Pseudopterosin C (43), which matched all previously 

assigned spectroscopic assignments confirming this same backbone 104b, 119    

  With all iso-pseudopterosins A, C, D (45-47), possessing the same planar 

structure, key spectroscopic correlations were the same, but with variations in the 

acetylation of β- Xylose as previously mentioned. The aforementioned 1H NMR 

spectrum diagnostic methyl singlet (δ 1H 2.13, 2.11) was the most significant difference 

between these isomeric variants. Acetylation of iso-pseudopterosins A, C, and D (45-47), 

in  excess acetic anhydride in pyridine, all produced the same tetra acetylated product 

offering further evidence of the similarity of this new backbone and which differs only in 

the position of acetylation. Base hydrolysis of the iso series all yielded the same un-

acetylated iso-PsA further confirming acetylation variances in the structure. Structural 

assignment was based on key COSY and HMBC correlations which compared the 

chemical shifts of the acetylated positions of that of C-3’(δC
 79.5- δH 4.75) and C-4’( δC 

81.6- δH 4.90)  and leading to their corresponding 1H downfield shift.  This is consistent 
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with the findings from previously isolated iso- pseudopterosins (A,C, and D) (45-47) 

(Figure 36)104b, 120. This data, in conjunction with HMBC correlations, gave credence to 

support the position of acetylation and the planar structure of iso-Pseudopterosins C and 

D (45-47) (Figure 36).  
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Figure 36 Structures of Iso-pseudopterosins A,C,D (45-47)  

Cell cytotoxicity data  

 In order to evaluate the variation in cytotoxicity of the pseudopterosins, cell viability 

and cytotoxicity assays were used to better assess the ability of these compounds and 

their toxicity.  The course of this work involved the use of a chemical enzyme-based 

method using an MTS cell proliferation assay 121. This assay relies on a reductive 

coloring reagent and dehydrogenase in a viable cell to determine cell viability for 

squamous cell carcinoma cells (SCC-25) 121. It is best suited for measuring the 

percentage of living cells using a colorimetric index to assess cellular metabolic activity. 

This Tetrazolium Dye Assay was used to measure cytotoxicity by plotting an index of 

controls compared to cultures co-incubated with the subject compounds in triplicate. 

Initial studies and follow up studies of the compounds isolated during the course of our 

study of pseudopterosins showed cytotoxic values (12−25 µM) that are consistent with 
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previous reports 104a, 107, 122 (Figure 37 and 38) A full cytotoxicity dose response curve 

was obtained with a IC50 for iso-PsA(45)  and shown to be 18 µM with no cytotoxic 

effect below 12 µm. This implies that pseudopterosins could possibly serve as an 

effective therapeutic probe below 12 µM (Figure 39).  

 

Figure 37. Cell cytotoxicity data for pseudopterosins Iso-PsA(45), PsA(41), and 

PsK (48) N=3.   
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Figure 38. Cell cytotoxicity data for pseudopterosins Iso-PsA (45), PsA (41), and 

PsK (48) N=3 .   

 
Figure 39. Dose response cell cytotoxicity data for iso-PsA (45) 
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 Given pseudopterosin’s ability to protect neuronal function under 

oxidative stress, we further examined other potential roles these compounds may 

play in combatting neurological disorders.  There is strong evidence that phenolic 

antioxidants have the ability to serve in dual roles. Many terrestrial-based 

phenolic antioxidants have exhibited an ability to both inhibit plaque formation 

and combat the resulting mitochondrial dysfunction and oxidative stress which 

leads to neuronal cell death. We chose to screen pseudopterosin compounds 

further using a commonly applied technique called Atomic Force Microscopy 

(AFM) in collaboration with Dr. Du and Mr Clifford Morris. We utilized this 

physical conformation to examine the roles that pseudopterosins may play in the 

aggregation of Aβ40 plaque formation on freshly prepared mica. This is a common 

technique used for the evaluation of amyloid plaques where adsorption of reaction 

solutions containing Aβ40 oligomers at set time intervals is used to track plaque 

formation. Subsequent imaging using AFM is used to generate a physical image 

of these plaques. As it is a physical representation, confirming the effect of 

adsorption on plaque aggregation is an absolute way of determining its effects. 

Testing is accomplished by co-incubation of the compound with freshly prepared 

amyloid beta oligomers which then allows the effect of plaque formation to be 

assessed. Stock solutions of the pseudopterosins were prepared in DMSO and 

diluted to a final concentration with Aβ40, allowed to incubate and then aliquoted 

on the AFM media. Samples are adsorbed onto fresh mica on which subsequent 

imaging takes place. Samples were dried for subsequent AFM imaging using the 



70 

tapping mode on an Asylum Research MFP 3D AFM system with MikroMasch 

NSC15/AI BS cantilevers. 

 The results presented show that PsA, and its isomeric variant, iso-PsA, 

both exhibit similar reactivity and a strong ability to suppress and modulate Aβ40 

aggregation. Controls of Aβ40 aggregation were established during the course of 

the study and showed consistent amorphous fibril amyloid plaques with 

increasing coverage over the 6 day study. (Figure 40)  After 3 days PsA(41) 

showed an ability to suppress, though not completely inhibit, Aβ40 fibril 

formation (Figure 41). After 6 days, more fibers were observed but were atypical, 

forming disordered aggregates compared to controls. Small fibrils still formed in 

the presence of PsA(45)  but significantly less compared to the controls. Iso-

PsA(45) showed an ability to suppress fibril formation after 3 days, but after 6 

days the formation of spherical agglomerates could be observed (Figure 41).  Ps-

aglycone (51) permitted fibril formation, however, these were off-pathway 

amorphous agglomerates which are very dense across the entire surface. This is 

consistent with previous reports regarding exposed catechol flavonoid 

ECGC85c(Figure 42) This work provides preliminary evidence of pseudoterosin 

ability to serve an anti-amyloid genic inhibitors and the need to further evaluate 

these compounds in biologically relevant assay’s which better model this disease  

in a proper physiological setting are indicated. 
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Figure 40. Tapping mode AFM images of Aβ40 amyloidogenesis. Aβ40 (30 µM) 
in pH 7.4 phosphate buffer (50 mM Na-phosphate, 150 mM NaCl) incubated at 
37 oC for (A) 0 days, (B) 3 days, and (C) 6 days. 
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Figure 41. Tapping mode AFM images of Aβ40 in the presence of PsA(41)  and 
iso-PsA (45) (200 µM). Aβ40 (30 µM) in pH 7.4 phosphate buffer (50 mM Na-
phosphate, 150 mM NaCl) incubated at 37 oC for (A) PsA (410)  3 days, (B)PsA 6 
days (40), (C)iso-PsA (45)  3 days, (D)iso-PsA (45)  6 days.  
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Figure 42. Tapping mode AFM images of Aβ40 in the presence of Ps-aglycone 
(51)(200 µM). Aβ40 (30 µM) in pH 7.4 phosphate buffer (50 mM Na-phosphate, 
150 mM NaCl) was incubated on a speci-mix aliquot mixer at 37 oC for (A) 3 
days, (B) 6 days. 
 

 

 

 

 

 

 

Conclusion 
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  Through this work we demonstrated the successful isolation and characterization 

of marine natural product’s that show antioxidant activity as well as their 

pharmacological evaluation. 

  Sulphanoglycolipids  or glycolipids type compound provide energy are commonly 

found on the outer cell membranes where they serve as both a recognition site for specific 

chemicals and, through cellular attachment to tissues, as an aid in maintaining membrane 

stability 123. Sulfoglycolipids with myristoyl and palmitoyl were initially isolated from 

chondria crassicaulis 118a.  These types of compounds have been shown to be DNA 

polymerase inhibitive, they exhibit immunosuppressive effects, offer HIV reverse 

transcriptase inhibition, are antimicrobial, show anti-tumor activity and combat 

cytotoxicity 124. They have even shown antiprotozoal activity in E. histolytica, lobophora 

variegate, and T. vaginalis 117, 125. The results show that proper dereplication strategies 

are useful to expedite time spent on chemistry. These results do show the successful 

application of an assay-guided isolation protocol using the FRAP. These results also 

show the need for secondary assay screening in order to further evaluate these 

compounds using secondary assays of greater complexity assess the true therapeutic 

potential of a natural product in a biological setting.  

 Through this work and previous work with the isolation and pharmacological 

evaluation of pseudopterosins from Pseudopterogorgia spp shows strong implications 

into the pharmacological potential of these compounds for neurodegenerative diseases.  

pseudopterosins: (A-D) (41-44), Iso-pseudopterosins (A,C,D) (45-47), pseudopterosins-

aglycone (51), and pseudopterosins (K, 2’AC, 4’AC) (48-50) were all isolated and 

successfully characterized. These compounds were further assessed for cytotoxicity, where 
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a relative IC50 value of 18µm to 21µM well within previously established cytotoxic 

ranges. The results of both the AFM Pseudopterosins may serve as novel therapeutic 

probes to combat neurodegenerative diseases. Indeed, this work provides preliminary 

evidence that pseudopterosins are potentially valuable therapeutic probes for the 

treatment of neurodegenerative disease however with further study and pharmacological 

scrutiny these compounds can and should be assessed properly for their true therapeutic 

value.  
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Material and Methods 

Collection and Identification of Marine Material 

Pseudopterogorgia spp  

 Colonies were collected by Self-Contained Underwater Breathing Apparatus 

(scuba) at a depth of 5-30 m at various sites around the Bahamas and Key Largo, Florida. 

Sample collection never involved removal of whole colonies and only a terminal 

fragment of each individual colony was cut from the main gorgonian axis with sharp 

scissors. Gorgonian fragments were air-dried and stored in the freezer. Samples remained 

frozen until extraction. Taxonomic identification of each colony was made by 

comparison of the gross colony architecture and by the morphology and dimensions of 

the three most common sclerite types (i.e., spindles, anthocodial rods, and scaphoids).  

Briareum asbesinum  

 The gorgonian Briareum asbesinum was collected by hand using SCUBA at a 

depth of 13.70-15.20 m from Hillsboro Ledge, Boca Raton Florida. The specimens were 

immediately frozen and kept at −20 °C until extraction. A voucher specimen has been 

deposited in the Department of Chemistry and Biochemistry, Florida Atlantic University, 

Boca Raton Florida (FAU02-010). 

Small Scale Solid-Phase Extraction  

 The organic extracts were fractionated using a Solid Phase Extraction (SPE) 12-

port vacuum manifold. The organic extract (5-15 mL) was concentrated onto polymeric 

HP-20 (3 g) using a savant vacuum centrifuge system.  The HP-20 was transferred into a 
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40-mL syringe-barrel SPE column.  After washing of the column with 20 mL of water, 

the column was eluted, drop-wise, with 15 mL fractions of: (a) H2O, (b) 40% (CH3)2CO, 

(c) 75% (CH3)2CO: H2O and (d) (CH3)2CO. The eluent was collected in scintillation 

vials (20 mL) and dried in a vacuum centrifuge.  

Large Scale Extraction  

 The specimen samples (up to 2kg wet wt.) were extracted with methanol (3 × 800 

mL) for 24 hours. The third, second, and then the first extracts were passed through a 

column of HP-20 resin (2.5 × 25 cm) equilibrated with methanol. The combined eluents 

were diluted with 3 L of water and passed again through the column. The column was 

eluted with 800 mL fractions of: a) H2O, (b) 40% (CH3)2CO, (c) 75% (CH3)2CO: H2O 

and (d) (CH3)2CO. Fraction C was concentrated to dryness and subjected to column 

chromatography. 

Semi-Preparative HPLC Separation 

Pseudopterosin  

 Isolation of Pseudoterosin was accomplished through the use of the 75% 

acetone/water fraction (30 mg) and subjected to semi-preparative HPLC separation on 

reversed phase.  A post-column, fixed flow splitter was used to split the flow in a ratio of 

1:20 to the ELSD and the fraction collector respectively. Samples were purified on C18 

reversed-phase HPLC (Gemini 10 x m; 21.2 x 250 mm; 8 mL/min; 20-100% 

acetonitrile/water over 60 min) respectively.  

Briareum asbestinum  

 The sample of Briareum asbestinum (500 g wet wt.) was extracted with MeOH (3 

× 800 mL) for 24 h. The third, second, and then the first extracts were passed through a 
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column of HP-20 resin (2.5 × 25 cm) equilibrated with MeOH. The combined eluents 

were diluted with water (2.5 L) and passed again through the column. The column was 

eluted with 800 mL fractions of: a) H2O, (b) 40% (CH3)2CO, (c) 75% (CH3)2CO: H2O 

and (d) (CH3)2CO. Fraction c was concentrated to dryness and was subjected to column 

chromatography on HP-20SS resin eluting with increasing concentrations of acetonitrile 

in water (40%-100%).  

Instrumentation  

 Solid phase extractions (SPE) were performed on HP-20 resin (3.0 g) in a 40-mL 

syringe-barrel column using a 12-port manifold (Altech Associates, Inc). Semi-

preparative HPLC separation were performed on a PRP-1 column (10 x 250 mm, 10 µm, 

Hamilton) using a Shimadzu HPLC system consisting of a Shimadzu DGU-20A online 

degasser, Shimadzu LC-20AT quaternary solvent delivery system, SPD-M20A 

Photodiode array detector, a Shimadzu LTII evaporative light scattering detector  

(ELSD), and a FRC-10A fraction collector (a QuickSplit™ Flow Splitter (ASI, El 

Sobrante, CA) was used to split the flow in 1:20 to the ELSD and fraction collector).  The 

system was controlled with an SCL-10AVP system controller using EZ Start 

chromatography software. Emission spectra of the photo reactors used in this study were 

recorded using an Ocean Optics USB 2.0 Fiber Optic Spectrometer with attached fiber 

optic cable. UV spectra were determined with a PerkinElmer LAMBDA 365 

spectrophotometer.  Photochemistry experiments were carried out using a RAYONET 

Model RMR-600 photochemical reaction chamber. Reactions using UV-C light utilized 

the 2537Å bulb, and UV-A light experiments were conducted with the 3500 Å series 

bulb. 



79 

Structural elucidation  

  These purified compounds were characterized using many advanced, non-

destructive spectroscopic techniques. Optical rotations were measured on a Jasco P-2000 

Polarimeter.  IR spectra were recorded on a Thermo Electronic Corporation Nicolet IR-

100 Spectrophotometer.  All NMR Spectra were acquired with a Varian Mercury plus 

400 spectrometer. Unless otherwise specified, proton (1H) and carbon (13C) spectra were 

recorded at 25 °C in CDCl3, CD3OD3 and Toluene-d6  using referenced internally to the 

residual solvent peak (CD3OD: 1H, δ 3.30 ppm: 13C, δ 49.0 ppm; CDCl3: 1H 7.26 ppm; 

13C 77.0 ppm). Short- and long-range 1H 13C correlations were determined with gradient-

enhanced inverse-detected HSQC and HMBC experiments, respectively. NOE 

correlations were detected with ROESY experiments with a 0.5 s mixing time.    

Chapter 2 Materials and Methods: Hemisynthesis of Briarane Diterpenoids: 

Transannular Forward and Retro 6π electrocyclizations Induced by a UVA/UVB 

Photochromic Switch. 

Thermal transformations 

 For thermal procedures, (entry 1-4), 600 μl aliquots of solutions containing 

10mg/ml of Briareolate ester L, Briareolate ester G were prepared in C6D5CD3, in an 

NMR tube. Each solution was heated at 90 °C for up to 3 days with the NMR spectrum 

recorded daily. After 3 days no transformation was recorded or observed. The same 

sample solutions were transferred to a glass pressure reaction vessel chamber and sealed. 

Solutions were then heated to 160°C overnight. Sample solutions were then removed, 

allowed to cool and transferred to NMR tube for NMR spectra recording. Both solutions 

containing both Briareolate ester L, and Briareolate ester G exhibited decomposition. 
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Please note that all solutions and reactions were covered with aluminum foil to exclude 

ambient light. 

Acid Catalyzed transformations  

For acid-catalyzed transformation procedures preparation of 600 μl aliquots of 

solutions containing (10mg/ml, 20mM) of Briareolate ester L in CD3OD, CDCl3 and 

toluene-d6 were prepared and covered with aluminum foil to exclude ambient light. These 

were maintained at ambient temperature for 1 week in order to show the stability of the 

compounds in solution (entry 5 and 6). After one week there was no observed 

transformation or decomposition in solvents.  After one week 1μLof Tri flouro-acetic 

acid (TFA) was transferred via syringe into the solution of Briareolate ester L in CDCl3 

(entry 7 & 8).  NMR spectra was recorded daily and on day 2 of the reaction Briareolate 

ester L was found to have transformed completely into a 17:83 mixture of Briareolate 

ester G and a new synthetic product (entry 7). On day 3 of the reaction, Briareolate ester 

6 was also completely transformed into <99% solution of new semisynthetic product.  

After one week the 0.3 mg of p-toluenesulfonic acid (PTSA) was transferred into the 

solution of Briareolate ester L in C6D5CD3solution containing (10 mg/mL, 20 mM) of 

Briareolate ester L in C6D5CD3.  This solution was heated to 90 °C and monitored via 

NMR. No observed transformation or decomposition was observed after 3 days (entry 9).  

After three days an additional 4 mg of p-toluenesulfonic acid (PTSA) was transferred into 

the solution. The NMR tube was then sealed and stored in the complete absence of light. 

NMR data were recorded after 1 week and the new synthetic compound (33) was 

observed (entry 10). The solution was then subjected to liquid/liquid CHCl3: H2O 
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extraction to remove trace acid. The sample was then dried to completion and 

reconstituted in CDCl3 for comparative NMR analysis. 

 
Table 3.  Summary of Results from Thermal and Acid Methods 

 
Nucleophilic assisted isomerization for Briareolate esters: 

 In-order to test for nucleophilic assisted isomerization, 5mg of Briareolate ester L 

was reacted with 1eq of C6H6S at 25°C in 750µL of C6D5CD3 (13.5mM) in an NMR 

tube. This yielded the 1,4 addition enol product which was observed after 10min, with no 

formation of Briareolate ester B during the course of beta elimination. Additional 

- 25 3

- 25 3

25 2 17:83(*c)

Toluene-d6 PTSA(*a) 90 3
25 5

time
(days)

AcidSolvent T °CStarting 
material

Toluene-d6
- 90 3

Toluene-d6
- 160 1

25 3

CDCl3
CD3OD

Toluene-d6 PTSA(*b)

NR

Observed 
product

CDCl3

NR

(*a)= PTSA used in catalyitic amounts (10 mol%)(*b)= PTSA used in (5eq,)(*c)= Ratio of Briareolated ester 
G to new Acid product

NR

Decomp

NR
New product (4)

TFA(1eq.)

TFA (1eq.) New product (4)CDCl3

L
L

L

G

L

L

L

L

Toluene-d6
- 160 1 DecompL

Toluene-d6
- 90 3 NRG

Entry

1
2
3

6

7

8
9

10

4

5

(Z)

(Z)

AcO

HO H
O

O

CO2Me

O

H
O

HO

OH

Briareolate ester L (1) Briareolate ester G 
 
(2) Synthetic Product 

 
(4)

O
nPr

O

O
OHCO2MeHO

O

O
nPrAcO

HO
nPr



82 

attempts for the nucleophilic assisted, acid catalyzed isomerization were performed by 

adding stoichiometric amounts of either TFA, PTSA or scandium triflate directly to the 

NMR tube. Again, there was no observed conversion to Briareolate ester G, nor reversal 

back to Briareolate ester L. This data indicates that standard β-elimination of the 

nucleophilic leads to complete reversal to Briareolate ester L. 

CHAPTER 3 Materials and methods: Isolation of Marine Natural Products Protective 

against Oxidative Stress. 

FRAP Assay 

 FRAP reagent was prepared immediately before each assay with 300 mM acetate 

buffer, 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) solution, and 20 mM FeCl3 in a 10:1:1 

ratio. Reagent was heated to 37° prior to use. Assays were prepared in 96-well microtiter 

plates using 150 μL of warm FRAP reagent with 20 μL of sample. A blank reading of the 

plate was taken before addition of samples. Following addition of the sample compounds, 

absorbance readings at 593 nm were recorded at 30, 90, and 120 minutes (SpectraMax 

M2 microplate reader; Molecular Devices). The 90 min reading was selected for 

calculation of FRAP equivalence values. Standard curves were produced using 50, 125, 

250, 500, and 1000 µM  

 

 

 

CHAPTER 4 Materials and methods: Isolation and pharmacological evaluation of 

pseudopterosins terpenes from gorgonian octocoral pseduoterogorgia.  
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Acid hydrolysis of pseudopterosins (41-48) to pseudopterosins aglycone (51)   

 To a mixture of pseudopterosins 1N HCl methanolic solution (2 mL). The 

reaction vessel was agitated at 50oC for 3 hours and then the solution was cooled to 25oC, 

and water added (10 mL).  The solution was extracted with methylene chloride (3 x 2 

mL), the organic extracts combined and dried. Subsequent semi-preparative RP-C18 

HPLC using a linear gradient of C2H3N:H2O (50:50 C2H3N:H2O to 100% C2H3 over 30 

minutes, hold for 10 minutes) as mobile phase. FRAP assays.  

Base hydrolysis of pseudopterosins (41-48) to pseudopterosins    

 To a mixture of pseudopterosins 2N NaOH MeOH solution (2 mL).  The reaction 

vessel was agitated at 50oC for 8 hours and then the solution was cooled to 25oC, and 

H2O added (10 mL).  The solution was extracted with methylene chloride (3 x 2 mL), the 

organic extracts combined and dried. Subsequent semi-preparative RP-C18 HPLC using 

a linear gradient of acetonitrile:water (50:50 C2H3N:H2O to 100% C2H3N over 30 

minutes, hold for 10 minutes) as mobile phase. 

Acetylation pseudopterosins (41-48)  to pseudopterosins    

 To a mixture of pseudopterosins (2 mL) in pyridine excess acetic anhydride was 

added and allowed to react overnight. Water was subsequently added (10 mL) to quench 

the reaction.  The solution was extracted with methylene chloride (3 x 2 mL), the organic 

extracts combined, dried. Subsequent semi-preparative RP-C18 HPLC using a linear 

gradient of C2H3N:H2O (50:50 C2H3N:H2O to 100% C2H3N over 30 minutes, hold for 

10 minutes) as mobile phase. 

MTS cell cytotoxicity 
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 Cell suspensions (100,000 cells) containing the indicated supplement were plated 

in 96 well microtiter plates using 100 ml of the indicated cell suspension. The plates were 

incubated for 48 hr at 37°C in a 5% CO2 incubator. The culture medium was then 

removed and the cells washed once with fresh culture medium with serum. After removal 

of the wash solution, fresh culture medium with serum that contained the indicated 

analyte was added to the cells, and the cells were incubated for 24 hours. Cell viability 

was determined by the CellTiter 96 Aqueous One Cell Proliferation Assay (Promega; 

Madison, WI) according to the manufacturer’s instructions. This assay utilizes a novel 

tetrazolium compound that metabolically active cells convert to a water soluble formazan 

by the action of cellular dehydrogenases. This is measured by absorbance at 490 nm 

using a colorimetric microtiter plate reader (SpectraMax Plus384; Molecular Devices). 
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Appendix A: 
Photochemical Kinetic equations 

Kinetic equations for UVA Photochemical Reactions with Briareolate ester L: 

Briareolate ester L Model: ExpDec1  

𝑌𝑌 = 44.233 × 𝑒𝑒
−𝑥𝑥
61.88 + 37.04 × 𝑒𝑒

−𝑥𝑥
0.89  + 18.72 

Briareolate ester G Model: intermediate 

𝑌𝑌 = 33.0 × 𝑒𝑒
−𝑥𝑥
0.88 + 34.97 × 𝑒𝑒

−𝑥𝑥
0.63.03 + 23.17    

Briareolate ester B Model: ExpDec1 

𝑌𝑌 = 66.2 × 𝑒𝑒
−𝑥𝑥
56.27 + 68.7  

Kinetic equations for UVC Photochemical Reactions with Briareolate ester L: 

Briareolate ester L Model: ExpAssoc  

𝑌𝑌 = 100 − 16.3 × �1 − 𝑒𝑒
−𝑥𝑥
0.22 � − 47.7 × (1 − 𝑒𝑒

−𝑥𝑥
6.764) 

Briareolate ester G Model: Asymptotic1 

𝑌𝑌 = 18.4 × 0.89𝑥𝑥    

Briareolate ester B Model: N/A- no change observed 

Kinetic equations for UVC Photochemical Reactions with Briareolate ester B: 

Briareolate ester L Model: ExpAssoc  

𝑌𝑌 = 11.7 + 13.1 × �1 − 𝑒𝑒
−𝑥𝑥
10.9� + 13.1 × �1 − 𝑒𝑒

−𝑥𝑥
10.9�  

Briareolate ester G Model: Exp3P2 

 𝑌𝑌 = 𝑒𝑒(4.1×𝑥𝑥−(1.73𝑒𝑒−4)×𝑥𝑥2) 
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Briareolate ester B Model: Asymptotic1 

𝑌𝑌 = 68.8 − 44.5 × 0.943𝑥𝑥 

Kinetic equations for isomerization photostationary state under UVA:  

Briareolate ester L Model: ExpDec1    

𝑌𝑌 = 108.95 × �𝑒𝑒
−𝑥𝑥
1.739� + 65.52 

Briareolate ester G Model: ExpDec1 

𝑌𝑌 = −108.95 × �𝑒𝑒
−𝑥𝑥
1.739� + 34.47 

 

NMR from Isolated Briareolated esters 

Briareolate ester L (19) (200mg), Briareolate ester G (20) (20mg):  and Briareolate ester 

B (22) (10mg) were all isolated as a colorless oil and all spectroscopic data matched that 

of previously reported data.  
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Figure 43.   Labeled structures of Briarolate ester L (19), ester G (20), and ester B (22)  
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Table 4. NMR table for Briareolate esters L (19) Briareolate esters G (20) Briareolate 
esters B (22), Recorded (CD3OD at 400MHz).                         

Pos. Ester L (19) Ester G (20) Ester B (22)  
δH  (mult., J in Hz) δH(mult., J in 

Hz) 
δH(mult.,Jin 
Hz) 1    

2 5.52 ( d 8.0) 5.13 (br d, 8.0) 4.98 (br d, 8.0) 

3 α 2.50 (dd, 
16 5/11 0) 

2.18 (m) 2.06 (m) 

3 β 1.24 (m) 1.34 (m) 1.39 (m) 

4 α 2.29 (m) 2.20 (m) 2.16 (m) 

4 β  2.17(m) 1.32(m) 1.32(m) 

5    

6 6.22 (br s) 6.14 (br s) 5.63 (d) 

7 7.71 (br s) 6.71 (br s) 5.93 (d) 

8 

 

- - - 

9 - - - 

10 3.81 (d, 11.5) 3.67, (d) 3.63, (d, 11.5) 

11 2.28 (m) 2.21 (m) 2.22 (m) 

12 3.78 (br q, 3.0) 4.72(m) 4.90(m) 

13α 2.07 (dt, 16.0/3.0) 1.95 (m) 2.16 (m) 

13β 1.93 (dt, 16.0/3.0) 1.95 (m) 2.16 (m) 

14 4.81 (br s) 4.60 (m) 4.89 (m) 

15 0.89 (s) 1.37 (s) 1.37 (s) 

16 1.74 (s) 2.17 (s) 1.33 (s) 

17 3.53 (q, 6.0) 3.45 (q, 6.0) 3.57 (q, 6.0) 

18 1.27 (d, 7.0) 1.32 (d, 7.0) 1.32 (d, 7.0) 

19    

20 0.89 (d, 7.0) 0.88 (d, 7.0) 0.83 (d, 7.0) 

OCH
 

3.62 (s) 3.63 (s) 3.73 (s) 

C-2 
 

   

- 2.20 (m) 2.30 (m) 2.37 (m) 

- 1.60 (m) 1.60 (m) 1.66 (m) 

- 0.93(t, 7.0) 0.95(t, 7.0) 0.95(t, 7.0) 

C-14 
ester 

   

 2.07 (S) 1.92 (s) 1.90 (s) 
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Figure 44.  1H NMR spectrum of Briareolate ester L (1) (CD3OD, 400 MHz). 
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Figure 45.  1H NMR spectrum of Briareolate ester G (2) (CD3OD, 400 MHz) 
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Figure 46.  1H NMR spectrum of Briareolate ester B (3) (CD3OD, 400 MHz). 
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Table 5. NMR tables for Briareolate esters L(1) Briareolate esters G(2)  Briareolate 
esters B(3), Recorded (CDCl3, 400MHz). 

  Pos. Ester L (1)  Ester G (2)  Ester B (3)  
δH  (mult., J in Hz) δC δH(mult., J in Hz) δC δH(mult.,Jin Hz) δC 

1  46.8  44.8  45.7 

2 5.50 ( d 8.0) 79.9 4.98 (m) 73.6 4.95 (br d, 8.0) 77.9 

3 α 2.48 (dd, 16.5/11.0) 31.9 1.87 (m) 30.8 2.06 (m) 28.6 

3 β 1.26 (m)  1.87 (m)  1.39 (m)  

4 α 2.29 (m) 34.8 2.37 (m) 28.7 2.20 (m) 34.8 

4 β  2.17(m)  2.10(m)  1.39(m)  

5  141.7  144.8  75.1 

6 6.21 (br s) 118.5 6.07 (br s) 123.5 5.60 (d) 129.8 

7 7.68 (br s) 147.0 6.63 (br s) 138.1 5.96 (d) 120.1 

8 

 

- 148.1 - 144.3 - 117.3 

9 - 201.4 - 205.7 - 150.9 

10 3.80 (d, 11.5) 48.4 3.54, (d, 11.0) 45.8 3.65, (d, 11.5) 37.4 

11 2.28 (m) 35.9 2.01 (m) 38.9 2.21 (m) 31.8 

12 3.77 (br q, 3.0) 70.5 

 

3.65(br q, 3.0) 71.0 5.11(br q, 3.0) 72.0 

 13α 2.07 (dt, 16.0/3.0) 32.7 2.08 (m) 31.5 2.08 (m) 31.2 

 13β 1.89 (dt, 16.0/3.0)  1.93 (m)  2.08 (m)  

14 4.81 (br s) 
 

76.0 

 
 
 
 
 
 

4.95 (m) 75.6 4.89 (m) 
 

74.0 
 

 
 
 
 
 

15 0.87 (s) 12.6 1.21 (s) 14.4 1.37 (s) 15.0 

16 1.73 (s) 27.1 2.17 (s) 27.1 1.36 (s) 23.8 

17 3.52 (q, 6.0) 40.2 3.47 (q, 6.0) 44.22 3.71 (q, 6.0) 37.8 

18 1.24 (d, 7.0) 16.8 1.37 (d, 6.8) 18.9 1.32 (d, 7.0) 14.5 

19  176.5  174.6  174.3 

20 0.89 (d, 7.0) 17.6 0.92 (d, 7.0) 17.7 0.83 (d, 7.0) 15.3 

OCH3 3.60 (s) 52.5 3.65 (s)  3.83 (s) 51.9 

C-2 
 

 175.5  173.4  172.2 

- 2.20 (m) 37.7 2.21 (m) 36.4 2.26 (m) 36.46 

- 1.60 (m) 19.7 1.61 (m) 18.1 1.66 (m) 18.36 

- 0.93(t, 7.0) 14.5 0.91(t, 7.0) 13.7 0.95(t, 7.0) 13.95 

C-14 
ester 

 173.2  169.1  169.7 

 2.07 (S) 22.3 1.92 (s) 21.3 1.92 (s) 21.0 
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Figure 47.  1H NMR spectrum of Briareolate ester L (1)(CDCl3,  400 MHz). 
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Figure 48.  1H NMR spectrum of Briareolate ester G (2) (CDCl3, 400 MHz) 
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Figure 49.  1H NMR spectrum of Briareolate ester B (3) (CDCl3, 400 MHz). 
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Figure 50.  1H NMR spectrum of spiroketal γ lactone (33)(CDCl3, 400 MHz). 
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Figure 51. 13C NMR spectrum of spiroketal γ lactone (33)(CDCl3, 400 MHz). 
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Figure 52. gHSQC NMR spectrum of spiroketal γ lactone (33)(CDCl3,400 MHz). 
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Figure 53. gHMBC NMR spectrum of spiroketal γ lactone (33)(CDCl3, 400 
MHz). 
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Figure 54. gHMBC JCH3 NMR spectrum of spiroketal γ lactone (33)(CDCl3, 

400 MHz). 
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Figure 55. gHMBC JCH3 NMR spectrum spiroketal γ lactone (33)(CDCl3, 400 
MHz). 
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Figure 56. gCOSY NMR spectrum of spiroketal γ lactone (33)(CDCl3, 400 
MHz). 
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Figure 57.   gROSY NMR spectrum of spiroketal γ lactone (33)(CDCl3, 400 
MHz). 
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Table 6. Table of integrated proton peaks for photochemical reaction in UVC light with 
Briareolate esters L (19). (CD3OD, 400 MHz).  
 



 

105 

 
 
Table 7.Table of integrated proton peaks for photochemical reaction in UVA light with 
Briareolate esters L (19) (CD3OD, 400 MHz).  
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Table 8. Table of integrated proton peaks in UVC light with Briareolate esters B (22) 
(CD3OD, 400 MHz). 
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Figure 58. Stack of NMR data recorded over time from a photochemical reaction in 
UVC light with Briareolate esters L(19) starting material (CD3OD, 400 MHz). 
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Figure 59. Stack of NMR data recorded over time from a photochemical reaction in 
UVA light with Briareolate esters L (19) starting material (CD3OD, 400 MHz). 
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Figure 60. Stack of NMR data recorded over time from a photochemical reaction in 
UVC light with Briareolate esters B (22)starting material (CD3OD, 400 MHz).  
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Appendix B 
 

 
Figure 61.1H NMR Spectrum LJ-14-75(40) (DMSO-D6), 400 MHz 
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Figure 62.13C NMR Spectrum LJ-14-75_V38 (40) (DMSO-D6), 100 MHz 
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Figure 63.gHSQC NMR Spectrum LJ-14-75-V38 (40)(DMSO-D6), 400 MHz 
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Figure 64. gHMBC NMR Spectrum  LJ-14-75_V38(40)(DMSO-D6), 400 MHz 
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Figure 65. gCOSY NMR Spectrum  LJ-14-75(40) (DMSO-D6), 400 MHz
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Appendix C 
Pseudopterosin A: amorphous solid; [a]D

25 -85' (c 0.69, CHCl3; UV (MeOH) λmax = 
230 nm (ε 11 200), 278 (ε 2060), 283 (ε 2200)); IR (CHC13) 3500, 3030,2920, 1200 cm-

1; HRESIMS (positive-ion) m/z [M + Na]+ 455.2415 (calcd for C25H36O6Na, 455.2409). 
 

Pseudopterosin B: oil [a]D
25 -55.2' (c 2.1, CHCl3; UV (MeOH)  λmax = 230-235 nm (ε 

6000), 274 (ε 1400), 285 (ε 1600) IR (CHC13) 3500,3030,2960,1745,1220,1080,1040 
cm-1 ESIMS (positive-ion) m/z 492 [M + H2O]+; HRESIMS (positive-ion) m/z [M + H]+ 
475.2693 (calcd for C27H39O7, 475.2695). 

 
Pseudopterosin C: crystallized [a]D

25 -77' (c 1.09, CHC3,); UV (MeOH) λmax= 229 nm 
(e 9600), 275 (E l500), 282 (t 1700): IR (CHCl3) 3350-3450,2920, 1725,1440,1370, 
1310, 1240,1070,1030 cm--1; ESIMS (positive-ion) m/z 492 [M + H2O]+; HRESIMS 
(positive-ion) m/z [M + H]+ 475.2693 (calcd for C27H39O7, 475.2695). 

 
Pseudopterosin D: (4). isolated as an oil. [a]D

25-107.3 (c 0.55, CHC1,); UV (MeOH) 
λmax 230 nm (6 6500), 272 (t 3300), 282 (c 3100); IR (CHC13) 3500, 3030, 2960, 1745, 
1220 cm-1; HRESIMS (positive-ion) m/z [M + H]+ 475.2693 (calcd for C27H39O7, 
475.2695). 

 
Pseudopterosin K 2’ acetate: amorphous solid; [a]D

25 – 117.6 (c 0.017, CHCl3); UV 
(MeOH) λmax 228 (ε  31232), 277 (ε 5477), 284 (ε 6075) nm; IR (film) νmax 3344, 2927, 
1745, 1456, 1432, 1374, 1242 cm-1; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 125 MHz) 
NMR spectra, see Table 2; HRESIMS (positive-ion) m/z [M + Na]+ 511.2655 (calcd for 
C28H40O7Na, 511.26717). 

 
Pseudopterosin K 4’ acetate: amorphous solid; [a]D

25 – 130.4 (c 0.046, CHCl3); UV 
(MeOH) λmax 228 (ε 36892), 277 (ε 6197), 284 (ε 6871) nm; IR (film) νmax 3395, 2925, 
1732, 1431, 1375, 1241 cm-1; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 125 MHz) NMR 
spectra, see Table 2; ESIMS (positive-ion) m/z 489 [M + H]+; HRESIMS (positive-ion) 
m/z [M + H2O]+ 506.3163 (calcd for C28H42O8, 506.2880). 

 
Pseudopterosin Iso-A: amorphous solid; [a]D

25 – 130.4 (c 0.046, CHCl3); UV (MeOH) 
λmax 228 (ε 15471), 277 (ε 3413), 284 (ε 3309) nm; IR (film) νmax 3365, 2925, 1457, 
1312, 1248 cm-1; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 125 MHz) NMR spectra, see 
Table 2; HRESIMS (positive-ion) m/z [M + Na]+ 455.2415 (calcd for C25H36O6Na, 
455.2409). 

 
Pseudopterosin Iso-C: amorphous solid; [a]D

25 – 130.4 (c 0.05, CHCl3); UV (MeOH) 
λmax 228 (ε 16003), 277 (ε 4266), 284 (ε 3555) nm; IR (film) νmax 3394, 2926, 1732, 
1456, 1374, 1236 cm-1; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 125 MHz) NMR spectra, 
see Table 2; ESIMS (positive-ion) m/z 492 [M + H2O]+; HRESIMS (positive-ion) m/z [M 
+ H]+ 475.2693 (calcd for C27H39O7, 475.2695). 
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Pseudopterosin Iso-D : amorphous solid; [a]D
25 – 133.3 (c 0.015, CHCl3); UV (MeOH) 

λmax 228 (ε 15879), 277 (ε 3126), 284 (ε 3056) nm; IR (film) νmax 3394, 2926, 1741, 
1456, 1373, 1235 cm-1; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 125 MHz) NMR spectra, 
see Table 2; HRESIMS (positive-ion) m/z [M + H]+ 475.2693 (calcd for C27H39O7, 
475.2695). 
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