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Abstract

Secondary metabolites from natural sources are fast growing as popular drug leads.
The structural novelty and favourable biological activity that these compounds display
contribute to their popularity as drugs of the future. Examples of such compounds
include the potent anticancer drug paclitaxel isolated from the bark of a yew tree as
well as the more commonly known analgesic aspirin which stems from the bark of the
willow tree. The biological activities exhibited by these secondary metabolites are vast
and range from antimicrobial to anticancer activity to mention but a few. As a result,

the isolation of novel compounds from natural sources is on the rise.

The South African seaboard is home to a wealth of various marine algal species which
produce fascinating secondary metabolites. For example, Portierria hornemanii was
shown to produce halomon, a halogenated monoterpene which has displayed promising
cytotoxic activity. This study thus focused primarily on pursuing novel compounds
from three endemic South African marine algal species which have never been
analysed previously from a chemical perspective. These are Plocamium rigidum (Bory

de Saint-Vincent), Laurencia natalensis (Kylin) and Delisea flaccida (Suhr) Papenfuss.

Four known compounds and one new halogenated monoterpene, (2E,5E,7Z)-8-chloro-
7-(dichloromethyl)-4-hydroxy-3-methylocta-2,5,7-trienal, were isolated from
Plocamium rigidum. The breast cancer (MCF-7 cell line) inhibitory activity for these
compounds was assessed and it was observed that an increase in the lipophilic nature

of the compounds produced more favourable ICs, values.

A pre-cursor to bromofucin type compounds, cis-laurencenyne, was isolated from
Laurencia natalensis, as well as a new acetoxy chamigrane type compound, 4-bromo-

3,10-dichloro-7-hydroxy-3,7,11,11-tetramethylspiro [6.6] undec-1-yl acetate.

Delisea flaccida was seen to contain two known bromofuranone type compounds
isolated as an isomeric mixture, 1-[(5Z)-4-bromo-5-(bromomethylidene)-2-o0xo0-2,5-
dihydrofuran-3-yl] butyl acetate and 1-[(5E)-4-bromo-5-(bromomethylidene)-2-
0x0-2,5-dihydrofuran-3-yl|butyl acetate. These compounds are famous for their
ability to inhibit bacterial biofilm production and they have been isolated before from

an Australian Delisea spp.

XV



Chapter 1 General introduction

Chapter 1

General introduction

1.1 Natural products

A natural product or secondary metabolite is defined as any compound produced by
an organism as a result of a metabolic pathway which does not directly affect growth,
development or reproduction. It may however enhance the chances of survival of the
organism by playing defensive or chemo attractant roles. This is in direct contrast to
primary metabolites such as sugars, amino acids and lipids, which are critical for the

normal functioning of the cell (Maplestone et al.; 1992; Dewick, 2002).

Natural products are regarded as one of the most prolific sources of prospective drug
lead compounds (Mishra and Tiwari, 2011).These compounds display complex as
well as novel structural attributes which are seen to be unique compared to those

produced using a standard combinatorial type approach (Butler, 2004).

1.1.1 Natural products in history

There are several instances in history wherein natural product-based therapy formed

the cornerstone of treatment for minor ailments and major illnesses.

Primitive records of natural product usage were found on clay tablets originating from
Mesopotamia (2600 BC). These contained details of oils extracted from Commiphora
spp. (myrrh) and Cupressus sempervirens (Cypress) which are still recognised today
for their acclaimed effectiveness against respiratory tract infections (Cragg and
Newman, 2005). The Ebers Papyrus (2900 BC) originating from Egypt was seen to
contain over five hundred documented herbal remedies (Cragg and Newman, 2005)
while the Indian traditional healing practice known as Ayurveda, which has been
practiced for several hundreds of years, highlights the use of plant-based remedies

amongst others for the treatment of various illnesses (Mukherjee ef al., 2012).
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The Greek philosopher and natural scientist Theophrastus (300 BC) wrote a treatise
entitled Historia Plantarium. This collection provided physicians with details on plant
taxonomy as well as plant remedies for a variety of different illnesses (Cragg and

Newman, 2005).

Ibn Sina (Avicenna), a Persian physician and Islamic scholar wrote about forty books
on medicine. His piece entitled Canon Medicinae was one of the more famous, and
contained evidence of natural product usage for the cure of disease (Cragg and

Newman, 2005).

1.1.2 Distinction between primary and secondary metabolism

It is important to recognise and distinguish the biosynthetic origin of these secondary
metabolites. A clear definition is provided which differentiates primary metabolites
within an organism from its secondary metabolites, the latter being the compounds of

interest as prospective drug leads

Primary metabolites are those compounds which are produced within a living
organism as direct products of biosynthetic and/or catabolic processes involving
proteins, carbohydrates, nucleic acids and fats (all essential to living organisms).

(Haefner, 2003).

Conversely, secondary metabolites are molecules formed via unique metabolic
pathways which are deemed as being less essential for the survival of the organism
than primary metabolites. These pathways are often seen to be unique to a particular
organism or species and hence can be viewed as a form of expressing identity. The
rationale for their production has come under great scrutiny over the years and the
role they play in contributing toward the organism’s survival must not be over looked

(Maplestone et al., 1992).

Secondary metabolites are thought to be produced in response to environmental cues.
It is hypothesised that organisms produce them for defensive purposes, as they have
displayed antiherbivory, antifouling and ichthyotoxic effects amongst others
(Colegate and Molyneux, 2008). The biosynthesis of these metabolites involves either
the shikimate, acetate, mevalonate or methylerythritol phosphate pathway (Dewick,

2002). These pathways give rise to a chemically diverse nature of compounds.
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1.1.3 Clinically significant natural products

Many well-known drugs on the market today originate from natural sources. These
compounds have so far played a significant role in either the management or cure of
disease. Furthermore, they have forwarded invaluable knowledge on structural
originality which researchers can apply to modern day thinking in the drug discovery

process (Mishra and Tiwari, 2011).

The active constituent of Digitalis purpurea, digitoxin (1.1), had been isolated in the
eighteenth century. It was found to improve cardiac contractility and consequently has
been used along with its analogues for the management of congestive cardiac disease

(Der Marderosian and Beutler, 2002).

Perhaps one of the most renowned natural products to date is acetylsalicylic acid (1.2)
also commonly known as aspirin. It is derived from salicin, found in the bark of a
willow tree, Salix alba, and has made its name as an effective analgesic agent (Der

Marderosian and Beutler, 2002).

Analyses of the chemical constituents of the opium poppy, Papaver somniferum,
displayed numerous alkaloids including morphine (1.3), a potent opioid analgesic
whose role in pain management is well established. Other derivatives such as heroin

and codeine also stem from the opium poppy (Der Marderosian and Beutler, 2002).

Quinine (1.4), isolated from the bark of the Cinchona succirubra tree, had formally
been used by the British to treat malaria in the nineteenth century (Der Marderosian

and Beutler, 2002).

The L-histidine-derived alkaloid pilocarpine (1.5) found in Pilocarpus jaborandi
(Rutaceae) has been used as a clinical drug for over a century in the treatment of
various glaucomas. An oral preparation of pilocarpine is now available and is
indicated for use in xerostomia as well as management of Sjorgen’s syndrome (Der

Marderosian and Beutler, 2002).
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N
N
1.4 1.5
Quinine Pilocarpine

Figure 1.1: Examples of clinically significant compounds derived from natural

products
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1.1.4 Natural products from marine algae

Natural products are found in a variety of marine organisms such as sponges, marine

algae and tunicates (Blunt ef al., 2009).

Marine algae are classified as either microalgae or macroalgae. Over 30 000 species
of macroalgae (seaweed) have been identified (Faulkner, 2002) and they are seen to
play critical environmental roles such as the provision of the majority of atmospheric

oxygen.

The natural product profile possessed by marine algae boasts an array of structurally
diverse complex molecules. Classes of these compounds range from terpenes, linear
acetogenins, peptides, indoles, cyclic polyketides and hydrocarbons to phenol type
molecules (Haefner, 2003).

Unsurprisingly the majority of these secondary metabolites are halogenated, of which
the most common halo-substituents are seen to be bromine and chlorine. This reflects

the abundant nature of bromide and chloride ions in the ocean (Butler and Sandy,

2009).

Halogenated molecules are known to show interesting biological activity. It is for this
reason that marine natural products have displayed such a vast assortment of
biological activities including antibacterial, antifungal, antiviral, anti-inflammatory,
antiproliferative, antifouling, antifeedant, cytotoxic, ichthyotoxic, and insecticidal

activity (Blunt et al., 2009).
1.1.5 Drug discovery and marine natural products

The fact that approximately 70% of the earth’s surface is made up entirely of water, in
addition to the serendipitous discovery of penicillin by Alexander Fleming in 1928
sparked a global pharmaceutical interest to explore natural products as potential drug
leads, particularly from the marine environment. It was seen that there was a greater
chance of finding exclusive biodiversity from marine sources and hence prospective
drug leads (Haefner, 2003). A testament to this interest is the initiation of several
natural product discovery (NPD) programs by major pharmaceutical companies in an
attempt to attain lead compounds for various diseases (Ojima, 2008; Baker et al.,

2007).
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The aquatic environment became more easily accessible for investigation due to
advancements in snorkelling techniques as well as the introduction of SCUBA diving
in the early 1970s (Alejandro ef al., 2010). Organisms that were scrutinised include

sponges, tunicates, algae and bryozoans amongst others (Blunt et al., 2009).

Regrettably, the initiation of high throughput screening (HTS) encouraged the hasty
demobilisation of numerous NPD programmes by pharmaceutical companies
(Nussbaum et al., 2006). Some of the challenges faced included failure in total
syntheses of the compounds due to the structural complexity of the molecules
isolated. In addition, marine organisms were seen to be difficult to classify hence
finding the same species and re-isolating the same compound was seen to be almost

impossible (Faulkner, 1977).

Nonetheless advancements in  spectroscopic techniques, amplification of
instrumentation sensitivity and the advent of chemotaxonomic as well as genomic
means of classifying marine organisms reinitiated the interest in natural product based

drug discovery (Baker et al., 2007).

A prominent example of a successful compound isolated from the marine
environment is Trabectedine (1.6) (Cuevas and Francesch, 2009). This compound was
the first marine anticancer drug to be approved in the European Union (Alejandro et

al., 2010).
(e}
A

(@]

o
o

1.6
Trabectedine

Figure 1.2: The anticancer drug Trabectedine
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1.1.6 South African marine algae

South African seaweed flora is diverse with high levels of endemism. In excess of 12
000 marine plants and animals exist along the southern African seaboard (Branch et
al., 2005) with more than 50% of the seaweeds found on the west coast being
confined to the southern African region (Stegenga et al., 1997). A major contributing
factor to this phenomenon is the Agulhas current (Figure 1.3). This current flows
down the east coast of Africa and brings with it warm salty water from the Indian
ocean to the southern African shoreline. It is regarded as one of the strongest currents
in the world and its direction of flow serves to refresh the nutrients around the
southern African coast. The mixing of this warm current with the colder Benguela
current along the western seaboard creates a unique oceanic environment conducive

for algal growth.

0 04 08 12 16

[m/s]

Figure 1.3: A depiction of the Agulhas current'

(Accessed 16/8/2012), Available at: http://www.sciencedaily.com/releases/2008/11/081126133539.htm

! Image courtesy of Leibniz Institute of Marine Sciences, Kiel, Germany.
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Chapter 1 General introduction

Bolton and Anderson (1997) describe South Africa to have three marine provinces

along its shoreline as shown in Table 1.1.

Table 1.1: Marine provinces along the South African shoreline

Coast Temperature Province
West Cool Benguela
South Warm Agulhas

East Sub-tropical Overlap'

1
Overlap of Agulhas and Indo-West Pacific provinces

The last few years have witnessed a research boom of the natural product chemistry of
South African marine algae with novel compounds such as the procoralides (1.7 and
1.8) (Plocamium corallorhiza) being isolated (Knott ef al., 2005). Additionally,
species such as Sargassum spp. have afforded compounds such as sargahydroquinoic

acid (1.9) (Afolayan, 2008).

cl Cl
Br\)\/\/K/kCI WCI

Br Br Br

1.7 1.8

1.9
Sargahydroquinoic acid

Figure 1.4: Examples of compounds isolated from South African marine algae
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1.2 Research aims and objectives

With the largely untapped marine algal biodiversity along the South African coastline
available to us we have initiated a programme to systematically study the natural
products produced by South African macroalgae. An important question to us is
whether the high level of endemism translates into natural product structural novelty.
Finally we are also interested in assessing the potential chemotaxonomic significance
of natural products produced by specific species. With these questions in mind we
collected three previously unstudied South African marine algae. These algal genera

are known to produce diverse and biologically significant metabolites.

The specific objectives for this research were to:

e Isolate and characterise the natural products produced by three endemic South
African red marine algae namely Plocamium rigidum (Bory de Saint-Vincent),

Laurencia natalensis (Kylin) and Delisea flaccida (Suhr) Papenfuss.

e Where possible assess the biological activity of any new natural products.

e Analyse the chemotaxonomic significance of metabolites isolated.
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1.3 Thesis outline

This thesis is divided into several self-contained chapters. Chapter 1 provides a
general introduction while chapters 2-4 focus on the three algae studied in this project.
Each chapter starts with a general introduction to the algal genus as well as
metabolites isolated from that genus. New data obtained in this research is then
presented. Finally, chapter 5 provides a brief conclusion and discusses the results of

this study in the context of the specific study aims.

Figure 1.5: Low tide at Noordhoek collection site, Port Elizabeth, 02-08-2012
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Chapter 2

Cytotoxic, polyhalogenated monoterpenes from

Plocamium rigidum

Abstract

The Plocamium genus of marine algae has been known to produce a wide array of
halogenated monoterpenes. These compounds have shown fascinating antiplasmodial
as well as selective cytotoxic activity. This has motivated the isolation and
characterisation of related monoterpenes from Plocamium spp. which have not yet
been chemically analysed. Additionally, several secondary metabolites have been
observed to exist in more than one Plocamium spp. making species differentiation
more challenging. This emphasises the importance of isolating metabolites unique to a

particular species from a chemotaxonomic perspective.

One new halogenated monoterpene (2E,5E,7Z)-8-chloro-7-(dichloromethyl)-4-
hydroxy-3-methylocta-2,5,7-trienal (2.27) and four known monoterpenes were
isolated from the South African endemic alga, Plocamium rigidum. The structures of
the compounds were deduced from spectroscopic data. Interestingly, compound 2.27
contained both a gem-dichloro moiety at C-9 and an aldehyde at C-1 which is unique
to this species. Compounds bearing the gem-dichloro moiety exhibited moderate to

good cytotoxic activity against a breast cancer cell line.
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Chapter 2

Cytotoxic, polyhalogenated monoterpenes from

Plocamium rigidum

2.1 Introduction

The Plocamium genus (family Plocamiaceae, order Plocamiales, phylum Rhodophyta)
contains roughly forty different species which thrive in calm coastal environments
(Saunders et al., 2005). At least six Plocamium species are endemic to the Southern
African coastline. This includes Plocamium robertiae (F.Schmitz ex Mazza),
Plocamium maxillosum (Poiret) J. V. Lamouroux, Plocamium cornutum (Turner)
Harvey, Plocamium corallorhiza (Turner) J. D. Hooker & Harvey, Plocamium
rigidum (Bory de Saint-Vincent), Plocamium beckeri (F.Schmitz ex Simons),

Plocamium suhrii (Kiitzing) and Plocamium glomeratum (J.Agardh) (Lubke, 1988).

The general morphology of the Plocamium spp. is described by upright, oval shaped
thalli that grow up to 50 cm in length. A red, distinctive tinge is common amongst the
species in addition to fronds which further separate into smaller branchlets (MBARI)".
Since morphological characteristics of Plocamium species are so similar, various
methods of species differentiation can be employed. This includes methods such as
generating a full chemical profile of the species (chemotaxonomic approach), or

analysing the genetic sequence of the algae (genomic approach), (Bino et al., 2004).

A classic example of this is shown by Plocamium cartilagineum. This constitutes the
most studied Plocamium species and its identification has originally been done on the
basis of morphological characteristics. However, recent research published by
(Cremades et al., 2011) suggests that P. cartilagineum itself can be divided into a
number of different species. The chemistry of these species could assist in

differentiating cryptic species from one another.

1
MBARI (Monterey Bay Aquarium and Research Institute), (Accessed 07/03/2012)
Available at: http://www.mbari.org/staff/conn/botany/reds/eric/PHYS.HTM
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Plocamium spp. produce an assortment of polyhalogenated monoterpenes (Mynderse
and Faulkner, 1975; Crews and Kho, 1974). The first polyhalogenated monoterpenes
were originally isolated from the digestive gland of a sea hare, Aplysia californica
(Faulkner and Stallard, 1973). However, it was later discovered that the sea hare
sequestered halogenated monoterpenes from Plocamium cartilagineum (Dixon) and

stored these in its digestive glands (Mynderse and Faulkner, 1975).
2.1.1 Monoterpenes isolated from South African Plocamium spp.

The chemistry of three South African Plocamium spp, P. cornutum, P. suhrii and P.
corallorhiza, has previously been reported (Knott et al., 2005; Antunes et al., 2011).
The major metabolites in both P. cornutum and P. suhrii contain a gem-dichloro
moiety at C-9 (Figures 2.1 and 2.2) however the two groups of compounds may be
distinguished by the terminal vinyl group in P. cornutum metabolites and a vinyl
bromide in P. suhrii metabolites. A distinguishing feature of the major P. corallorhiza
metabolites (Figure 2.3) is the gem-dichloro moiety at C-1. Interestingly, both P.
cornutum and P. corallorhiza produce metabolites bearing aldehyde functionalities
instead of dichloromethyl groups which suggests an interconversion between the

aldehyde and dichloromethyl groups.

Halogenated monoterpenes from South African Plocamium spp have shown
promising antiplasmodial (Afolayan et al., 2009) as well as cytotoxic (Antunes ef al.,
2011) activity and provide further motivation for the investigation of previously

unstudied Plocamium spp.

Cl__cCl
0\9 X 10 cl cl cl
B 1 : :
8 /7 7 4 3 = e 7 i 7 =
Cl “ o Cl Cl Br cl
2.1 2.2 2.3
Cl_ _cCl
_‘C'/ cl
N 7 F
24 2.5

Figure 2.1: Halogenated monoterpenes previously isolated from Plocamium

cornutum (Afolayan et al., 2009)
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Chapter 2
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Figure 2.2: Halogenated monoterpenes previously isolated from Plocamium suhrii

(Antunes et al., 2011)
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Figure 2.3: Halogenated monoterpenes previously isolated from Plocamium

corallorhiza (Mkwananzi, 2005; Knott ef al., 2005; Mann et al., 2007)
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Plocamium corallorhiza

Plocamium suhrii

Figure 2.4: Photographs of selected South African Plocamium spp."

a. Western Cape, South Africa.

Auvailable at:
http://www.algaebase.org/search/species/detail/?species_id=2831&-session=abv4:92E781331db701B7ES8KLx2809BB6

b. KwaZulu Natal, South Africa.

Available at:
http://www.algaebase.org/search/species/detail/?species_id=2830&session=abv4:92E781331db701B7E8KLx2809BB6

¢. KwaZulu Natal, South Africa.

Available at:
http://www.algaebase.org/search/species/detail/?species_id=2840&-session=abv4:92E781331db701B7E8KI.x2809BB6

! Photographs (“Robert Anderson, University of Cape Town) adapted from www.algaebase.org
(Accessed 23/6/2012) with permission from Michael Guiry (Ryan Institute, Ireland).
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2.1.2 Biosynthetic proposal of halogenated monoterpene formation

Most marine halogenated monoterpenes are thought to be produced by the
halogenation of either ocimene or myrcene (Scheme 2.1). Consequently, myrcene and
ocimene are thought to act as direct precursors to the formation of halogenated
monoterpenes (Wise et al., 2002). The oxidising potential of haloperoxidase enzymes
found in marine algae contributes to bromonium (Br’) and chloronium (CI") ion
production. These ions are responsible for the addition and cyclisation reactions seen

in Scheme 2.1 (Wise et al., 2002).
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Scheme 2.1: Proposed biosynthetic mechanism of halogenated monoterpene

formation involving halonium ion-induced cyclisations and addition’

! Adapted from (Wise et al., 2002)
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2.1.3 Bioactivity of halogenated monoterpenes

Halogenated monoterpenes exhibit a range of biological activities including cytotoxic
(Fuller et al., 1994), antiherbivory (Paul et al., 1980), antimicrobial (Konig et al.,
1999) and insecticidal activity (San-Martin ef al., 1991). Of interest is the impressive
selective cytotoxicity that these compounds display, making them indispensable as

potential anticancer leads (de Ines et al., 2004).

The halogen substituents present on these compounds, of which chlorinated and
brominated are most common, are thought to be responsible for the bioactive
properties illustrated. The shear bulkiness of the halogens allow for enhanced
occupation of an active site thereby increasing binding affinity (Greenbaum et al.,
2004; Monforte et al., 2009). In conjunction, halogens increase the LogP value of the
compound. This amplifies lipophilicity and thus enhances membrane permeation

(Gentry et al., 1999).
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2.1.4 Chapter aims

In continuation of our studies of South African Plocamium spp. we have collected
specimens of the endemic alga Plocamium rigidum. Our previous studies suggested
that selected halogenated monoterpenes could be chemotaxonomically linked to
individual species. In addition, these compounds have also showed potent cytotoxic

activity against selected cancer cell lines (de la Mare et al., 2012).

The main objectives of this study were to:

1) Isolate and characterise the halogenated metabolites produced by Plocamium

rigidum
2) Identify potential chemotaxonomic markers from this species

3) Assess the cytotoxic activity of metabolites against a breast cancer cell line

(MCEF-7)

Figure 2.5: Photograph of Plocamium rigidum'
Accessed (23/06/2012), Available at:

http://www.algaebase.org/search/species/detail/?species_id=2838&sk=0&from=results

! Photograph (°Robert Anderson, University of Cape Town) adapted from www.algaebase.org
(Accessed 23/6/2012) with permission from Michael Guiry (Ryan Institute, Ireland).
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2.2 Results and discussion

2.2.1 Extraction and isolation of metabolites

The alga was extracted initially in MeOH, after which a combination of CH,Cl, and
MeOH were used. These extracts were combined and the organic phase was collected

and dried in vacuo to afford a crude isolate of 1.10% yield of the algal dry mass.

The crude, organic extract was fractionated into nine separate fractions on silica gel

(Scheme 2.2) using a step gradient column chromatography approach.

The "H NMR spectra (Figure 2.6) shows the crude and column fractions A-H. The
first point of recognition is how step gradient column chromatography separates out
the crude fraction into distinct sub-fractions, some of which are undetectable in the
crude 'H NMR spectrum alone before purification. It was clear that typical
halogenated monoterpene peaks were present in fractions B (non polar) and D
(intermediate polarity) (Figures 2.7 and 2.8). When compared to the crude 'H NMR
spectrum, fractions B and D seemed to possess major metabolites. Fraction C was
dark green in colour and contained characteristic chlorophyll peaks. The remaining

fractions contained no interesting peaks and hence were not pursued.

Both fractions B and D were further purified via normal phase semi-preparative HPLC

(100% hexane). This ultimately afforded pure compounds 2.27 -2.31.
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Scheme 2.2: Isolation of compounds 2.27-2.31 from Plocamium rigidum
Conditions: i) Normal phase HPLC (100% hexane)
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7 H:50:50 MeOH: EtOAc
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Figure 2.6: "H NMR (CDCls, 600 MHz) spectra of the crude and fractions A-H
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O )

Typical monoterpene

peaks

Figure 2.7: "H NMR (CDCls, 600 MHz) spectrum of fraction B

Typical monoterpene
peaks

)

.

/

Figure 2.8: "H NMR (CDCls, 600 MHz) spectrum of fraction D

26



Chapter 2 Halogenated monoterpenes from Plocamium rigidum

2.2.2 Structure elucidation of metabolites
2.2.2.1 Compound 2.27

Compound 2.27 was isolated as a brown oil. Its '"H NMR spectrum (Figure 2.9)
displayed a methyl singlet at 6 2.29 as well as a deshielded singlet at & 6.47. A
deshielded methine signal was also observed at & 6.29 (dd, J = 15.6, 5.6 Hz,) which
was coupled to a doublet at 8 6.62 (d, J = 15.6 Hz,) as well as a broad deshielded
methine proton at 6 5.40, producing a -CH=CH-C(X) - structural motif. Moreover, a
deshielded carbonyl signal was observed at & 10.14 (d, J = 7.9 Hz) coupled to a
methine proton at 6 6.02 (d, J = 7.8 Hz), characteristic of an o, B-unsaturated
aldehyde. The “C NMR spectrum (Figure 2.10) together with the DEPT-135
spectrum of compound 2.27 showed seven —CH groups (6 191.4, 136.0, 134.2, 130.6,
122.5, 69.3, and 66.5), two quaternary carbons (6 152.9, 140.6) and one methyl
carbon (6 13.2).

CHCl;
—

Figure 2.9: "H NMR (CDCls;, 600 MHz) spectrum of compound 2.27 !

1
X denotes peaks not due to the proposed compound
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CDCl;

Figure 2.10: BC NMR (CDCls, 150 MHz) spectrum of compound 2.27

The deshielded methine at 6 6.94 showed HMBC correlations to carbon signals at &
122.5 and o 140.6 to give substructure A (Figure 2.11).

Substructure B (Figure 2.11), comprising of a -CH=CH-CHX- spin system, was easily
deduced from '"H NMR and COSY correlations from & 6.29 to the olefinic methine at
0 6.62 and the deshielded methine at & 5.40.

Substructure C (Figure 2.11) was deduced from correlations between the methyl
signal at 6 2.29 to the quaternary carbon at 6 152.9, the methine carbon at 6 130.6 as
well as the aldehyde carbon at & 191.4.

Partial structure A did not show any HMBC correlations to the other partial structures
however the most sensible assumption is that it is attached to partial structure B as is
most often the case in this series of compounds. This is further substantiated as NOE
correlations existed between H-9 and H-6 as well as H-8 and H-6. The resultant planar

structure was obtained (Figure 2.11).
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A B C
Figure 2.11: Key HMBC and COSY correlations of compound 2.27

Compound 2.27 is related to the plocoraldehydes previously isolated from P.
corallorhiza (Mann et al., 2007). Difficulties in obtaining molecular ion peaks for the
plocoraldehydes necessitated the synthesis of pentafluorobenzylhydroxylamine
(PFBHA) derivatives which gave stable molecular ions under ESIMS conditions
(Mann et al., 2007). Thus compound 2.27 was treated with PFBHA (Scheme 2.3), of
which the product was isolated and analysed by HRESIMS to give a molecular ion of
m/z 464.0018 corresponding to a molecular formula of C,;7H;3NO,ClsFs The
HRESIMS (Figure 2.12) of the PFBHA derivative of compound 2.27 showed, as the
base peak (A), the molecular ion (M+1) of 464.0018 Da. This complemented the
initial isotopic prediction of three *°Cl atoms (Table 2.1). Isotopic peaks were also
seen at 465.9992 Da (B) and 467.9965 Da (C) analogous to predictions 2 and 3 from
Table 2.1. The isotopic peak cluster A, B and C followed a typical tri-chloro isotopic
abundance pattern. The predicted molecular formula of the derivative of compound
2.27, C7H3NO,Cl5Fs, was consequently justified. This implied a molecular formula
of CoH;Cl50; for compound 2.27.

F
H,N
2 \O
X X F F X X .
F
X NF x-CHO > G — o =Nwng F
)
X
X F F
2.27 F

Scheme 2.3: Derivitisation of compound 2.27 using PFBHA

Conditions: 1) Acetonitrile, anhydrous MgSQ,, stir for 5 h at room temp.
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Table 2.1: Predicted molecular masses (Da) for various isotopic combinations of Cl in

the PFBHA derivative of compound 2.27

Isotopic pattern  Predicted Mr (M+1)

1 B3c135¢1 31 464.001028
2 31313l 465.998078
3 313131 467.995128
4 37¢137¢137Cl 469.992178

Figure 2.12: HRESMS of PFBAH derivative of compound 2.27

The mass spectrometry information together with the carbon chemical shifts of
carbons C-8 and C-9 suggested the presence of a vinyl chloride and gem-dichloro
substituents at these carbons respectively. Finally, the substituent at C-4 must
therefore be an -OH as required by the molecular formula. This was also confirmed by
the presence of a strong O-H stretching vibration in the infrared spectrum of

compound 2.27 at 3510 cm’ (Figure 2.13).
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O-H

C=0

Figure 2.13: IR spectrum of compound 2.27

The geometry of the A", A>®and A™® double bonds were assigned by the presence of
NOESY cross peaks between H-1 and H-10, H-5 and H-10 and between H-6 and H-8

The vicinal coupling constant (*Js = 15.6 Hz) was also considered.

The presence of both an aldehyde as well as a gem-dichloro moiety within the same

molecule has not been seen before within this compound class.
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Table 2.2: NMR spectroscopic data of compound 2.27 in CDCl;

Carbon No dc Oc mult Sy, mult, J (Hz) COSY HMBC NOESY
1 1914 CH 10.14,d,7.9 H-2 C-2 H-10
2 130.6 CH 6.02,d,7.8 H-1,H-10 C-10 -

3 1529 C - - - -

4 693 CH 5.40,brs H-5, H-10 - H-10
5 136.0 CH 6.29,dd, 15.6,5.6 H-4,H-6 C-3,C-4 H-10
6 1342 CH 6.62,d, 15.6 H-4,H-5 C+4 H-8
7 140.6 C - - - -

8 122.5 CH 6.47, s - C9 H-5
9 66.5 CH 6.94, s - C-7,C-8 H-6
10 132  CH; 2.29,s - C-1,C-2,C3 -
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2.2.2.2 Compounds 2.28 and 2.29

The complex cluster of peaks between & 6.3 and 6.4 in the 400 MHz "H NMR spectra
for 2.28 and 2.29 were initially somewhat confusing. Fortunately, the 'H NMR
spectra at 600 MHz clarified the situation by resolving the signals due to three
separate protons (0 6.31, dd, J=15.6, 5.7 Hz; 6 6.32, d, J=15.6 Hz; 6 6.32, s) as in
compound 2.28 (Figure 2.15 and Table 2.3). It was therefore clear that 2.28 and 2.29
contained the same -CH=CH-CHX- moiety as in compound 2.27. However, signals
for the conjugated aldehyde have been replaced by a disubstituted double bond at o
6.59 (d, J = 13.5 Hz) and 6.46 (d, J = 13.5 Hz) as in compound 2.28. In addition,
signals corresponding to the gem-dichloro group (8 6.96, s) and the vinyl chloride (&
6.32, s) were also present. The most notable difference between the 'H NMR spectra
(Figure 2.14) of 2.28 and 2.29 was the upfield shift of the methyl signal from & 1.82 in
compound 2.28 to & 1.77 in compound 2.29 suggestive of diastereomers (Mynderse

and Faulkner, 1975).

The replacement of the conjugated aldehyde by a disubstituted double bond was
confirmed by the loss of the aldehyde signal and the appearance of an additional
olefinic carbon signal in the >C NMR spectrum at 8 110.7 as in compound 2.28. The
differences in the planar structures of 2.27 and 2.28/2.29 can thus be narrowed down

to carbons C-1 to C-3.

A comparison of the spectroscopic data of compound 2.28 and 2.29 to literature
values confirmed it to be (IE3R*4R* 5E,7E)-1-bromo-3,4,8-trichloro-7-
(dichloromethyl)-3-methylocta-1,5,7-triene and (1E,3R* 4S* 5E,7E)-1-bromo-3,4,8-
trichloro-7-(dichloromethyl)-3-methylocta-1,5,7-triene, respectively. These two
compounds have previously been isolated from Plocamium cartilagineum (Mynderse

and Faulkner, 1975) and Plocamium suhrii (Antunes et al., 2011).
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P

Compound 2.28

Compound 2.29

Figure 2.14: 'H NMR spectra (CDCls, 600 MHz) of compound 2.28 and compound
2.29

Figure 2.15: '"H NMR expansion of compound 2.29 showing comparisons of peak

splitting using different NMR field strengths
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Compounds 2.29 and 2.27 are the major metabolites produced by Plocamium rigidum.
Figure 2.16 clearly shows the prominent signals of the two compounds in the crude 'H

NMR spectrum.

Figure 2.16: "H NMR spectra (CDCls, 600 MHz) of the crude extract vs. the proposed
major metabolite 2.29 vs. compound 2.27, with expansion (5.9 ppm -7.2

ppm) shown in the bottom spectrum
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2.2.2.3 Compound 2.30

The '"H NMR spectrum of 2.30 (Figure 2.17) was similar to that of compound 2.29
except for replacement of the signals due to the vinyl bromide with those of a terminal
alkene (6 5.42,d, J=17.4 Hz; 5.30 d, J = 10.6 Hz and 6.09, dd, J = 17.1, 10.6 Hz).
Interestingly, and unlike in 2.28 and 2.29, the overlapping 'H NMR signals at & 6.3
could not be resolved even at 600 MHz. The >C NMR spectrum of 2.30 showed
resonances due to ten carbons which included one methyl (6 25.0), one methylene (6
116.5) corresponding to the terminal alkene, six methine (o 65.5, 68.8, 119.3, 126.8,
130.4 and 139.5) and two quaternary carbons (5 71.9 and 137.7) (Table 2.4).

The above spectroscopic data is consistent with that of (3R* 4S*5E,77)-3,4,8-
trichloro-7-(dichloromethyl)-3-methylocta-1,5,7-triene, a penta-chloro monoterpene
previously isolated from Plocamium cartilagineum (Mynderse and Faulkner 1975)

and Plocamium suhrii (Antunes et al., 2011).

CHCl; X X

Figure 2.17: '"H NMR spectrum (CDCls, 600 MHz) of compound 2.30
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2.2.2.4 Compound 2.31

Compound 2.31, isolated as a colourless oil, showed in its '"H NMR spectrum (Figure
2. 18 and Table 2.3) a clear olefinic doublet at 6 6.85 (d, J = 15.8 Hz,), a double
doublet at 5.92 (dd, J = 15.8, 9.2 Hz), and a doublet at 4.57 (d, J = 9.2 Hz). This data
is consistent with a -CH=CH-CHX- moiety as seen in compounds 2.27-2.30. Methine
doublets at & 6.59 (d, J = 13.5 Hz) and 6.49 (d, J = 13.5 Hz) suggest a trans-
disubstituted alkene in 2.31. Prominent differences in the 'H NMR spectrum of 2.31
when compared to those of compounds 2.28-3.30 include a more shielded olefinic
methine singlet at 6 6.20 (¢f d 6.3 in compounds 2.28-2.30), and the absence of the
gem-dichloro signal (normally at 6 7.0). The latter was replaced by a methyl singlet at
o 1.91.

The °C NMR spectrum of 2.31 showed resonances due to ten carbons which included
two methyl (6 19.5 and 28.5), six methine (5 69.2, 108, 110.4, 128.1, 132.9 and 135.5)
and two quaternary (6 71.9 and 137.3) carbon atoms(Table 2.4).

The geometry about the A”® double bond was confirmed by NOE correlations
between H-8 and H-9. The relative configuration of C-4 was assigned based on the d¢
of C-10 as governed by empirical evidence established by Crews, (1977). The above
spectroscopic information is consistent with the structure of (/E,3R* 4R* 5E,77)-1,§-
dibromo-3,4-dichloro-3,7-dimethylocta-1,5, 7-triene previously reported by (Mynderse
and Faulkner, 1975) from Plocamium cartilagineum and from Plocamium suhrii

(Antunes ef al., 2011).
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Figure 2.18: '"H NMR spectrum (CDCls, 600 MHz) of compound 2.31

10

‘CI 1
§ FNF :4. Z:T

Br Cl

2.31
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Cl_y Cl 0 10 o,
1 / .
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8 N Br cl
OH
2.27 2.31
Table 2.3: '"HNMR data (CDCl;, 600 MHz) for compounds 2.27-2.31
Compound H-1 H-2 H-4 H-5 H-6 H-8 H-9 H-10
2.27 10.14,d,7.9 6.02,d,7.8 5.40, s 6.29,dd, 15.6,5.6  6.62,d,15.6 6.47, s 6.94,s  2.29,s
2.28 6.59,d, 13.5 6.46,d, 13.6 4.54,d, 8.4 6.31,dd, 15.6,5.7 6.32,d,15.6 6.32,s 6.96, s 1.82,s
2.29 6.57,d,13.6 6.45,d, 13.6 4.54,d, 6.8 6.33,dd, 15.5,5.3  6.34,d,15.6 6.32,s 6.96, s 1.77, s
230 5.42,d,174 6.09,dd, 17.4,10.6  4.55,d, 6.6' 6.35,dd, 15.5,5.6  6.36,d,15.5 6.30, s 6.97,8 1.78, s
’ 5.30,d, 10.6 - - . ; - . ]
2.31 6.59,d, 13.5 6.49,d,13.5 4.57,d,9.2 5.92,dd,15.8,9.2  6.85,d,15.8 6.20, s 191,s 1.79, s

! Previously reported by (Antunes et al., 2010) as multiplets however the multiplicity was ascertained in this study. Compounds 2.29-2.31 show virtual coupling due to the
small AS for H-5 and H-6. This makes determination of coupling constants for H-4, H-5 and H-6 unattainable and these coupling patterns are thus reported as multiplets.

Table 2.4: 3C NMR data (CDCl;, 150 MHz) for compounds 2.27-2.31

Compound C-1 C-2 C3 C+4 C-5 C-6 C-7 C-8 C-9 C-10

2.27 191.4 130.6 1529 693 136.0 134.1 140.6 1225 66.5 13.2
2.28 110.7 137.0 71.8 68.5 127.3 129.8 137.6 119.5 655 28.1
2.29 110.2 137.5 71.5 68.2 127.4 129.6 138.5 119.7 655 253
2.30 116.5 139.5 71.8 68.8 126.8 130.4 137.7 1193 655 25.0
2.31 110.4 135.5 71.9 69.2 128.1 132.9 137.3 108.0 19.5 28.5
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2.2.3 Cytotoxicity of compounds 2.27 — 2.31

Halogenated monoterpenes containing gem-dichloro or aldehyde moieties at either C-
1 or C-9 have been shown to produce favourable ICs, values in cytotoxic assays
(Table 2.5) (de la Mare et al., 2012). It was therefore of interest to assess the
cytotoxicity of compound 2.27 which contained both functionalities. Ideally, it would
have been useful to include the P. corallorhiza metabolites in this study. An attempt
was made to re-isolate these metabolites however, the collected specimens of P.
corallorhiza showed the presence of different metabolites in both intra- and inter-site

samples. This data is summarised in Appendix 6.2.

Of particular interest in this series of compounds was the importance of the aldehyde
and dichloromethyl groups. These groups are likely to exert their cytotoxic effect
through non-specific interactions with biological macromolecules. For this reason,

citral was also tested in the same cytotoxicity assay.

The cytotoxicity assay was carried out against the MCF-7 breast cancer cell line.
Surprisingly, compound 2.27, which contains both a dichloromethyl and an aldehyde
group, showed lower cytotoxic activity (ICsg value of 116.3 uM, Table 2.6) relative to
other reference compounds within this series (Table 2.5). Citral, bearing the same
aldehyde moiety as seen in 2.26 and 2.27 proved to be non-toxic suggesting that the
aldehyde moiety alone is not a sufficient requirement for cytotoxic effects (de la Mare
et al., 2012). It therefore seems that the cytotoxicity of halogenated monoterpenes
cannot simply be explained on the basis of isolated functional groups. This idea is
reinforced when considering that other dichloromethyl containing halogenated

monoterpenes such as 2.28 — 2.30 (tested in the same assay) showed good activity.
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Cl
i Z
cl Cl Br Br

2.2 2.26

Cl A~ X

OH

2.27

Figure 2.19: Compound 2.27 possesses both a gem-dichloro as well as an aldehyde
functionality that have been seen to exist separately in other isolated

halogenated monoterpenes i.e. Compounds 2.2 and 2.26

Not surprisingly, compound 2.31 was found to be non-toxic. This followed the same
trend as previously reported (compounds 2.3 and 2.4, Table 2.5) where a methyl

substituent at C-9 is thought to be the reason for reduced activity.

The gem-dichloro containing compound, 2.30, showed an ICsy value of 54.9 uM. The
relative cytotoxicity values of the diastereomers 2.28 and 2.29 were 16.2 and 13.7 uyM
respectively indicating that the configuration at C-4 bears little to no influence on

cytotoxicity.
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Table 2.5: Previously reported ICsy values (uM) of halogenated monoterpenes

isolated from P. cornutum, P. suhrii and P. corallorhiza on the MCF-7

breast cancer cell line (Lawson, 2009; de la Mare et al., 2012)

Compound Structure ICs0 (uM)
cl__Cl N
. 3.6
2.2 I~ %
cl cl
Cl
23 N NS Non-toxic !
Br Cl
kel
24 N 7 Non-toxic
Br Cl
cl Cl
2.14 Br = NS 65.1
Br
cl cl
2.16 S 69.7
Br
Cl Cl
2.18 S " 90.0
Cl
cl
2.22 Br N0 28.9
Cl
2.26 Wo 33.0

1 . .
ICsq values greater than 200 uM were considered non-toxic
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Table 2.6: ICs, values of compounds 2.27-2.31 against the MCF-7 breast cancer cell

line
Compound Structure ICs¢0 (M)
Citral )W Non-toxic '
o)
cl_ _cl
2.27 Cl = P X <o 116.3
OH
cl. _cl
2.28 Lo
NF | g, 16.2
ci al
cl. _cl
2.29 B
N~ s 13.7
Cl cl
cl_ _cl
cl
2.30 c_ _ - 54.9
Cl
Kel
2.31 7N, SN gy Non-toxic
Br él

T . .
ICs, values greater than 200 pM were considered non-toxic
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Figure 2.20: Graphs of % survival of MCF-7 cells vs. conc. for compounds 2.27-2.31

A graph of cLogP vs. ICsy (Figure 2.21) was plotted to explore the possible
relationship between partition coefficient and cytotoxicity of compounds 2.27 -2.30.
Unsurprisingly the plot suggests that an increase in the lipophilicity, which enhances
membrane permeation of the molecule, increases the cytotoxic potential. This could
further explain why compound 2.27 displayed less favourable results than the other

compounds.

2.27

ICs0 (uM)

2.30

2.28
2.29

cLogP

Figure 2.21: Plot of cLogP vs. ICs value of compounds 2.27-2.30
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2.2.4 Chemotaxonomic significance of metabolites from Plocamium

rigidum

Before making analyses using a chemotaxonomic approach it should be mentioned
that at times even homologous characters cannot be used as signs of phylogenetic
associations. This is because metabolic convergence of different species is a very
common feature (Hegnauer, 1986). Moreover, many secondary metabolites perform
diverse ecological roles. The less secondary metabolites deviate from essential
metabolites, and the more important secondary metabolites are from an ecological

aspect, the greater the chance is of their occurrence in unrelated taxa.

That being said, from a chemotaxonomic perspective, it is interesting to observe that
South African Plocamium spp can be classified on the basis of their major
metabolites. Figure 2.22 highlights the major metabolites produced by selected South
African Plocamium spp. The significance of the same metabolite occurring in more
than one species, for example compounds 2.28 and 2.29 found in both P. suhrii and P.
rigidum, is unclear. Table 2.7 summarises halogenated monoterpenes isolated from
selected Plocamium spp and highlights their occurrence in different species. It would

be interesting to explore the genetic relationship between these algae.
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Cl__cl

Plocamium cornutum Plocamium corallorhiza

Cl A r N0

Plocamium suhrii Plocamium rigidum

Figure 2.22: Major distinguishing metabolites present in Plocamium spp.
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Table 2.7: Chemotaxonomic overview of halogenated monoterpenes’

Compound Alga(e) Reference
P. cornutum (Afolayan et al., 2009)
21 P. cartilagineum (Crews and Kho, 1974)
P. cornutum (Afolayan et al., 2009)
22 P. cartilagineum (Faulkner and Mynderse, 1975)
2.3 P. cornutum (Afolayan et al., 2009)
24 P. cornutum (Afolayan et al., 2009)
2.5 P. cartilagineum (Faulkner and Mynderse, 1975)
2.6 P. suhrii (Antunes et al., 2011)
2.7 P. suhrii (Antunes et al., 2011)
P. rigidum (This study)
2.8 P. suhrii (Antunes et al., 2011)
2.9 P. suhrii (Antunes et al., 2011)
P. cartilagineum (Faulkner and Mynderse, 1975)
P. rigidum (This study)
2.10 P. suhrii (Antunes et al., 2011)
P. cartilagineum (Faulkner and Mynderse, 1975)
P. rigidum (This study)
2.11 P. suhrii (Antunes et al., 2011)
P. cartilagineum (Faulkner and Mynderse, 1975)
P. rigidum (This study)
2.12 P. corallorhiza (Knott et al., 2005)
2.13 P. corallorhiza (Mann et al., 2007)
2.14 P. corallorhiza (Mkwananzi, 2005)
2.15 P. corallorhiza (Mkwananzi, 2005)
2.16 P. corallorhiza (Mann et al., 2007)
2.17 P. corallorhiza (Knott et al., 2005)
2.18 P. corallorhiza (Knott et al., 2005)
2.19 P. corallorhiza (Mkwananzi, 2005)
2.20 P. corallorhiza (Mkwananzi, 2005)
2.21 P. corallorhiza (Mkwananzi, 2005)
2.22 P. corallorhiza (Mann et al., 2007)
2.23 P. corallorhiza (Mann et al., 2007)
2.24 P. corallorhiza (Mkwananzi, 2005)
2.25 P. corallorhiza (Mann et al., 2007)
2.26 P. corallorhiza (Mann et al., 2007)
2.27 P. rigidum (This study)

! Refer to Appendix 6.1 for structures of compounds 2.1-2.27
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2.3 Experimental

2.3.1 General Experimental

All NMR experiments were performed using a Bruker® Avance 600 MHz spectrometer
using standard pulse sequences. 'H and ">C experiments were run at 600 MHz and 150
MHz respectively using CDCl; as the NMR solvent. Column chromatography was
performed using Merck® Silica gel 60 (0.040-0.063 mm), Germany. All solvents used
were chromatography grade (LiChrosolv®), obtained from Merck®, Darmstadt,

Germany.

HPLC was performed using a semi-preparative normal phase Whatman Partisil® 10
M9/50 (9.5mm x 500mm) column and a Rheodyne® containing Waters” HPLC pump
with a Spectra physics® RI detector attached to a Ridenki® chart recorder.

High resolution mass spectra were obtained at the University of Stellenbosch using a
Waters® Synapt G2 spectrometer. The sample was introduced via direct injection (1 uL
into a stream of 80% acetonitrile and 0.1% formic acid using a Waters UPLC at flow rate
of 0.2 mL/min. The ionisation source was ES+ with a capillary voltage of 3 kV and a

cone voltage of 15 V. The lock mass was set with Leucine enkephalin.

2.3.2 Plant material
(DH110219-3)

Plocamium rigidum was collected by hand at de Hoop beach in the southern coastal
region of South Africa in February 2011. A voucher specimen has been stowed away
with the Division of Pharmaceutical Chemistry, Rhodes University. Identification of
the algae was done by Professor John Bolton with the Department of Botany,
University of Cape Town, South Africa.

2.3.3 Extraction and isolation

The algal material (wet mass 125.6 g; dry mass 35.0 g) was initially steeped in MeOH at
room temperature for 1 hour, after which it was extracted in triplicate with CH,Cl,-MeOH
(2:1,770 mL) at a constant temperature of 40 °C. The combined organic phases were
collected (after addition of an adequate amount of water for phase separation) and

concentrated under reduced pressure to produce a crude extract of 0.390 g which
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corresponds to a 1.10% yield [Weight of crude/(Weight of dry mass + Weight of Crude)].
Fractionation was further carried out via hexane-EtOAc step gradient column
chromatography to yield eight fractions. Fraction B and D were further purified via normal
phase HPLC using 100% hexane to yield 2.27 (6.0 mg, 0.015%), 2.28 (8.0 mg, 0.02%),
2.29 (10.7 mg, 0.0271%), 2.30 (3.1 mg, 0.0078%) and 2.31 (3.1 mg, 0.0078%).

2.3.4 MCF-7 assay details

The effect of the compounds on MCF-7 cells (obtained from the University of Cape
Town, originally supplied by ATCC, cat no HTB-22) was determined using the
chromogenic compound MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide] (Roche®™).

The assay is based on the cleavage of the yellow MTT salt to form purple crystals in
metabolically active cells, which are then solubilised and the concentration

determined by optical density at 550 nm.

Plates are seeded with 6000 cells/well in 50 pL and incubated overnight at 37 °C and
9% CO,. Thereafter the cells are dosed with a range of concentrations of the test
compound (dissolved in DMSO) in 50 pL and incubated for 96 hours as before, after
which 10 pL of 5 mg/mL MTT reagent is added before incubating for a further 4

hours.

Finally, 100 pL of Solubilisation Solution (10% SDS in 0.01 M HCI) is added and the
cells are incubated overnight before reading their absorbances at 550 nm. The
chemotherapeutic drug paclitaxel (Sigma®) is used as a control cytotoxic compound at

100 nM.

All treatments are carried out in triplicate. The absorbance vs. concentration curve is
used to determine the percentage survival at a particular concentration, from which
the ICsyp value may be calculated relative to the DMSO vehicle-treated negative

control.
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2.3.5 Compounds isolated'

Compound 2.27 (isolation code JF12-19D-F9)

cl_, _Cl
CH,

NN S T

OH

2.27

(2E,5E,7Z)-8-chloro-7-(dichloromethyl)-4-hydroxy-3-methylocta-2,5, 7-trienal (2.27):
brown oil; [a]p+158; IR Viax 1650, 3510 cm™; NMR data available in Table 2.2;
HRESIMS of PFBHA derivative, m/z 464.0018 [M+1] (calculated 464.0010)
C17H13NO,*>CL3Fs / 465.9992 / 467.9965; 445.9920 [M+1-H,0].

Derivitisation of compound 2.21 for mass spectrometry

Compound 2.27 (3 mg) was weighed out and dissolved in acetonitrile (1.5 mL). This was
then added to PFBHA.HClI (3 mg) (PFBHA - 0-(2,3.4,5,6-Pentafluorobenzyl)
hydroxylamine hydrochloride, >98%, Sigma Aldrich® Switzerland), previously dissolved
in acetonitrile (1.5 mL). Anhydrous magnesium sulphate (1.5 mg) was also added. The
reaction mixture was stirred for 5 hours at room temperature. The reaction mixture was
concentrated in vacuo and silica gel column chromatography was then used to purify the

resultant aldehyde derivative using (9:1 hexane: EtOAc).

Compound 2.28 (isolation code JF12-19B-F8H)

2.28

(1E,3R*4R* 5E,7E)-1-bromo-3,4,8-trichloro-7-(dichloromethyl)-3-methylocta-1,5, 7-
triene (2.28): colourless oil; NMR data available in Tables 2.3 and 2.4. As previously
reported by (Mynderse and Faulkner, 1975).

! The systematic name for compounds 2.27-2.31 was based on the 3-methyl-1,5,7-octatriene skeleton which is
most commonly used in literature

50



Chapter 2 Halogenated monoterpenes from Plocamium rigidum

Compound 2.29 (isolation code JF12-19B-F8I)

a..c

HC . C
L NN N,
cl Cl

2.29

(1E,3R,4S,5E,7E)-1-bromo-3,4,8-trichloro-7-(dichloromethyl)-3-methylocta-1,5, 7-
triene (2.29): colourless oil; NMR data available in Tables 2.3 and 2.4. As previously
reported by (Mynderse and Faulkner, 1975).

Compound 2.30 (isolation code JF12-19B-F8E)

Cl_o CI )

‘ cl
Cl AN P
8 4

Cl

2.30

(3R*48* 5E,77)-3,4,8-trichloro-7-(dichloromethyl)-3-methylocta-1,5, 7-triene (2.30):
colourless oil; NMR data available in Tables 2.3 and 2.4. As previously reported by
(Mynderse and Faulkner, 1975).

Compound 2.31 (isolation code JF12-19B-F7)

2.31

(1E,3R* 4R* 5E,77)-1,8-dibromo-3,4-dichloro-3, 7-dimethylocta-1,5, 7-triene (2.31):
colourless oil; NMR data available in Tables 2.3 and 2.4. As previously reported by
(Mynderse and Faulkner, 1975).
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Chapter 3

Isolation of secondary metabolites from Laurencia natalensis

Abstract

The Laurencia genus of marine algae produces an assortment of structurally unique
halogenated and non-halogenated secondary metabolites. These vary considerably and

range from C;s acetogenins to terpene type compounds.

This chapter discusses the isolation and characterisation of two metabolites from the
the organic extract of the South African endemic marine alga Laurencia natalensis
namely a C;s5 acetogenin, laurencenyne, as well as a new chamigrane sesquiterpene.

The structures of the compounds were determined by spectroscopic methods.
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Chapter 3

Isolation of secondary metabolites from Laurencia natalensis

3.1 Introduction

Laurencia, a genus of red marine algae of the Rhodomelaceae family, is one of the
most widely studied macroalgae in the aquatic environment. This is due to the vast
range of structurally unique halogenated metabolites produced by this genus
(Faulkner, 1977; Blunt et al., 2009). These include C,s acetogenins, sesquiterpenes,
diterpenes and triterpenes (Suzuki and Vairappan, 2005). The C;s acetogenins give
rise to a diverse population of cyclic ethers with ring sizes ranging from five to nine
atoms. Side chains possessing terminal enyne or allene functionalities are also
common (Erickson, 1979). Metabolites isolated from Laurencia spp. show various
halogenation patterns; however brominated molecules are most common (Suzuki and
Vairappan, 2005). Figure 3.1 demonstrates the diverse nature of some of the

metabolites produced by Laurencia spp.

Laurencia spp. can be characterised by a particular set of compounds they produce
(Suzuki and Vairappan, 2005). This is owing to the fact that these molecules are
unique to each species and are not seen as being widespread among other members

within the genus (Fenical, 1976).

Studies have revealed that a single Laurencia species, although morphologically
identical, can produce different secondary metabolites. Laurencia nipponica
(Yamada) has shown such a trait. This has led to the concept of further sub-dividing
species into chemical races (Masuda et al., 1997a, Harborne and Turner, 1984). It
would be interesting to further study the phenomenon of chemical races in Laurencia

spp. and its potential as a chemotaxonomic tool.

Given the structural diversity and complexity of the metabolites found in Laurencia
spp. it comes as no surprise that diverse biological activities have been reported.
These include antibacterial (Vairappan et al., 2001), antiviral (Sakemi et al., 1986),
cytotoxic (Kladi et al., 2009), antiasthmatic (Jung et al., 2009) and analgesic (Chatter
et al., 2009) activities.
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Br Cl Cl OH HO OH //
3.1 3.2
MeO o Br OMe
o Y g
Br Br Br Br
33 34

Br

Br
Br

3.1 3.12

Figure 3.1: Selected compounds isolated from various Laurencia spp.'

1
3.1, 3.10 (Gutierrez-Cepeda et al., 2011); 3.2, 3.4, 3.5 (Suzuki et al., 2009); 3.3 (Qin ef al., 2010); 3.8 (Suzuki ez al., 2005);
3.9 (Sakemi et al., 1986); 3.11 (Dias and Urban, 2011); 3.12 (De Nys et al., 1993)
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3.1.1 South African Laurencia spp.

Laurencia spp. found on the South African coastline include Laurencia natalensis
(Kylin), Laurencia glomerata (Kiitzing) Laurencia flexuosa (Kiitzing) and Laurencia
obtusa (Hudson) J.V. Lamouroux (Stegenga et al., 2007). Of these, only L. glomerata
and L. flexuosa had been studied previously. L. glomerata produces chamigrenes and
chamigranes 3.13 — 3.16 (Elsworth and Thomson, 1989), while the sesquiterpene 3.17
and (Z) and (E)-bromofucin (3.18 and 3.19) have been isolated from L. flexuosa
(Mann, 2008).

3.13

3.15 3.16
Br
(0]
N B [
O OH Br =
OH 0
3.17 3.18

3.19

Figure 3.2: Selected compounds isolated from South African Laurencia spp.
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3.1.2 Chapter aims

As part of a larger study to assess the chemotaxonomic significance of South African
Laurencia metabolites we collected the endemic South African marine alga,
Laurencia natalensis. The main objective of this study was to isolate and characterise
the metabolites produced by this alga as a prelude to their assessment as

chemotaxonomic markers.

Figure 3.3: Photograph of Laurencia natalensis'

1
Photograph (° Robert Anderson, University of Cape Town) adapted from www.algaebase.org (Accessed 23/6/2012) with
permission from Michael Guiry (Ryan Institute, Ireland).
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3.2 Results and discussion
3.2.1 Extraction and isolation of metabolites

The extraction and fractionation procedures performed on L. natalensis (KOS110914-
1), collected from Kenton-on-Sea on the eastern coast of South Africa, are summarised
in Scheme 3.1. The alga was initially steeped in MeOH and then further extracted with
a combination of CH,Cl, and MeOH. The crude organic extract of yield 0.82% was
obtained and fractionated into nine separate fractions on silica gel using a step gradient
solvent system (hexane-EtOAc) of increasing polarity. Upon analysis of the '"H NMR
spectra of these fractions peaks of interest where observed in fractions B and C which
were then further purified using silica gel column chromatography to yield compounds

3.20 and 3.21.

Scheme 3.1: Isolation of compounds 3.20 and 3.21 from Laurencia natalensis

Conditions: 1) Silica gel column chromatography (9:1 hex: EtOAc)
ii) Silica gel column chromatography (8:2 hex: EtOAc)
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3.2.2 Structure elucidation of metabolites

3.2.2.1 Compound 3.20

Compound 3.20, was isolated as a colourless oil. The 'H NMR spectrum (Figure 3.4)
of compound 3.20 showed a complex cluster of olefinic methine signals between & 5.0
and 0 6.0 indicating the presence of several alkene functionalities. An ethyl moiety (—
CH,—CH3;) was deduced from a triplet signal at & 0.97 (t, J = 7.6 Hz) which was
coupled to a methylene signal at 6 2.08 (dq, /= 7.4, 7.4 Hz). A broad singlet was also
observed at 6 3.12.

The *C NMR spectrum of compound 3.20 (Figure 3.5), in combination with the
DEPT-135 spectrum, showed fifteen signals which included resonances characteristic
of an enyne system (8 143.6, 108.3, 81.8 and 80.2) in addition to signals due to a
further three double bonds (8 132.1, 129.6, 128.7, 127.7, 127.0, 126.0).

Compound 3.20 was identified as laurencenyne by comparison of spectroscopic data
with literature values. This linear C;5 acetogenin with a terminal alkyne moiety was
previously isolated by Kigoshi et al. (1981) and successfully synthesised by Flock and
Skattebol (2000).

CHCl; J\f H,O
«— | ‘| -«—
L T
6.0 5.5 £em

L L
1.00 0.95 ppm

4 M“L :

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 pem

Figure 3.4: '"H NMR (CDCls, 400 MHz) spectrum of compound 3.20
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CDCl3
<4—

Figure 3.5: °C NMR (CDCls, 100 MHz) spectrum of compound 3.20

ANNNS

3.20

Table 3.1: NMR spectroscopic data of compound 3.20 (CDCl;)'

Carbon No  d¢ Sc mult oy mult, J (Hz)
1 81.8 CH 3.12,s
2 80.2 C -
3 108.3 CH 5.48, m
4 143.6 CH 5.96, m
5 28.7 CH, 3.12,m
6 129.6 CH 543, m
7 128.7 CH 5.38, m
8 25.7 CH, 2.88, m
9 127.7 CH 5.38, m
10 127.0 CH 5.32,m
11 25.5 CH, 2.83, m
12 126.0 CH 5.43, m
13 132.1 CH 5.39, m
14 20.5 CH, 2.08,dq,74,74
15 14.3 CH; 0.97,t,7.6

1
The majority of signal multiplicity in the '"H NMR spectrum of compound 3.20 could not be established due to the abundant
overlapping of peaks. Such is a common phenomenon associated with hydrocarbon chains attributable to the presence of
several magnetically equivalent spin-systems. The resultant signals were thus reported as multiplets.
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3.2.2.2 Compound 3.21

Compound 3.21, the major component of L. natalensis, was isolated as a white
crystalline solid. The HRESIMS spectrum of compound 3.21 provided a molecular
ion cluster at m/z 428.0521, 430.049 and 432.0474 (Figure 3.6) which implied a
molecular formula of C;7H,7BrCl,03 and required three degrees of unsaturation. This
information, together with the presence of five methyl singlet resonances (6 0.92,
1.11, 1.23, 1.76 and 2.08) in its 'H NMR spectrum (Figure 3.7) immediately

suggested a chamigrane type structure for compound 3.21.

The 'H NMR spectrum (Figure 3.7) also showed a broad methine singlet at 6 5.02 and
a methine double doublet at 6 4.83 (dd, J = 12.8, 4.43 Hz). Two sets of diastereotopic
methylene resonances were observed at 6 2.52 (t, J = 13.1 Hz) and 2.28 (d, J = 13.1
Hz) and at 6 2.77 (dd, J = 14.9, 3.0 Hz) and 2.62 (dd, J = 14.9, 2.9 Hz).

The *C NMR spectrum (Figure 3.8) of 3.21 showed only one unsaturated carbon
signal at 8 169 which was distinctive of an ester moiety. A further five methyls (6
21.3, 21.5, 22.5, 22.5 and 27.4), four methylenes (& 30.6, 32.4, 40.2 and 42.0), three
methines (6 59.6, 63.3 and 74.3) and four quaternary carbons (6 47.7, 50.7, 69.6 and
78.2) were deduced from C NMR, DEPT-135 and HSQC data. The HSQC spectrum
in particular, was useful in identifying the overlapping carbon signals at o 22.5
(Figure 3.9). The above information together with the three degrees of unsaturation
implied by the molecular formula confirmed the presence of a chamigrane type

skeleton.

4300495 1. TOF MS ES-
100 'B 3.9%e12
A 4280621
| 4320474 C
S P
‘433_0505
O_I""I""I""I"'|'!"I"'I'"I"I T m/z

400 420 440 460 = 480

Figure 3.6: HRESMS of compound 3.21
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Figure 3.7: "H NMR spectrum (CDCl3, 600 MHz) of compound 3.21

CDCl;
—»

le0 150 140 130 120 110 100 80 &0 70 ] a0 40 30 pEm

Figure 3.8: °C NMR spectrum (CDCls, 100 MHz) of compound 3.21

66



Chapter 3 Secondary metabolites from Laurencia natalensis

Figure 3.9: HSQC expansion of compound 3.21 showing two signals a 6¢ 22.5

Since a chamigrane type system was assumed, two cyclohexane substructures were
generated and 2D NMR correlations (COSY, HMBC) were assigned as shown below
(Figures 3.10 and 3.11).

Figure 3.10: COSY NMR spectrum of compound 3.21
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el Hod H-10 H-2

c-4
C-10

Figure 3.11: HMBC NMR spectrum of compound 3.21

Ring A was constructed by observation of key HMBC correlations from methyl
protons at & 1.75 (C-15) to carbon atoms with chemical shifts of & 42.0 (C-2), 59.6 (C-
4) and 69.6 (C-3).

Ring B was generated based on key HMBC correlations between methyl protons at 6
1.23 (C-12) and carbon atoms 6 47.7 (C-11), 50.7 (C-6) and 63.3 (C-10). Methyl
protons at 6 1.11 (C-14) also showed HMBC correlations to carbon atoms at 6 32.4
(C-8), 50.7 (C-6) and 78.2 (C-7). The carbon at & 50.7 (C-6) was assigned as the ring
junction due to the converging HMBC correlations as well as by comparison of the

chemical shift of C-6 in related systems.

Unusual HMBC correlations were also seen to exist between positions H-14 to C-11
and H-15 to C-1 (Figure 3.12). This can be explained by a phenomenon known as W
coupling or *°J coupling. Such coupling is commonly seen in alicyclic systems
wherein atomic bond rotation is hindered. Figure 3.13 illustrates an example of such
wherein coupling only occurs between proton H, and H. due to a “W” like
arrangement (4Jac = 7 Hz). Neither H, and Hyq nor Hy and Hyq show any signs of

coupling (*Jua= 0 Hz; *Joe=7 Hz) (Pretsch et al., 2000).
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Figure 3.12: Compound 3.21 showing (*/) coupling between (H-14 and C-6; H-15
and C-11)

Figure 3.13: Illustration of W coupling in an alicyclic system

Considering the planar structure and the HRESIMS spectrum a -BrCl, halogenation
pattern was assumed. This then corresponds to a molecular formula of C;7H,7BrCl,03
Gonzalez et al. (1979) show how various halogens, as well as the relative
configuration of these substituents, affect carbon chemical shifts in chamigrane type

systems (Figure 3.14).

Since the halogenation pattern was already ascertained to be —BrCl, from mass
spectroscopy data, determining the halogens present at the deshielded carbons C-3

and C-4 would consequently establish the halogen present at C-10.

From Table 3.2 it is seen that the ?C NMR chemical shifts of compound 3.21 for C-3,
C-4 and C-10 are d 69.6, 6 59.6, and o 63.3 respectively. From Figure 3.14 at position
C-4, a bromo-substituent is seen to produce a chemical shift range of & 62.3-63.6 ppm
and a chloro-substituent 6 65.2-68.0 ppm. Since the d¢ at C-4 (59.6) for compound
3.21 was closest to the 62.3-66.6 range, it was assumed that a bromo-substituent
existed at C-4. This then leaves two unassigned chlorine atoms hence C-3 and C-10
were assigned as possessing chloro substituents. Furthermore Kennedy et al. (1988)
isolated a 3-chloro, 4-bromo system with d¢ 70.20 and 8¢ 59.79 respectively
complementing the NMR spectral data of compound 3.21. Elsworth and Thomson
(1989) also report a similar halogenation pattern showing 6c¢ 70.7 and dc 61.8 at
positions C-3 and C-4 respectively (Figure 3.2, compound 3.16).
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24.0-24.1 ppm
CHj

CH, Br
71.2-71.8 ppm 67.5-69.2 ppm 68.0-71.0 ppm
cl Br C H3 24.2-33.5 ppm
5 Br g Cl 5 H
62.3-63.6 ppm 66.0-68.0 ppm 65.2-66.6 ppm

23.7-24.0 ppm

Figure 3.14: The effect of stereochemistry and halogenation pattern on >C NMR
chemical shifts at C-3 and C-4 (Gonzalez et al., 1979).
Having assigned the halogens in compound 3.21 we now turned our attention to
identifying the X substituents at carbons C-1 and C-7. The IR spectrum (Figure 3.15)
showed the presence of a hydroxyl group (3513 cm™) and a carbonyl (1723 cm™)
which together with carbon NMR chemical shifts at C-1 and C-7 identified the
presence of a hydroxyl group and an acetoxy group in compound 3.21. HMBC
correlations could not be used to unambiguously assign the positions of the acetoxy
and hydroxyl groups, however a consideration of the chemical shifts and their
comparison to those of compound 3.22 also known as algoane (McPhail et al., 1999)
suggested an acetoxy group at C-1 and a hydroxyl group at C-7 (Figure 3.16).
Compound 3.21 is therefore a chlorinated analogue of acetoxyintricatol (compound
3.23) previously isolated from Laurencia intricata from the Atlantic ocean (McMillan
and Paul, 1974). The acetoxy group must be in the axial position based on the
chemical shift and coupling constant of H-1 and confirmed by NOE correlations to

both H-2a and H-2b.

The bromo substituent at C-4 was assigned as being equatorial after considering the
vicinal coupling constants of H-4 (dd, J = 12.8, 4.4 Hz) and H-5 (t, J = 13.1 Hz).
Furthermore H-4, which is axial, also showed NOE correlations to the axial proton at

H-2b (6 2.77) (Figure 3.17).
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O-H

C-H
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C=0

Figure 3.15: IR spectrum of compound 3.21

Cl
Br Br

OH

3.21 3.22 3.23

Figure 3.16: A comparison of related chamigrane systems to compound 3.21
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Figure 3.17: Key NOE correlations of compound 3.21
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3.21

Table 3.2: NMR spectroscopic data of compound 3.21 (CDCl3)

Carbon No dc¢ ¢ mult On, mult, J (Hz) COSY HMBC NOESY
H-2a, H-2b,
1 743 CH 5.02,brs H-2b C-3,C-5,C-6
H-12, H-13

2a 2.62,dd, 14.9,2.9 - C-1,C-3,C4,C-15 -

42.0 CH,
2b 2.77,dd, 14.9, 3.0 H-1 C-3,C-15 H-14
3 69.6 C - - - -
4 59.6 CH 4.83,dd, 12.8,4.4 H-5a C-3,C-5,C-15 H-2b
Sa 2.52,t,13.1 H-4 C-3,C4 -

40.2 CH,
5b 2.27,d,13.1 - - -
6 50.7 C - - - -
7 782 C - - - -
8a 2.34, m - - H-9

32.4 CH,
8b 1.35, m H-9a C-6,C-9, C-10,C-14 -
9a 2.34, m H-8b C-8,C-10 -

30.6 CH,
9b 2.02, m H-10 - -
10 63.3 CH 4.31,t,9.5 H-9b C-8,C-9,C-13 H-15
11 477 C - - - -
12 22.5 CH;s 1.23,s - C-6,C-10, C-11 -

C-6, C-10,
13 21.3 CH; 0.92, s - H-5, H-10
C-12,C-14

14 22.5 CH; 1.11,s - C-6,C7,C-8 -
15 27.4 CH; 1.75,8 - C-2,C-3,C4,C-11 H-3
16 169 OCOCH; - - - -
17 21.5 OCOCH; 2.08,s - C-16 -
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3.2.3 Significance of compound 3.20

Kigoshi et al. (1986) have reported the isolation of both cis and trans isomers of
laurencenyne (Compounds 3.20 and 3.24, Figure 3.18) as well as compounds 3.25-
3.27 from Laurencia okamurai (Yamada). The isomers were distinguished by the 'H
NMR chemical shift of H-1 (cis-isomer 6 3.12, trans-isomer 6 2.81). This allowed for
the deduction of cis-geometry about the A** double bond in compound 3.20.

Laurencenyne is thought to be a precursor to more complex bromo-ethers as shown in
Scheme 3.2. Compounds 3.20 and 3.24-3.27 were isolated alongside cyclic bromo-
ethers in L. okamurai however, no linear C;s acetogenins were isolated together with

bromofucin in Laurencia flexuosa (Mann, 2008).

Furthermore, compound 3.20 was isolated as the major metabolite in L. natalensis and
no bromo-ether type compounds were isolated from the alga. This could suggest that
the alga lacks the enzyme systems required for cyclisation of the linear acetogenins to
cyclic ether compounds. More in-depth analyses of crude extracts of L. natalensis are

needed to confirm the presence or absence of cyclic ether compounds.

ANNANS

15

3.20

HO OH

3.25 3.26

HO OH \\ 1
3.27

Figure 3.18: Linear C;s acetogenins isolated from Laurencia spp.

74



Chapter 3 Secondary metabolites from Laurencia natalensis

9

— | | 1
N Y% 3
\\ 5

3.20 laurediol
cis-laurencenyne

0y _O

laurencin de-acetyl laurencin

|

bromofucin

Scheme 3.2: Proposed biosynthetic pathway of bromofucin type compounds from
compound 3.20 (cis-laurencenyne)
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3.2.4 Significance of compound 3.21

Compound 3.21 resembles a sesquiterpene chamigrane type compound which appears
to be the most generalised metabolite produced by Laurencia spp. Over one hundred
of these compounds have been isolated from different species of Laurencia. (Dorta et
al., 2004). The proposed biosynthetic pathway of this class of compounds involving

Farnesyl pyrophosphate as the initial precursor is as shown below (Scheme 3.3).

| OPP |
Q@ — A

Cl
Farnesyl pyrophosphate 7 -bisabolene l "
-H

OH

H,0 Br trer

Br 2 <Br/cl

cl cl ¢ Cl Cl Cl
OH

Scheme 3.3: Proposed biosynthetic pathway of a chamigrane type compound from
Farnesyl pyrophosphate (Suzuki ez al., 2001)

Compound 3.21 has never been seen before within the halogenated-chamigrane series

and this bears great significance when analysing Laurencia natalensis from a

chemotaxonomic perspective.

Compounds which are unique to a species or race ease the identification process
which may be difficult at times due to striking morphological similarities. The
presence of an acetyl moiety in compound 3.21 provides further information on the
genetic material contained in L. natalensis. More specifically, L. natalensis is now
suggested to possess genome which caters for the manufacture of acetylating

enzymes.
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3.3 Experimental

3.3.1 General Experimental

NMR experiments were performed using a Bruker® Avance 400 MHz and a Bruker”
Avance 600 MHz spectrometer using standard pulse sequences. The NMR solvent used
was CDCls. Column chromatography was performed using Merck® Silica gel 60 (0.040-
0.063 mm), Germany. All solvents used were chromatography grade (LiChrosolv®),

obtained from Merck®, Darmstadt, Germany

High resolution mass spectra were obtained from the University of Stellenbosch using a
Waters® Synapt G2 spectrometer. The ionization source was ES- with a capillary voltage

of 3 kV and a cone voltage of 20 V. The lock mass was set with Leucine enkephalin.

Sample introduction: Waters® UPLC in 1% formic acid, to 100% acetonitrile gradient

over a Im peak tubing at a flow rate of 0.2 mL/min.

3.3.2 Plant material
(KOS110914-1)

Laurencia natalensis was collected by hand at Kenton-on-Sea in the Eastern Cape,
South Africa in September 2011. A voucher specimen (KOS110914-1) is being kept
at the Division of Pharmaceutical Chemistry, Rhodes University. Identification of the
algae was done by Professor John Bolton with the Department of Botany, University

of Cape Town, South Africa.

3.3.3 Extraction and isolation

The algal material (wet mass 215 g; dry mass 88.1 g) was initially steeped in MeOH at
room temperature for 1 hour, after which it was extracted in triplicate with CH,Cl,-MeOH
(2:1,770 mL) at a constant temperature of 40 °C. The combined organic phases were
collected (after addition of an adequate amount of water for phase separation) and
concentrated under reduced pressure to produce a crude extract of 0.728 g which
corresponds to a 0.82% yield [Weight of crude/(Weight of dry mass + Weight of Crude)].
Fractionation was further carried out via hexane-EtOAc step gradient column
chromatography to yield eight fractions. Fractions B and C showed spectra of interest and
were further purified via silica gel column chromatography to yield 3.15 (12 mg, 0.014%)
and 3.16 (21 mg, 0.024%)).
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3.3.4 Compounds isolated

Compound 3.20 (isolation code JF11-83A)
7

3.20
(3Z,67,97,127)-pentadeca-3,6,9,12-tetraen-1-yne (3.20): Colourless oil; 'H and C
NMR data available in Table 3.1. As previously reported by (Kigoshi ef al., 1981).

Compound 3.21 (isolation code JF11-80B)

4-bromo-3,10-dichloro-7-hydroxy-3,7,11,11-tetramethylspiro [6.6] undec-1-yl acetate
(3.21): White crystals; [a]p +97.6 ; IR Viax 3513 cm'l; 2971 cm’l; 1723 cm'l; 1371
cm'l; 1229 cm'l; 'H and C NMR data available in Table 3.2; HRESIMS, m/z
428.0521 (calculated 428.0521) C17Ha7'Br°Cl,05 / 430.0498 / 432.0474.
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Chapter 4

Isolation of halogenated furanones from Delisea flaccida

Abstract

Delisea spp. have shown fascinating compounds based on the 4-halo-3-butyl-5 halo-
methylene-2(5H)-furanone skeleton. These compounds have shown interesting

antifouling activity and are popular templates for antimicrobial drug design.

The South African coast possesses an endemic alga, Delisea flaccida (Suhr)
Papenfuss, which is thought to be a descendent of Delisea spp. found in Australian

waters.

This chapter discusses the isolation and characterisation of two isomeric bromo-
furanones from Delisea flaccida which have been previously isolated from other
Delisea spp. The cis-isomer 1-[(5Z)-4-bromo-5-(bromomethylidene)-2-0x0-2,5-
dihydrofuran-3-yl|]butyl acetate and the frans-isomer 1-[(SE)-4-bromo-5-
(bromomethylidene)-2-0x0-2,5-dihydrofuran-3-yl]butyl acetate.
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Chapter 4

Isolation of halogenated furanones from Delisea flaccida

4.1 Introduction

Marine red algae of the genus Delisea (family Bonnemaisoniaceae) is renowned for
producing polyhalogenated secondary metabolites of which 2(5H)-furanones (Figure
4.1) are the most common (McCombs et al., 1988). A unique characteristic associated
with Delisea spp. is the algae’s ability to prevent bacterial as well as epiphyte
colonisation (Manefield et al., 1999). As a result, Delisea spp. have been observed to
be a food source in an environment where algae are generally not preferred by

obligate herbivores (De Nys et al., 1995).

It is understood that fimbrolide type compounds such as compounds 4.1-4.7 (Figure
4.1) produced by Delisea spp. give rise to these unique traits, and studies do infact
reveal the undisputed antifouling properties shown by these metabolites (Manefield et

al., 1999).

These fimbrolides are effective in reducing bacterial phenotype expression while
having negligible effect on bacterial growth or protein synthesis (Ren et al., 2002).
Moreover, the onset of resistance in bacteria to fimbrolides has yet to be observed.
This undoubtedly makes these Delisea furanones potential drug leads for quorum
sensing mediated bacterial infections. It comes as no surprise to see numerous
attempts to develop antimicrobial agents based on the Delisea furanone motif (Goh et

al., 2007).

85



Chapter 4

Halogenated furanones from Delisea flaccida

R
Br
2
— Ra
0™ R

4.1 R'=OH, R?*=OCH,,R* = CH,I
4.2 R'=0Ac, R*=CH,,R’=OCH,

4.3 R'=0Ac,R’= OCH,,R* = CHBr,

4.10

4.4 R'=OH,R’=O0CH,,R’=CH,I
4.5 R'=0Ac, R?=H,R*=Br
4.6 R'=0Ac, R>=Br,R’=H

4.7 R'=OH,R’=H,R’=Br

Br Br

O 0

Br Br

Figure 4.1: Compounds isolated from Delisea spp.'

1
4.1-4.7 (De Nys et al., 1993); 4.8-4.11 (McCombs et al., 1988)
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4.1.1 Biofilm inhibitory activity of furanones from Delisea spp.
4.1.1.1 Bacterial biofilms

Bacteria have been seen to cluster when invading an organism so as to increase the
chance of survival. Minimal virulence can occur if they exist discretely (Chen et al.,
2002). They produce a protective polysaccharide based extracellular matrix known as
a biofilm. This allows for increased adhesion on surfaces and enhances the ability of
signalling molecules to diffuse between bacterial cells (Harshey and Matsuyama,
1994). A greater efficiency in signalling aptitude allows for a more co-ordinated
biofilm formation as well as augmented swarming potential. It has been determined
that N-acylated homoserine lactone (AHL) mediated systems (Figure 4.2) are key in
regulating colony populations (Kjlleberg and Steinberg, 2001). AHL derivatives have
been seen to exist in over fifty bacterial species, examples of which are shown below

(Figure 4.2).

R1 (0]
|
(0]

R' = alkyl
R?>=0,0H,H

Acyl-homoserinelactone (AHL)

Butanoyl HSL (P. aeruginosa) 3-Hydroxybutanoyl HSL (V. harveyi)

Figure 4.2: AHL and AHL derivatives. The furanone ring is seen to remain an
integral structural trait with variations only occurring on the alkyl side

chain (Ohno, 2004)
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4.1.1.2 Anti-fouling mechanism of Delisea spp. furanones

The AHL signalling molecule is agonistic at a particular receptor protein (LuxR)
which then initiates a cascade of events ultimately leading to colonisation and hence
fouling (Scheme 4.1) adapted from Whitehead et al., 2001. The striking structural
similarity of furanones isolated from Delisea spp. to AHL type signalling molecules
provides the rationale behind the antifouling activity that these marine organisms

display.

The furanones act as direct competitive antagonists on receptors to which AHL
molecules typically bind. AHL mediated gene expression is consequently inhibited
leading to a reduction in phenotypes associated with colonisation (Goh et al., 2005;

Schaefer ef al., 1996).

Scheme 4.1: Mechanism of furanone anti-fouling activity
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The Delisea furanones have been observed to be more potent antifouling agents with
acetate (-OAc) or hydroxy (-OH) substituents on the alkyl side chain. The rigid nature
of the furan ring within these compounds serves as an integral structural feature for
antifouling properties. Furthermore, the vinyl bromide substituent on the furanone

ring does not appear to be critical for antifouling activity (Han, 2008).
4.1.2 Chapter aims

In continuing our studies on South African endemic Rhodophyta, the chemical profile
of Delisea flaccida, which was anonymous until now, was assessed. This alga is
known for producing furanone type compounds and hence these in particular were

targeted, as these compounds have displayed promising antifouling activity.

Figure 4.3: Photograph of Delisea flaccida’

1
Obtained from Dr. D. R. Beukes, Department of Pharmaceutical Chemistry, Rhodes University, Grahamstown
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4.2 Results and discussion

4.2.1 Isolation and structure elucidation of metabolites

The extraction and fractionation procedures performed on Delisea flaccida, collected
from Port Alfred on the eastern coast of South Africa, are summarised in Scheme 4.2.
The crude extract was fractionated on silica gel using a step gradient (hexane-EtOAc)

of increasing polarity into nine separate fractions.

Upon analysis of the "H NMR spectra of these fractions, peaks of interest were
observed in fraction C. Fraction D showed characteristic chlorophyll signals and the

remainder of the fractions did not display any appealing peaks.

As a result, Fraction C alone was further purified. This was done using silica gel
column chromatography with differing solvent systems (see section 4.4.3), until

finally normal phase HPLC afforded compounds 4.12 and 4.13.
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Scheme 4.2: Isolation of compounds 4.12 And 4.13 from Delisea flaccida

Conditions: i-iv) Repeated silica gel column chromatography (see section 4.3.3)

v) Normal phase HPLC (hexane-EtOAc, 4:1)
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4.2.1.1 Compound 4.12

Compound 4.12 was isolated as a yellow oil, the "H NMR spectrum of which showed
multiplets at 6 1.83 and 6 5.55 as well as a methyl triplet at 6 0.96 (t, J = 7.4 Hz)
which was assumed to be neighbouring a methylene group due its multiplicity i.e.

triplet. A substituted methine singlet was also observed at 6 6.38.

The *C NMR spectrum (Figure 4.5) showed an ester signal at & 170.1 as well as a
methyl signal & 20.6 complementing an acetate functionality. Signals were also

observed at 6 130.6, 131.4, 149.8 and 163.6.

The DEPT-135 spectrum of compound 4.12 showed two —CHj groups, two —CH,

groups, two —CH groups and five quaternary carbons.

Compound 4.12 was identified as a previously isolated acetoxyfimbrolide (Pettus et
al., 1977) which has been shown to inhibit AHL mediated gene expression in E. coli
(Manefield et al., 1999).

AR

5 5 ppm ppm

i | | o

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 rpm

Figure 4.4: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.12
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Figure 4.5: BC NMR spectrum (CDCls, 150 MHz) of compound 4.12

The infrared spectrum (Figure 4.6) of compound 4.12 showed characteristic
absorption bands for both C=0 and C-O stretches. These bands were observed at 1785

cm™ and 1228 cm’' respectively.

C-H

0C-O

C=0

Figure 4.6: IR spectrum of compound 4.12
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4.12

3 Br
3
o
U 2' H
- 6

Table 4.1: NMR spectroscopic data (CDCl3) of compound 4.12

Carbon No d¢ dc mult On , mult, J (Hz)
2 163.7 C -
3 131.3 C -
4 149.6 C -
5 130.4 C -
6 93.3 CH 6.38, s
7 170.1 C -
8 20.5 CH; 2.09, s
1’ 68.1 CH 5.55, q,
2a’ 1.83, m
33.6 CH,
2b’ 1.98, m
3a’ 1.36, m
18.4 CH,
3b’ 141, m
4 13.4 CH; 0.95,t
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4.2.1.2 Compound 4.13

Compound 4.13 was isolated as a mixture with compound 4.12. The 'H NMR
spectrum of compound 4.13 (Figure 4.7) was identical to compound 4.12 apart from a
halo-methine singlet being observed at § 6.24 instead of 6 6.38. In addition, the
carbon NMR spectrum displayed a halo-methine signal at 6 105.4 instead of 6 93.3 as

seen in compound 4.12.

This is suggestive of the presence of geometric isomers due to a difference in
geometry about the exocyclic double bond A*°. The bromo-methine proton of the (Z)-
acetoxyfimbrolide isomer has been reported to be 6 6.38 while the (£)-isomer showed

a proton chemical shift of & 6.24 (Silverstein et al., 1991; De Nys et al., 1993).

CHCl;

Figure 4.7: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.13
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CDCls

Figure 4.8: BC NMR spectrum (CDCls, 100 MHz) of compound 4.13

Figure 4.9 below shows an expansion of the HSQC spectrum of compound 4.13. The
correlations clearly show how the carbon chemical shift at position C-6 is influenced
by the geometry about the A’ double bond. The C NMR shift for the (2)-
acetoxyfimbrolide isomer (compound 4.12) is 6 93.4 while the (E)-isomer (compound

4.13)is 5 105.2.

dy 6.38
3¢ 934
(Compound 4.12)

oy 6.24
_______________________________________ d¢ 105.2
(Compound 4.13)

Figure 4.9: HSQC NMR spectrum of compound 4.13
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Further evidence of the existence of an isomeric mixture is shown the proton spectrum
below (Figure 4.10). When integrated, the two bromo-methine singlets at 6 6.24 and 6
6.38 show integrals of ~1 corresponding to 1 proton, while the —CHj3 triplet at 6 0.96

has an integral of 6 showing that the triplet is due the -CHj3 group on each isomer.

Figure 4.10: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.13 showing

integrals
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8
Bt
o0~ O

3 Br
4 2 Br
O 075 X6
H

4.13

Table 4.2: NMR spectroscopic data (CDCls) of compound 4.13

Carbon No d¢ dc mult On , mult, J (Hz)
2 163.6 C -
3 131.1 C -
4 149.8 C -
5 130.3 C -
6 105.4 CH 6.24,s
7 170.1 C -
8 20.6 CH; 2.09, s
I 68.3 CH 5.55,q,
2a’ 1.83, m
33.8 CH,
2b’ 1.99, m
3a’ 1.36, m
18.5 CH,
3b’ 1.42, m
4 13.6 CH; 0.96, t
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4.3 Significance of metabolites isolated from Delisea flaccida

It has been assumed by Hommersand (1986) that the majority of red algal taxa found
along the west coast of South Africa originate from species found on Australian
shorelines. These species are thought to have been carried away by means of a seaway
across West Antarctica during an era when glaciers were not so common, i.e.
Oligocene and Miocene periods. They were then distributed to South Aftrica via

oceanic currents.

This study reveals two metabolites, Compounds 4.12 and 4.13, isolated from a South
African endemic Delisea spp. which have been isolated previously in other Delisea
spp. namely Delisea pulchra (De Nys et al., 1993) and Delisea elegans (McCombs et
al., 1988), both collected from the Australian coast.

This could bear great phylogenetic significance as both South African and Australian
coastlines show Delisea spp. which produce similar metabolites. A broad inference
can be made using the aforementioned data in that South African Delisea spp. could

possess evolutionary ancestors seen along the Australian shorelines.

Furthermore, Compounds 4.12 and 4.13 belong to the bromofuranone chemical class.
These compounds are promising anti-bacterial leads and have shown the following

biological activity:
1. Inhibition of swarming motility of Proteus mirabilis (Gram et al., 1996)
2. Inhibition of AHL mediated gene expression in E. coli (Manefield et al., 1999)

3. Inhibition of carbapenem synthesis and exoenzyme virulence factor production

in Erwinia carotovora (Manefield et al., 2001)
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4.4 Experimental

4.4.1 General Experimental

All NMR experiments were performed using a Bruker® Avance 600 MHz spectrometer
using standard pulse sequences. 'H and "*C experiments were run at 600 MHz and 100
MHz respectively using CDCl; as the NMR solvent. Column chromatography was
performed using Merck® Silica gel 60 (0.040-0.063 mm), Germany. All solvents used
were chromatography grade (LiChrosolv®), obtained from Merck®, Darmstadt,

Germany.

HPLC was performed using a semi-preparative normal phase Whatman Partisile 10 M9/50
(9.5mm x 500mm) column and a Rheodyne® containing Waterse HPLC pump with a Spectra

physics® RI detector attached to a Ridenki® chart recorder.
4.4.2 Plant material
(PA110406)

Delisea flaccida was collected by hand at Port Alfred in the Eastern Cape, South
Africa in April 2011. A voucher specimen (PA110406) is being kept at the Division
of Pharmaceutical Chemistry, Rhodes University. Identification of the algae was done
by Professor John Bolton with the Department of Botany, University of Cape Town,
South Africa.

4.4.3 Extraction and isolation

The algal material (wet mass 185.6 g; dry mass 50.1 g) was initially steeped in MeOH at
room temperature for 1 hour, after which it was extracted in triplicate with CH,Cl,-MeOH
(2:1,770 mL) at a constant temperature of 40 °C. The combined organic phases were
collected (after addition of an adequate amount of water for phase separation) and
concentrated under reduced pressure to produce a crude extract of 3.32 g which
corresponds to a 6.21% yield [Weight of crude/(Weight of dry mass + Weight of Crude)].
Fractionation was further carried out via hexane-EtOAc step gradient column

chromatography to yield eight fractions.
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Fraction C showed a spectrum of interest and was further purified via silica gel column
chromatography using various solvent systems (i: 9:1 hex: EtOAc; ii: 19:1 hex: EtOAc, iii:
3:1 hex: CH,Cly, iv: 100% CH,Cl,) and finally by normal phase HPLC (4:1 hex: EtOAc)
to yield 4.12 (4.5 mg, 0.0084%) and 4.13 (5.2 mg, 0.0097%).

4.4.4 Compounds isolated

Compound 4.12 (isolation code JF12-61 F15)

s

(o]Ne)
3

' Br
1 3 4
4 2 - H
O/Z [ 6

Br

4.12

1-[(5Z)-4-bromo-5-(bromomethylidene)-2-oxo-2,5-dihydrofuran-3-yl] butyl acetate
(4.12) :Yellow oil; NMR data available in Table 4.1. As previously reported by
(Pettus et al., 1977)

Compound 4.13 (isolation codeJF12-60 F8)
8
A
070
3 Br
I 3_ 4
4 2 Br
/\%
H
4.13

1-[(5E)-4-bromo-5-(bromomethylidene)-2-oxo-2, 5-dihydrofuran-3-yl] butyl acetate
(4.13) :Yellow oil; NMR data available in Table 4.2. As previously reported by
(Pettus et al., 1977)
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Chapter 5

Conclusion

The need for new drug leads from marine sources cannot be over-emphasised. The
Southern African coastline boasts a wide variety of marine algal genera creating a
structurally diverse collection of compounds. Understanding these species as well as
the compounds they produce can assist in targeting those which show fascinating
chemistry making them prospective sources for drug leads. This study has exposed the
plush variety of secondary metabolites available in selected marine macroalgae along

the South African coastline.

The main research aim was to isolate and characterise compounds from the three
South African endemic algae Plocamium rigidum, Laurencia natalensis and Delisea

flaccida, and this was successfully achieved.

Five halogenated monoterpenes were isolated were isolated from Plocamium rigidum
of which compound 2.27 is the first of its kind within this series. Compounds 2.28-
2.31 have previously been isolated from other species of Plocamium suggesting that
the species possess a common evolutionary ancestor. Compound 2.27 will allow for
easier chemo-identification of Plocamium rigidum as its isolation has not been

reported in any other Plocamium spp.

The cytotoxicity of compounds 2.27-2.31 was assessed against MCF-7 breast cancer
cells and the results showed more potent ICsy values obtained with increasing
compound lipophilicity. The dichloro moiety at C-9 once again proved to be essential
for biological activity in the halogenated monoterpene series. An investigation into
the effects of an aldehyde functionality concluded that the moiety alone does not exert

cytotoxic effects.

A three site geographical variation study done on Plocamium corallorhiza showed no
significant difference in metabolite production. The major metabolite, compound

2.33, was different to that usually isolated in this species.
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Seasonal wvariation studies of Plocamium corallorhiza should be done to assess

whether or not different metabolites are produced at different times of the year.

Compound 3.20, a C;s acetogenin, was isolated from Laurencia natalensis. This
compound is thought to be a direct precursor to the production of bromofucin type

compounds and compound 3.20 has been isolated before in other Laurencia spp.

Cyclic bromo-ethers however were not isolated from the L.natalensis in this study
suggesting a probable lack of critical enzymes required for such transformation or
merely no ecological rationale to do so. Conversely, taking into account the small
amounts of algal material that were used it is possible that these compounds could
have gone unnoticed due to limitations in instrument sensitivity. Future studies could

be done on possible halonium-ion induced cyclisation reactions of compound 3.20.

Compound 3.21, a new halogenated acetoxy chamigrane was also isolated and seen to
be the first of its kind within the chamigrane class. A similar molecular skeleton to
compound 3.21 has been isolated before from Laurencia intricata however
acetylation as well as halogenation patterns differ. This bears great chemotaxonomic

implication as it is unique to this species, allowing for easier chemo-identification.

The chemical profile of Delisea flaccida has never been explored before until now. It
has been demonstrated that this alga produces the well known acetoxyfimbrolides
which have been isolated in other Delisea species such as the Australian Delisea
pulchra. These compounds are well known for their antifouling ability and are
popular templates for new synthetic antibacterial derivatives. In addition, an
evolutionary link could be assumed to exist amongst these species on the basis that
similar metabolites are being formed. From a chemotaxonomic perspective, seeing
that Delisea spp. produce similar metabolites could bear classification challenges. It
should be mentioned however that a re-isolation of metabolites from Delisea flaccida
would be useful as compounds 4.12 and 4.13 may not be the only metabolites the alga

produces.

This study has also proved that a chemically diverse range of secondary metabolites
are obtained when assessing a biologically diverse selection of marine algae. This
consolidates the raison d'étre for pursuit of novel lead compounds from marine natural

products.
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Appendix 6.1 — Metabolites from Plocamium spp.
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Appendix 6.2

6.2.1 Geographical variation study on Plocamium corallorhiza

After the isolation of compound 2.27, a detailed cytotoxicity assay was required wherein
comparisons could be made with other compounds containing isolated functional groups
similar to those present in 2.27 e.g. an aldehyde moiety. The major metabolite 2.26
previously seen in Plocamium corallorhiza was one of interest as it contained a terminal
aldehyde functionality similar to that in 2.27. For this reason it was decided that a collection
be made in order to isolate compound 2.26 and include it in the cytotoxicity assay. On closer
inspection however, it was noticed that compound 2.26 was no longer being produced as the
major metabolite by Plocamium corallorhiza. This Plocamium species has previously shown
significant geographical variation in metabolite profile (Davies-Coleman and Beukes, 2004).
An intra-site as well inter-site variation study was consequently conducted. Plocamium
corallorhiza samples were collected from Noordhoek, Port Alfred and Kenton-on-Sea
beaches and the crude organic extracts were examined by a series of standardised '"H NMR
spectroscopy experiments. It was observed that a previously isolated compound, compound

2.33 (Mkwananzi, 2005), was now being produced as the major metabolite.

cl Cl
X Br N
= cl

Br Br
Br

2.26 2.33

Figure 6.2.1: Major metabolites isolated in Plocamium corallorhiza

A "H NMR based investigation into the intra-site variation of metabolite production as shown
in Figures 6.2.3, 6.2.4 and 6.2.5 display little to no variance, with compound 2.33 being the

major metabolite present within the samples.

An inter-site variation '"H NMR analysis (Figure 6.2.6) also reflects no significant differences
in major metabolite production, with compound 2.33 seen as the major metabolite in all the
extracts. Characteristic proton signals (of lower intensity as compared to those due to 2.33) at
~ On 6.4 were also seen reflecting the presence of the well known procoralides (Knott et al.,

2005).

108



One key factor which may have influenced production of 2.33 was the observation of fertile
like bodies known as cystocarps on the algal fronds at the time of collection. A seasonal
variation study is thus recommended in order to assess the influence of time of the year on

metabolite production.

In the '"H NMR spectrum of 2.33 (Figure 6.2.2), a unique double doublet was seen at & 3.69
(dd, J = 15.1, 10.5 Hz). Two singlets were observed at & 1.83 and 1.89.The *C NMR
spectrum of 2.33 showed ten distinct signals with four de-shielded resonances at 6 136.9,
136.0, 129.3 and 128.7. The DEPT-135 spectrum of 2.33 indicated the presence of five —-CH,

one —CH,, two —CHj3 and two quaternary carbon groups

Cl

2.33

Table 6.2.1: NMR spectroscopic data (CDCls) of compound 2.33

Carbon No dc Oy, mult, J (Hz) COSY NOESY
1 65.3 6.53,d,9.6 H-2 H-4
2 129.1 5.82,d,9.9 H-10 H-10
3 136.7 -
4 56.8 5.35,d,5.9
5 128.5 5.90, dd, 15.4,6.3 H-4 H-9, H-4
6 135.9 5.99,d, 15.4 H-4 H-9, H-8, H-4
7 67.0 -
8 41.6 3.69, dd, 15.1, 10.5 H-9 H-9
9 27.6 1.83,s
10 18.5 1.89,s
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Figure 6.2.2: "H NMR spectrum (CDCls, 600 MHz) of compound 2.33

Figure 6.2.3: '"H NMR spectra (CDCls, 600 MHz) of three intra-site extracts of Plocamium
corallorhiza from Noordhoek
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Figure 6.2.4: "H NMR spectra (CDCls, 600 MHz) of three intra-site extracts of Plocamium
corallorhiza from Port Alfred

Figure 6.2.5: "H NMR spectra (CDCls, 600 MHz) of three intra-site extracts of Plocamium
corallorhiza from Kenton-on-Sea
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Procoralide
signal

Figure 6.2.6: "H NMR spectra (CDCls, 600 MHz) of three inter-site extracts of Plocamium
corallorhiza from Noordhoek, Port Alfred and Kenton-on-Sea

6.2.2 Geographical variation study experimental

Five algal samples were collected from three different pools within the intertidal zone at each
site. The algal samples were full plants and contained fertile bodies on the fronds. The
samples were flash frozen on site with liquid nitrogen and crushed to a relatively fine powder.
The powdered sample (10 mL) was placed in Corning” centrifuge tubes (50 mL). To this
MeOH (10 mL) and CH,Cl, (20 mL) were added as the extraction solvents. The samples

were then submerged in ice and transported back to the lab.

The organic layer (10 mL) in each centrifuge tube was collected and dried in vacuo. The 'H
NMR spectra were then obtained for these extracts using CDCls (0.5 mL) for each analysis
(See supplementary data for NMR parameters).

6.2.2.1 Plant material
(NDK120802)

Plocamium corallorhiza was collected by hand at Noordhoek beach in the Eastern Cape,
South Africa in August 2012. A voucher specimen has been stowed away with the Division

of Pharmaceutical Chemistry, Rhodes University
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(KOS120804)

Plocamium corallorhiza was handpicked at Kenton-on-Sea beach in the Eastern Cape, South
Africa in August 2012. A voucher specimen has been stowed away with the Division of

Pharmaceutical Chemistry, Rhodes University
(PA120803)

Plocamium corallorhiza was handpicked at Port Alfred beach in the Eastern Cape, South
Africa in August 2012. A voucher specimen has been stowed away with the Division of

Pharmaceutical Chemistry, Rhodes University

6.2.2.2 Compound isolated

Cl

2.33

(2E,5E)-4,8-dibromo-1,1,7-trichloro-3,7-dimethylocta-2,5-diene (2.33): colourless oil; NMR
data available in Table 6.2.1. As previously reported by (Mkwananzi, 2005)
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