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Abstract

Bioprospection of marine organisms as a potential source for lead drugs is becoming
increasingly popular. The secondary metabolome of these organisms consists of structurally
diverse molecules possessing unprecedented carbon skeletons, the biosynthesis of which
occurs via complex metabolomic pathways driven by specialist enzymes. This structural
novelty is highly influential on the favourable bioactivity these compounds display. A
prominent example of such a compound is trabectedin marketed as Yondelis®. Registered for
the treatment of soft tissue sarcomas, this marine drug was developed from extracts of the
tunicate Ecteinascidia turbinata.

South Africa is renowned for possessing a highly diverse marine biota including several
endemic species of marine red algae belonging to the Laurencia sensu stricto genus, which
falls within the Laurencia complex. Despite having a good reputation for fascinating
secondary metabolites, the taxonomy of Laurencia natural products is proving challenging
for reasons including the presence of cryptic species, as well as individual species displaying

morphological variability.

The aim of this study was thus to isolate secondary metabolites from various South African
Laurencia spp. and subsequently assess their chemotaxonomic significance by analysis of a

parallel plastid rbcL phylogeny study of Laurencia spp.

This study reports the first phycochemical investigation into Laurencia natalensis Kylin,
Laurencia cf. corymbosa J.Agardh, Laurencia complanata (Suhr) Kitzing, Laurencia
sodwaniensis Francis, Bolton, Mattio and Anderson submitted, Laurencia multiclavata
Francis, Bolton, Mattio and Anderson submitted, and a South African specimen of
Laurenciella marilzae Gil-Rodriguez, Senties, Diaz-Larrea, Cassano and M.T. Fujii
(basionym: Laurencia marilzae) originally described from Spain. Additionally, the chemical
profiles of previously explored species Laurencia flexuosa Kitzing and Laurencia

glomerata Kitzing were re-investigated.

The organic extracts of the above species afforded 31 compounds belonging to a wide array
of structural classes including halo-chamigranes, linear C;5 acetogenins, indole alkaloids,
cuparanes and cyclic bromo-ethers. A new tri-cyclic keto-cuparane (4.4) was isolated from L.

cf. corymbosa alongside the new cuparanes 4.1 and 4.7.

XXii



Algoane (5.9), a unique marker compound isolated from L. natalensis, was previously only
reported from a sea-hare. Such marker compounds which are exclusive to an individual algal

species increase the ease of their subsequent identification.

The feasibility of chemotaxonomy as an additional tool to classify Laurencia spp. was
established as broad predictions of a specimen’s phylogeny, based on representatives of its
secondary metabolome, proved viable. The study specimens were shown to possess similar
chemical profiles to their sister species e.g. L. complanata, L. sodwaniensis and L.
multiclavata produced similar metabolites to their sister species as inferred by an rbcL
phylogeny tree.

Finally, a '"H NMR profiling study on the crude organic extracts of various Laurencia spp.
generated distinctive, reproducible spectra, exposing the value of NMR spectroscopy as a

rudimentary species discernment tool.

XXiil
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Chapter 1

General introduction

A noticeable increase in the interest of natural products as potential drug leads has led to
immense bioprospection of many marine organisms resulting in the expansion of marine
natural product libraries (Blunt et al., 2014). Marine macroalgae in particular have generated
over 3000 new chemical structures in the last 40 years, most of which were isolated from the
phylum Rhodophyta (Leal et al., 2013).

Within the Laurencia complex, the genus Laurencia sensu stricto (referred to as Laurencia
spp. henceforth) is reputable for producing a varied collection of fascinating chemistry with
over 500 new metabolites documented (de Carvalho et al., 2006). Unfortunately factors such
as high morphological variability amongst individual species make the classification and or
identification of members within this genus increasingly difficult (Wang et al., 2013). Such
was the case for Laurencia pacifica which was seen to possess a number of different

distinctive forms (Fenical and Norris, 1975).

Laurencia spp. produce compounds including sesquiterpenes, diterpenes, C1s acetogenins and
N-methyl indoles (Wang et al., 2013). The majority of these compounds are halogenated;
bromine being the most common. Their biosynthesis is undoubtedly controlled by tailored
enzymes which possess multifunctional roles (Schwab, 2003). The enzymes themselves are
products of inherent genetic sequences within the algae and consequently this phenotypic
status endorses the use of the resultant secondary metabolites as phylogenetic markers
(Masuda et al., 1997).

The high incidence of untapped macroalgae endemic to the South African coastline,
especially of the Laurencia genus, inspired a unique, systematic study of a select number of
these species in terms of isolating and characterising the natural products they produce, and
subsequently assessing their chemotaxonomic value. This study was done in parallel with
Francis (2014) who focused on defining Laurencia spp. phylogeny along the South African
coastline by means of morpho-anatomical and DNA rbcL marker classification. Our main
goal was to assess whether there is a clear correlation between genetically similar Laurencia
spp. and the secondary metabolites they produce i.e. will sister species produce identical

metabolites?



Chapter 1 General introduction

The Laurencia spp. employed in this study were collected at various locations along the
South African coastline as depicted in (Figure 1.1).

Swaziland

Cape Vidal
... L. sodwaniensis
L. multiclavata

South Atlantic 5 S N g emfontein > L. natalensis
Ocean
Indian Ocean

Kalk Bayl S P oo POTE Edward
fL, per_)insulari‘s" ¢ Mthat L. complanata

Glencairn

L. peninsularis 5 Three sisters

L. cf. elata

De Hoop . ( ‘ X Port € ** Kenton-on-Sea

Laurenciella marilzae Ry * ~ Noordhoek L. glomerata

c e “...L. glomerata L. natalensis
ape . Francis

L. natalensis d S L.cf. corymbosa L. flexuosa
L. flexuosa Google

L. flexuosa L. flexuosa

Figure 1.1: Collection sites, along the South African seaboard, of various Laurencia spp.

analysed in this study*
The specific research objectives of the study were to:

e Isolate and fully characterise secondary metabolites from the crude organic extracts of
South African specimens of:
» Laurencia natalensis Kylin
» Laurencia cf. corymbosa J.Agardh
» Laurencia complanata (Suhr) Kitzing
> Laurencia sodwaniensis Francis, Bolton, Mattio and Anderson submitted
> Laurencia multiclavata Francis, Bolton, Mattio and Anderson submitted
» Laurencia flexuosa Kiitzing
» Laurencia glomerata Kiitzing
» Laurenciella marilzae (Gil-Rodriguez, Senties, Diaz-Larrea, Cassano and M.T.Fujii)

(basionym: Laurencia marilzae)

! Image adapted from Google maps ©2015 NASA, Accessed 02/01/2015,
Available at: https://www.google.com/maps/@29.9524212,24.5703502,1335784m/data=!3m1!1e3
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e Based on an rbcL inferred Laurencia spp. phylogeny tree, investigate the
chemotaxonomic significance of the isolated compounds by assessing whether
genetically similar species produce similar secondary metabolites.

e Conduct a 'H NMR profiling study on the crude organic extracts of the
abovementioned Laurencia spp., including L. cf. elata and L. peninsularis, in an
attempt to establish rudimentary spectroscopic species delineation methods based on

unique chemical profiles of members within the genus.

This thesis is divided into 12 stand alone chapters each possessing their own references. As a
result some references will be duplicated.

A brief literature review is presented in the next chapter (Chapter 2) followed by a detailed
account of the secondary metabolites isolated from seven South African Laurencia spp.
(Chapters 3-9). Thereafter, the chemotaxonomic significance of the compounds isolated is
presented (Chapter 10) followed by results of a *H NMR profiling study, exploring the use of
crude organic extracts for discriminating between Laurencia spp. (Chapter 11). Chapter 12

contains concluding remarks in the context of the study aims.

Appendix 1 reports the natural product chemistry, for the first time, of a South African
specimen of the re-classified Laurenciella marilzae. A proposed biosynthetic scheme of the

majority of the isolated metabolites is presented in Appendix 2.

Finally, a Compact Disc (CD) accompanies this thesis which contains all the relevant
supplementary data. When any reference is made to spectroscopic data which is not presented
within the text, it can be found within the supplementary data. The CD also contains an

eCopy of the thesis to assist where image clarity is lost in the printed hardcopy.
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Chapter 2

Literature review

2.1 Natural products

A natural product or secondary metabolite can be described as any compound produced by an
organism via a secondary metabolic pathway and is considered to be uninfluential on growth,
development or reproduction of the organism. It may however augment the organism’s
chances of survival by adopting a defensive or chemo-attractant role. Conversely, primary
metabolites such as sugars, amino acids and lipids are critical for the normal functioning of
the cell and hence imperative for the survival of the organism (Maplestone et al., 1992;
Dewick, 2002).

Natural products are viewed as one of the most prolific sources of prospective drug lead
compounds (Mishra and Tiwari, 2011). These compounds boast 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).

The impressive activity of natural products vs. synthetic counterparts comes as a result of an
increase in the number of chiral centres, greater structural rigidity, a higher incidence of
hetero-atoms, aromatic rings and complex cage like structures as well as more sites for

hydrogen bond donation and acceptance (Yuliana et al., 2011).

Unavoidable drawbacks of natural products as drug leads include factors such as compound
instability, erroneous sourcing of organisms containing the desired compounds, complex
structure elucidation processes as well as difficulty up scaling their production (Yuliana et
al., 2011).

2.1.1 Natural products in history

Ancient 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).
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The Ebers Papyrus (2900 BC) originating from Egypt possessed over 500 documented herbal
remedies (Cragg and Newman, 2005), while the well established Indian traditional healing
practice known as Ayurveda, highlights the use of plant-based remedies amongst others for

the treatment of various illnesses (Mukherjee et al., 2012).

The Greek philosopher and natural scientist Theophrastus (300 BC) wrote a dissertation
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 close to 40 books
relating to medical science. His piece entitled Canon Medicinae was one of the more
renowned, containing clear evidence of the use of natural products for the treatment of

multitudes of diseases (Cragg and Newman, 2005).

2.1.2 Distinction between primary and secondary metabolism

It is essential to be acquainted with the biosynthetic origin of secondary metabolites vs. that
of primary metabolites. 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).

On the contrary, 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). Their biosynthesis involves either the shikimate, acetate, alkaloid, mevalonate or
methylerythritol phosphate pathway (Dewick, 2002), each pathway generating structurally

varied products.
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2.1.3 Clinically significant natural products

Many well-known drugs on the market today originate from natural sources. These
compounds have 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 (2.1), had been isolated in the 18"
century. It was found to improve cardiac contractility and consequently has been used, along
with its analogues, for the management of congestive cardiac disease (DerMarderosian and
Beutler, 2002).

Perhaps one of the most renowned natural product derived drug to date is acetylsalicylic acid
(2.2) commonly known as aspirin. It is derived from salicin, found in the bark of the willow
tree Salix alba, and has made its name as an effective analgesic agent (DerMarderosian and
Beutler, 2002).

Analyses of the chemical constituents of the opium poppy, Papaver somniferum, displayed
numerous alkaloids including morphine (2.3), 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 (DerMarderosian and Beutler, 2002).

Quinine (2.4), isolated from the bark of the Cinchona succirubra tree, had formally been used

by the British to treat malaria in the 19" century (DerMarderosian and Beutler, 2002).

The L-histidine derived alkaloid pilocarpine (2.5) found in Pilocarpus jaborandi (Rutaceae)
has been used as a clinical drug for over a century treating 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 (DerMarderosian and Beutler, 2002).
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Figure 2.1: Clinically significant compounds derived from natural products



Chapter 2 Literature review

2.1.4 Natural products from marine algae

Natural products are found in an assortment of marine organisms including sponges, marine

algae and tunicates (Blunt et al., 2014).

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

Natural products from marine sources are structurally diverse, complex molecules which
include terpenes, linear acetogenins, peptides, indoles, cyclic polyketides, hydrocarbons and
phenols (Haefner, 2003). The majority of these secondary metabolites are halogenated, of
which the most common halo-substituents are seen to be bromine followed by chlorine. This
reflects the abundant nature of bromide and chloride ions in the ocean (Butler and Sandy,
2009). The halogenated nature of these compounds contributes significantly to the vast
assortment of biological activities which they display including antibacterial, antifungal,
antiviral, anti-inflammatory, antiproliferative, antifouling, antifeedant, cytotoxic, ichthyotoxic
and insecticidal activity (Blunt et al., 2014).

2.1.5 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 obtain lead compounds for various
diseases (Ojima, 2008; Baker et al., 2007).

The aquatic environment became more accessible for investigation due to advancements in
snorkelling techniques as well as the introduction of SCUBA diving in the early 1970s
(Alejandro et al., 2010). Organisms scrutinised include sponges, tunicates, algae and
bryozoans amongst others (Blunt et al., 2014). Regrettably, the initiation of high throughput
screening (HTS) encouraged the hasty demobilisation of numerous NPD programs by

pharmaceutical companies (Nussbaum et al., 2006).
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Some of the challenges faced included failure in total syntheses of the compounds isolated
due to their structural complexity. In addition, marine organisms are difficult to classify
hence finding the same species and re-isolating the same compound proves challenging
(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
trabectedin (2.6) (Cuevas and Francesch, 2009). This compound, isolated from the sea squirt
Ecteinascidia turbinata, was the first marine anticancer drug to be approved in the European
Union (Alejandro et al., 2010).

2.6

Figure 2.2: The marine anticancer drug trabectedin
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2.1.6 South African marine algae

The South African coastline stretches a little under 4000 km (Griffiths et al., 2010) with a
diverse population of endemic seaweed flora. In excess of 12 000 marine plants and animals
exist along the southern African seaboard (Branch et al., 1994) with more than 50% of the
seaweeds found on the west coast being confined to the southern African region (Stegenga et
al., 1997). A total of 803 species are acknowledged of which 101 are brown algae, 149 are
green algae and 553 are red algae (Bolton, 2010).

A major contributing factor to this phenomenon is the Agulhas current (Figure 2.3) which
flows down the east coast of Africa and brings with it warm 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 refreshes the nutrients along the southern African coast. The mixing of
this warm current with the colder Benguela current along the western seaboard creates a

unique oceanic environment allowing algae to flourish.

Simulated temperatures
at 450 m depth

Figure 2.3: A depiction of the Agulhas current®

(Accessed 26/10/2014), Available at: http://inside.hlrs.de/ _old/htm/Edition 01 11/article 06.html

! Image courtesy of Arne Biastoch ©2015, Leibniz Institute of Marine Sciences, Kiel, Germany.

11


http://inside.hlrs.de/_old/htm/Edition_01_11/article_06.html

Chapter 2 Literature review

Griffiths et al., (2010) show South Africa to have a total of nine marine bioregions, five of
which are coastal including the Namaqua, South-western Cape, Agulhas, Natal and Delagoa

bioregions (Figure 2.4).

15°E 20°E 25°E 30°E 3E
South-west
7 Indian Offshore
Delagoa = gipregion
Namaqua ! .
30°S+ Bioregion Westlnmdlan Loovs
Bioregion /
South-western
Cape Bioregion
Indio-Pacific
35S+ Atlantic Bioregion L35°5
Offshore
Bioregion
40°S- Laoes

15°E 20°E 25°E 30°E 35°E
Figure 2.4: Nine bioregions of South Africa (Griffiths et al., 2010)?

Research interests into the natural product chemistry of South African marine algae have
consequently risen, with novel compounds such as the procoralides (2.7 and 2.8) reported
from Plocamium corallorhiza (Knott et al., 2005). Additionally, Phaeophyta such as

Sargassum sp. have afforded compounds such as sargahydroquinoic acid (2.9) (Afolayan,

2008).
cl Cl

Br Br Br
2.7 2.8
OH COOH

OH

2.9
Sargahydroquinoic acid

2 Image courtesy of Charles Griffiths ©2015, University of Cape Town, South Africa
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2.2 Laurencia species

The Laurencia complex consists of five genera with a sixth recently discovered. These
include Laurencia sensu stricto, Chondrophycus, Osmundea, Palisada, Yuzura and the newly
discovered genus Laurenciella gen. nov. (basionym: Laurencia marilzae)® (Cassano et al.,
2012).

According to the database AlgaeBase™ (Guiry and Guiry, 2015) the Laurencia genus within
the complex consists of 421 documented species, 131 of which are taxonomically accepted.
These taxa are widely distributed particularly within tropical and temperate regions with the
majority of the species found within the southern hemisphere (Francis, 2014).

Given the fascinating secondary metabolites Laurencia spp. produce (Wang et al., 2013) it is
advantageous, especially to the natural product chemist, that delineation of species within this
genus is on an increase (Martin-Lescanne et al., 2010).

Furthermore, the integrity of Laurencia spp. systematics has been consolidated by the use of
genetic markers especially rbcL sequences for species delineation (Nam, 2006), however,
failures in standardising innate morphological traits amongst the species is still of concern
(Francis, 2014).

2.2.1 Occurrence in South Africa

As previously mentioned (Figure 2.3) the east and southern coastal regions of southern Africa
are enriched with temperate, nutrient rich waters which provide ideal conditions for

Laurencia spp. to thrive in.

Francis, (2014) confirms the identity of nine previously described South African Laurencia
spp. including five newly discovered species (Table 2.1), by morpho-anatomical as well as
rbcL sequencing methods. Of these, seven possess their type locality within South Africa
with L. complanata, L. flexuosa, L. natalensis, L. pumila and L. peninsularis deemed

southern African endemic.

The distribution of these species is as displayed below (Table 2.1). Note that most of the
Laurencia spp. flourish either on the eastern or southern seaboard as a result of the temperate

waters within those regions.

® Appendix 1 discusses the natural product chemistry of a South African specimen of Laurenciella marilzae.
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Table 2.1: Occurrence of Laurencia spp. in South Africa
(Stegenga et al., 1997; Bolton and Anderson, 1997; De Clerck et al., 2005, Francis, 2014)

South African Laurencia spp. Distribution’
Laurencia brongniartii J. Agardh EC
Laurencia complanata (Suhr) Kitzing SC, EC
Laurencia cf. corymbosa J. Agardh SC, EC
Laurencia cf. elata (C. Agardh) SC

Laurencia flexuosa Kiitzing WTZ, SC, EC
Laurencia glomerata Kiitzing WC, EC
Laurencia natalensis Kylin WTZ, SC, EC
Laurencia stegengae Francis, Bolton, Mattio and Anderson submitted WTZ, SC
Laurencia pumila (Grunow) Papenfuss SC, EC

Laurencia dehoopiensis Francis, Bolton, Mattio and Anderson submitted SC
Laurencia dichotoma Francis, Bolton, Mattio and Anderson submitted EC
Laurencia digitata Francis, Bolton, Mattio and Anderson submitted SC, EC
Laurencia multiclavata Francis, Bolton, Mattio and Anderson submitted  SC, EC

Laurencia sodwaniensis Francis, Bolton, Mattio and Anderson submitted EC

South Africa is consequently recognised as a unique geographical location for Laurencia spp.

as a variety of taxa with high levels of endemism thrive along its shoreline.

This exclusive bio-geography was the underlying motivation for this study wherein valuable
contributions are made via primary phycochemical exposure of various South African
Laurencia spp. coupled with a detailed assessment of their chemotaxonomic value based on

comparisons to rbcL phylogenetic studies constructed in parallel by Francis, (2014).

Species which have previously been investigated for their natural product chemistry such as
L. glomerata (Elsworth and Thomson, 1989) and L. flexuosa (Mann, 2008) were re-assessed

for metabolite constancy as well as new chemistry.

*WC (West Coast), WTZ (Western Transition Zone from Cape Point to Cape Agulhas, SC (South Coast), EC (East Coast)
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2.2.2 Compounds from Laurencia spp.

Laurencia spp. have been shown to produce a vast number of secondary metabolites with
structural classes including sesquiterpenes, diterpenes, triterpenes, indole alkaloids and Cjs
acetogenins each showing an assortment of carbon skeletons as seen below in (Table 2.2).

Table 2.2: Various structural classes isolated from Laurencia spp. (Wang et al., 2013).

Sesquiterpenes Diterpenes Triterpenes Indole alkaloid C;5 acetogenins
Bisabolene Irieane Dioxybicyclodecane Indole Linear

Brasilane Labdane Dioxybicycloundecane  Bis-indole 5 membered cyclic ethers
Chamigrane Parguerane 6 membered cyclic ethers
Cuparane 7 membered cyclic ethers
Eudesmane 8 membered cyclic ethers
Laurane 12 membered cyclic ethers
Snyderane Manenone

Halogenated metabolites produced by Laurencia spp. exist within cellular bodies commonly
known as corps en cerise. These are cherry like bodies which serve to store and sequester
toxic metabolites produced by the algae (Hay and Fenical, 1988). Each Laurencia spp.
possesses a distinctive number of corps en cerise per cell and these bodies are only present in
species of Laurencia and Laurenciella within the Laurencia complex (Garbary and Harper,
1998). They tend to concentrate within cellular tissue which is prone to herbivory, such as
those of the outer cortex of the plant. Laurencia spp. which do not produce halogenated

metabolites are deficient of these vesicles (Hay and Fenical, 1988).

Structural representatives from each chemical class of secondary metabolites found in

Laurencia spp. are displayed overleaf (Figure 2.5).
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Figure 2.5: Laurencia spp. compounds isolated from various structural classes
(Wang et al., 2013)
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Figure 2.5: Continued
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Figure 2.5: Continued
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2.2.3 Biosynthesis of secondary metabolites

A large number of Laurencia spp. metabolites are brominated. Dissolved oceanic bromide
salts are regarded as the source of bromine utilised by the algae for secondary metabolite
synthesis (Butler and Carter-Franklin, 2004).

Suzuki et al., (2009) confirmed this theory by culturing three species of Laurencia (L.
okamurai, L. japonensis and L. nipponica) in a medium containing a radio-labelled Na®?Br
salt. After a specific culture period, the resultant compounds isolated were seen to contain the
radio-labelled ®?Br halogen by TLC-ARLG (Thin layer chromatography auto radio
luminography) imaging, proving that the algae utilise external bromide ion for secondary
metabolite synthesis.

The process by which bromine is introduced into the molecule relies heavily on an enzyme
known as Vanadium-bromoperoxidase (V-BrPO) (Butler and Carter-Franklin, 2004) which
catalyses the oxidation of bromide by H,0,. Crude preparations of this particular enzyme
have been isolated from Laurencia nipponica and were successfully employed in bromo-
ether cyclisation reactions with laurediol precursors (Fukuzawa et al., 1994). The enzyme
bound electrophilic halogenating species, commonly known as the bromonium ion (Br") is
key in the formation of Laurencia brominated metabolites such as cyclic bromo-ethers from

linear C;5 acetogenins (Figure 2.6).

OH
OH / o
4 LPO
B Y, N — o TN
\/ / KBr
(- I
Laurediol Pre-laureatin

Figure 2.6: Proposed formation of pre-laureatin via a peroxidase catalysed bromonium ion
induced cyclisation® (Ishihara et al., 1995: Butler and Carter-Franklin, 2004)

® Commercially available lactoperoxidase (LPO) was used as an analogue to VV-BrPO
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Chapter 3

Secondary metabolites from Laurencia glomerata
Abstract

South African specimens of Laurencia glomerata have previously been investigated for their
natural product chemistry by Elsworth and Thomson (1989) and Knott (2011). A re-
investigation into the chemistry of this species afforded two known compounds isolated for
the first time from this species i.e. the cyclohexadiene 3.5 (iso-dihydrolaurene), and
prepacifenol epoxide (3.15). Chamigranes 3.1, 3.9 and 3.17, including a linear acetogenin 3.7
were isolated as typical L. glomerata metabolites. The re-isolation of these compounds is a

good representation of the metabolite constancy within this particular species.
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Chapter 3
Secondary metabolites from Laurencia glomerata

3.1 Introduction

Laurencia glomerata is a mainly South African endemic species, with specimens collected
and documented from the south Cape peninsula of Southern Africa extending eastward
(Stegenga et al., 1997). This bushy species is known for its dark red hue and stubby terminal
branchlets, hence the name (glomerata: a tight grouping of). The plants grow anywhere
between 15-40 cm high and are generally epilithic (grow on rocky surfaces) (Stegenga et al.,
1997). During its fertile stage, L. flexuosa can be confused for L. glomerata thus caution
should be taken during collection. L. glomerata can be distinguished from fertile L. flexuosa
by intricate identification of densely crowded higher order branching patterns (De Clerck,

2005).

Figure 3.1: Laurencia glomerata' (Caitlynne Francis ©2014)

A) Habit.
B) Depiction of branchlet pattern (8x). Scale bar: 1cm =360um
C) Cross section of thallus showing outermost cortical cells (with visible corps en cerise) and cortical cells (20x).

D) Corps en cerise in outermost cortical cells (Usually one per cell) (40x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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3.2 Results and Discussion

3.2.1 Extraction and isolation of metabolites from L. glomerata (NDK130821-10,
Noordhoek)

The alga was extracted initially with MeOH at room temperature followed by a combination
of CH,Cl, and MeOH in a 2:1 ratio, at 40 °C. The extracts were combined and the organic
phase was collected after the initiation of phase separation with de-ionised water”. The
resultant organic extract was dried in vacuo, affording a crude isolate of weight 0.85 g which

equates to 2.0% yield of the dry algal material.

The crude organic extract was further fractionated into nine separate fractions on silica gel
using step gradient column chromatography (Scheme 3.1). The effectiveness of this method
was evident as fractions whose '"H NMR signals were not apparent in the crude spectrum
became clearly visible after fractionation (Figure 3.2). From (Figure 3.2) the more none polar
fractions A, B and C displayed NMR resonances of interest, with subsequent fractions

showing typical chlorophyll (fraction D) and sugar type resonances (fractions E-H).

Since the majority of Laurencia spp. secondary metabolites fall within the non-polar to
intermediate polarity range, fractions A, B and C were selected for further purification via
silica gel column chromatography and normal phase HPLC to yield compounds 3.5, 3.7, 3.9,
3.15 and 3.17 while compound 3.1 crystallised out of various chromatographic fractions

(Figure 3.1).

% An identical extraction procedure is used for algae in subsequent chapters
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CH,Cl, ~MeOH
extraction

* Crude organic
3.1,397mg extract
Crystal
rystals (085 g)

Step gradient column

chromatography
Fraction A B C D E F G H
Hexane:EtOAc |  10:0 9:1 8:2 6:4 4:6 2:8 0:10 Moo e
Weight (mg) (46) (105) (105) (76) (25) (5) (3) (90)
k
3.1, 23mg
Vi
3.1, 60mg *
i Crystals
| iv
JF13(2)-598 JF13(2)-59C JF13(2)-59D | | |
14.6mg 6.3mg 25.5mg JF13(2)-72D JF13(2)- 72E JF13(2)-72F
9.6mg 2.4mg 12.4mg
iii
1 v v
JF13(2)-63D JF13(2)-63E
JF13(2)-77D 2.9mg 10.1mg
4.1mg

Scheme 3.1: Isolation scheme of metabolites from L. glomerata (NDK130821-10)

Conditions: i) Silica gel column chromatography (100% hexane); ii) Normal phase HPLC (100% hexane); iii) Normal
phase HPLC (9:1 hex:EtOAc); iv) Silica gel column chromatography (9:1 hex:EtOAc); v) Normal phase
HPLC (19:1 hex:EtOAc); vi) Normal phase HPLC (4:1 hex:EtOAc)

* Addition of hexane induced crystallisation of compound 3.1
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:

H: 1:1 MeOH:EtOAc ’

G: 100% EtOAc
F: 2:8 hex:EtOAc
E: 4:6 hex:EtOACc

-

i

|
D: 6:4 hex:EtOAc ‘ ‘
) = YT
I N A
m I | R T
B:9:1 hex:FOAC GJM | j‘p“:‘ o {\ | }lw‘“ ' Uk i
“ o J m M\I “W \'l\ h ‘\ “J h ““ ‘ M ’;“‘\-\ l,i“ L il I I m “
e A ) | ) “
A: 100% hex
J . y W
Crude M
X -
7i5 7‘.0 6‘.5 610 . .0 . .0 3l5 310 2.‘5 2‘.0 1.‘5 1‘.0 OES ppm‘

Figure 3.2: '"H NMR spectra (CDCls;, 600 MHz) of the crude organic extract of L. glomerata
(NDK130821-10) and step gradient column fractions A-H
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3.2.2 Structure elucidation of metabolites’
3.2.2.1 Compound 3.1

After reconstitution with hexane, compound 3.1 immediately crystallised out of the crude
extract, as well as step gradient column fractions B and C, to afford a green tinged crystalline

material. Recrystallisation with hexane yielded white plate like crystals.

The "H NMR spectrum (Figure 3.3) of the crystalline material together with an edited HSQC
spectrum (Figure 3.4) were key in identifying three sets of diastereotopic methylene
resonances at oy 1.67; 1.98, oy 2.38; 2.47, oy 2.10; 2.84, and one enantiotopic methylene
resonance at oy 2.61 (dd, J= 7.7, 3.0 Hz). A total of three methine moieties were detected at
on 4.77 (dd, J=13.3, 4.7 Hz), o1 2.92 (t, J = 3.0 Hz) and 6y 4.06 (t, J = 7.7 Hz). Four methyl

singlets between 0y 1.0-2.0 were suggestive of a sesquiterpene skeleton.

JMLJLM

—
pp 260 2.55 250 245 240 ppm 200 ppm

| ) uMwML

T T T T T T T T
5.0 4.5 4.0 3.5 S

: e Bl W A B

Figure 3.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 3.1

The >C NMR spectrum (Figure 3.5) displayed 14 well resolved signals which, together with
the edited HSQC and DEPT-135 spectra, allowed for the recognition of four methyl (5¢ 21.3,
24.0, 25.8 and 27.3), four methylene (6¢ 26.2, 32.7, 39.1 and 40.4), three methine (¢ 57.6,

* Where possible, the structure elucidation of compounds belonging to similar structural classes are discussed in succession.
* Following a sesquiterpenoid skeleton in 3.1, a 15™ quaternary carbon was identified which had the same *C NMR chemical shift as the
methine carbon at 8¢ 62.0.
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62.0 and 62.1) and four quaternary (d¢ 42.3, 44.6, 62.0 and 71.1) carbon signals for

compound 3.1.

ppm

15

20

c1 2

-30
co | .

35

Cs

-50

T \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
31 30 29 28 27 26 25 24 23 22 21 20 19 18 1.7 16 15 14 13 ppm

Figure 3.4: Partial edited HSQC spectrum of compound 3.1 showing methylene correlations

< &8 2 2 8 98 = e
= =R DN I § 8§83 & NSRRI
| Voo L] VAL
CDCl,
e J\ LMJL L \JWL N
7‘5 7‘0 6‘5 6‘0 5‘5 5‘0 4‘5 4‘0 3‘5 3‘0 2‘5 ‘ppm

Figure 3.5: °C NMR spectrum (CDCl;, 150 MHz) of compound 3.1
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The above NMR data supported a chamigrane sesquiterpene structure with a spiro [5.5]
undecane arrangement. This was confirmed by HMBC data which showed correlations from
the gem-dimethyl moiety (0p 1.08 and oy 1.18) to two quaternary carbon resonances (8¢ 42.3
and d¢ 44.6), (Figure 3.6). The chamigrane class of sesquiterpenoid metabolites are typically
produced by Laurencia spp. (Wang et al., 2013).

H12
H13

A ppm

~20

ci2 —>

~25

c13 Kf/@ m
12

13 30

~35

Tt s 4°

C6 —45

~50

T T T T T T T T T T T T T T
122 120 1.18 1.16 1.14 1.12 1.10 1.08 1.06 1.04 1.02 1.00 098 0096 ppm

Figure 3.6: Partial HMBC spectrum of compound 3.1 showing key correlations

Compound 3.1 was identified as a previously isolated metabolite, 3-chloro-4,10-dibromo-7,8-
epoxychamigrane, discovered from a Laurencia sp. in the Gulf of California (Howard and

Fenical, 1975), with the crystal structure reported by Cowe et al., (1989).

Analysis of the NOESY spectrum of compound 3.1 allowed for confident assignment of
stereocentres as shown below (Figure 3.7). This allowed for a distinction to be made between
compound 3.1 and the corresponding epoxy-epimer about C7/C8, compound 3.2, which was
isolated by Ojika et al., (1982) from Laurencia okamurai. The relative configuration
displayed in compound 3.1 is further justified as 'H NMR data was consistent with that
provided by Howard and Fenical (1975).
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Figure 3.7: Key NOESY correlations in compound 3.1

After exhaustively analysing the >’C NMR data of compound 3.1, it became evident that an
informed re-assignment of the positioning of reported carbon chemical shifts was required.
Unambiguous COSY and HMBC correlations obtained for compound 3.1 in this study
conflicted with those reported by Bano et al., (1987) as shown in compound 3.1a (Figure
3.8), especially regarding positions C6, C10 and C11.

3.1 3.1a 3.2

This study Bano et al., 1987 Crews et al., 1984

. 13 . . 5
Figure 3.8: “C NMR shift comparisons of compound 3.1
(Dubious allocations are highlighted yellow)

5 All shifts reported in CDCl;
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Possible mis-assignments are also present within the epoxy epimer, compound 3.2. The "*C
NMR data for 3.2 is absent in reports by the authors who isolated it (Ojika et al., 1982), but
Crews et al., (1984) provide its ’C NMR data after obtaining a semi-synthetic analogue
prepared by Howard and Fenical (1975).

COSY correlations in compound 3.1 (Figure 3.9) between H8, H9 and H10 prove a (-OCH-
CH,-CHBr-) spin system. This is validated as C12 and C13 methyl protons show clear *J
HMBC correlations to the bromo-methine at C10 where the chemical shift is d¢ 57.6 and not
d¢ 61.8 as suggested by Bano et al., (1987).

The spiro-centre at C6 in compound 3.1 clearly possesses a quaternary carbon with a
chemical shift of 6¢ 44.6 and not d¢ 42.3 according to Bano et al., (1987). This is supported
by unambiguous *J HMBC correlations from methyl moieties at C13 and C14.

In contrast to 3.1a, the °C NMR chemical shift of the gem-dimethyl quaternary carbon at
C11 should be 8¢ 42.3 and not 8¢ 44.6, as both methyl groups C12 and C13 display strong *J
HMBC correlations to C11 (8¢ 42.3).

2a

2.5

9

@

UL

~3.0

~3.5

S\ 4.0

H10 @

4.5

]

5.0

T
5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 ppm

Figure 3.9: 'H-"H COSY correlations of compound 3.1
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Figure 3.10: Partial HMBC spectrum of compound 3.1 showing key correlations

As only 14 carbon signals were apparent in the ’C NMR spectrum of compound 3.1, it was
evident that two carbon atoms within the molecule possessed the same chemical shift. Bano
et al., (1987) and Crews et al., (1984) both report two carbon resonances at oc 62.0.
Following the comprehensive 2D NMR assignments of carbon chemical shifts in compound

3.1 it was realised that C7 remained unassigned and hence ought to be d¢ 62.0.

The NMR solvent was changed from CDCl; to acetone [(CDj3;)>CO] in hope that the
postulated duo of carbons resonating at dc 62.0 separate out into individual signals, however,
despite the C NMR spectrum showing marked shift changes, it was presumed that the C7
and C8 still possessed the same chemical shift as again, only 14 carbon signals materialised
with no HMBC evidence of a distinct, hidden quaternary signal. Furthermore, a proton

coupled °C NMR experiment failed to clarify the region between 8¢ 55.0 and 8¢ 65.0.°

Since a postulation was made of the carbon chemical shift at C7 (8¢ 62.0) more proof of an
epoxy functionality between C7 and C8 was necessary. Such confirmation was bestowed by

cleavage of the epoxy ring with BF3.Et,0.

¢ Supplementary data
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The corresponding dehydrohalogenated ketone, compound 3.3, was produced (Selover and
Crews, 1980) together with the ring contracted cyclopentanyl aldehyde compound 3.4
(Howard and Fenical, 1975) as shown below in (Scheme 3.2).

15 15 15
11
1 1 1
Br cl cl g cl
10 . Br i 10 : Br 5 3 Br
—_— +
14 14 4
0O CHO
0]
3.1 33 34

Scheme 3.2: Epoxy cleavage of compound 3.1

Conditions: i) BF;.Et;O in anhydrous Et,O. Stir for 18 h from -78 °C to RT
Indicative signs of the formation of the o, unsaturated ketone 3.3, arose from the "H NMR
spectrum (Figure 3.11) wherein coupled (J = 10.2 Hz) olefinic doublets emerged at oy 5.82
and 8y 6.43. A carbonyl signal at 5¢c 201.5 as well as an IR carbonyl stretch at 1681 cm’

validated the presence of a carbonyl moiety in compound 3.3.

Y VW Y

T T \ T \ T L B B
6.44 6.42 ppm  5.84 5.82 ppm 445 ppm 4.14 412  ppm
EtOAc
CH,Cl,
\ \ \ \ \ \ \ \ \ \ \ \ \
6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 ppm

Figure 3.11: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.3

Compound 3.4 showed a distinctive aldehyde singlet in its '"H NMR spectrum (Figure 3.12) at
81 9.79. A condensed five-membered alicycle was confirmed by examining **J HMBC

correlations within the pentacyclic ring from methyl moieties positioned at C7 and C10.
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UL L M

\ \ \ \
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E 2 @ 2 EEEEEe

Figure 3.12: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.4

The aldehyde functionality at C13 was clearly visible in the ?C NMR spectrum of compound
3.4 peaking at o¢ 203.5 (Figure 3.13).

o

" P XN TNNOD RNRNOX

I5a} ® IImo—ad T Ao —na

=3 S SXUMA—NSA Neando

Q E SuvnununntIa aaAaaa
CDCl;

|
B I I I I A R R R RN
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 3.13: °C NMR spectrum (CDCls, 150 MHz) of compound 3.4

Given that the carbon chemical shift at C7 in compound 3.1 was hypothesised, the resultant
products cleared any ambiguity surrounding the presence of an epoxy ring and added

integrity to the proposed chemical shift of 6¢ 62.0 at C7.

36



Chapter 3

Secondary metabolites from Laurencia glomerata

Furthermore Crews et al., (1985) show the use of the attached proton test (APT) NMR

experiment in ascertaining the carbon chemical shift at C7, wherein it was confirmed as being

d¢ 62.0.

Table 3.1: NMR spectroscopic data of compound 3.1

Carbon No dc ¢ mult oy, mult, J (Hz) COSY HMBC NOESY
la 1.67,dq, 15.2,5.7  HIb, H2a - Hib, H13, H14
262 CH,
1b 1.98, dt, 15.2, 5.7 Hla, H2a, H2b - Hla, HI3
2a 2.47, dt, 14.6, 5.7 Hla, Hib C1,C3,CI5 H2b, H14
40.4 CH,
2b 2.38,dd, 14.6,2.9  HIb Cl,C3,C4,C6,C15 H2a, HIS
3 71.1 C - - - -
4 62.1 CH  4.77,dd,13.3,47  HSa, H5b C3,C5, C15 H5a, H14
5a 2.84,brd, 13.3 H4, H5b - H4
39.1 CH,
5b 2.10,t, 13.3 H4, H5a C4,C7,C6,Cl11 Hla, H12, H13, H15
6 446 C - - - -
7 620 C - - - -
8 620 CH  2.92,t,3.0 HO C9, C10, C14 HY, H14
9 327 CH, 2.61,dd,7.7,3.0 HS, H10 C7orC8,C10,C11  H8, HI0, HI2, HI3
10 576 CH  4.06,t,7.7 H9, HI2 C6, C8, C9, C12,C13 Hla, H9, H13
11 423 C - - - -
12 213 CH; 1.18,s H10 C6,Cl1, C13 H5a, H5b, H9
13 273 CH; 1.08,s - C6,Cl11, C2 Hla, H1b, H5b, H15
14 258 CH; 1.50,s - C6, C7 or C8 H2a, H4, H8
15 240 CH; 1.74,s - C2,C3,C4 Hla, H2b, H5b, H13
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3.2.2.2 Compound 3.9

Compound 3.9 also portrayed a similar chamigrane skeleton to compound 3.1 with the
exception of an absent epoxy-methine signal (6y 2.92, t, J = 3.0), and the emergence of an
unsaturated functionality observed as a prominent deshielded olefinic singlet at 6y 5.23 in the

"H NMR spectrum (Figure 3.14).

A quaternary carbon at 3¢ 140.2 7 (C7) in 3.9 confirmed the reduced nature of 3.9 vs. 3.1,

with compound 3.9 manifesting as the de-oxygenated derivative of compound 3.1.

\ \ \ \
495 4.90 ppm 4.55 ppm
imp
imp
Iy \f \AAW
L i ORI MA WM\M
\ \ \ \ \ \ \ \ \ \
5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

El=CE -
Figure 3.14: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.9

Although NMR data did not reflect the olefinic carbon signal at C8 (d¢ 123.0), similarities in
the 1D and 2D NMR analyses were sufficient enough to elucidate the structure of compound

3.9 as the olefinic chamigrane derivative of compound 3.1.

The relative configuration at C10 was assigned by considering the coupling constant of H10

(d, J=11.1, 7.0 Hz) as compared to that observed for compound 3.1.

7 Carbon shifts deduced by HMBC correlations
8 «imp” indicates a signal due to an impurity, and will be used henceforth to mark out peaks due to impurities
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3.9

The reduced chamigrane, compound 3.9, was isolated from a specimen of Laurencia sp. by

Howard and Fenical (1975) as well as from Laurencia implicata by Wright et al., (1991).

Interestingly, Suzuki et al., (1979) reported a series of similar chamigrenes (compounds 3.10-

3.14), including compound 3.9, from Laurencia glandulifera.

15

12

3.12 3.13 3.14

Howard and Fenical (1975) reported the conversion of compound 3.9 to quantitative yields of
compound 3.2 using m-chloroperbenzoic acid. This conversion was attempted so as to further
validate the elucidated structure, however attempts were unsuccessful possibly due to the

relatively diminutive quantity of compound 3.9 that was available for the reaction (~1mg).

Scheme 3.3: Attempt at converting compound 3.9 to the epoxy derivative 3.2

Conditions: i) m-chloroperbenzoic acid in refluxing chloroform (equimolar), Stir at 30 °C overnight
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3.9

Table 3.2: NMR spectroscopic data of compound 3.9

Carbon No d¢ 3¢ mult 3y mult, J (Hz)
la 1.61.m
31.6 CH,
1b 2.0, m
2a 2.24, m
40.4 CH,
2b 231, m
3 71.8 C -
4 62.8 CH 4.92,d,11.2,7.0
5a 2.24, m
39.8 CH,
5b 2.35, m
6 47.0 C -
7 1402 C -
8 123.0'° CH 5.23,m
9a 2.54, m
36.3 CH,
9% 2.67,m
10 60.8 CH 4.52,d,11.1,7.0
11 43.0 C -
12 17.1 CH, 0.94, s
13 24.1 CH; 1.22,s
14 25.5 CH, 1.98, s
15 23.9 CH, 1.72, s

? Deduced via HMBC analysis
' Not observed in this study; as reported by Wright ez al., (1991)
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3.2.2.3 Compound 3.15

A combination of four methyl singlets (3y 0.98, 1.49, 1.54 and 1.92) in the 'H NMR
spectrum (Figure 3.15), as well as 15 carbon resonances in the °C NMR spectrum (Figure

3.16) confirmed the adoption of a C;5 chamigrane skeleton in compound 3.15.

T T
4.75 ppm
M L — - JM&J \‘ILNMM
T T T T T T T T
4.5 4.0 35 3.0 2.5 2.0 1.5 ppm

Figure 3.15: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.15

Taking into account a quaternary carbon at d¢ 75.5, an extra epoxy-methine resonance at (on
3.66; O0c 55.6) and a methine signal at (0y 4.04; d¢ 69.9), it was established that compound
3.15 was in fact similar to compound 3.1 except for the presence of additional epoxy ring as

well as a secondary alcoholic functionality.

@ @ a =3 28 = =28 EN g8 § =4
2 = 3 e gy 2 53 @ I8 S 9
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Figure 3.16: °C NMR spectrum (CDCls, 150 MHz) of compound 3.15
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A trans epoxy configuration was established at C8 and C9 based on the absence of coupling
between protons H8 and H9. Furthermore H4 was assigned as axial after considering its
coupling constant (dd, J = 13.6, 2.3 Hz). Compound 3.15 (Figure 3.17) was previously
reported by Faulkner et al., (1974) as prepacifenol epoxide.

Compound 3.16 was isolated as a 1-dehydroxy analogue of compound 3.15 by Kimura ef al.,

(1999) from a Hawaiian example of Laurencia nidifica.

Figure 3.17: Key NOESY correlations in compound 3.15
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Table 3.3: NMR spectroscopic data of compound 3.15

Carbon No dc Sc mult 6y, mult, J (Hz)
1 699 CH 4.04, br s
2 472  CH, 2.53, m
3 715 C -
4 622 CH 4.74,dd, 13.8,2.3
5a 2.13,d,13.8
5b MO
6 50.2 -
7 61.0 -
8 56.7 CH 3.07,s
9 556 CH 3.66, s
10 755 C -
11 472 C -
12 244  CH; 0.98, s
13 272  CH; 1.54, s
14 22.2 CH; 1.49, s
15 28.0  CH; 1.92, s
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3.2.2.4 Compound 3.17

Altogether, four methine signals were detected in the 'H NMR spectrum (Figure 3.18) of
compound 3.17 i.e. an olefinic singlet at 6y 5.44, a double doublet at oy 4.90 (J = 12.5, 6.7
Hz), and two coupled doublets with a coupling constant of 8.5 Hz at oy 4.26 and oy 4.35.
Once again, four distinct methyl signals were seen further upfield between oy 0.95-2.10

allowing for the inference of yet another chamigrane type system.

Hexane
~
Hexan
TrrrTTTTTTTTTTTTTTT
4.9 ppm
I I I I I I I I I
55 5.0 45 4.0 35 3.0 2.0 1.0 ppm

2‘.5 1.5
BER AR E
Figure 3.18: '"H NMR spectrum (CDCls, 600 MHz) of compound 3.17

The "C NMR spectrum (Figure 3.19) of compound 3.17 was essential in identifying
unsaturated olefinic carbons at 5¢ 143.3 and d¢ 125.3. A hydroxymethine signal at ¢ 73.2 in
conjunction with two bromo-methine signals at oc 62.6 and d¢ 71.0 confirmed a dibromo,
hydroxy olefin chamigrane. Compound 3.17 was previously reported by Fenical (1976) from

Laurencia pacifica.
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= g zge 7 2¢ 88 % %22 §
s 8 gRg  d 22 98 o 943 ©
VW NS TN
CDCls
oo (L] b
14‘10 1‘30 1&0 1 1‘0 1(‘)0 9‘0 8‘0 7‘0 6‘0 5‘0 4‘0 3‘0 ‘ppm

Figure 3.19: °C NMR spectrum (CDCls, 150 MHz) of compound 3.17

NOESY cross peaks, as well as consideration of the coupling constants at H8, H9 and H10
confirmed the relative configuration of the substituents at C9 and C10 as frans-equatorial. A
related stereogenic chamigrene, compound 3.18, was also isolated by Konig and Wright

(1997) from an Australian sample of Laurencia rigida.

3.17 3.18

Figure 3.20: Key NOESY correlations in compound 3.17
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3.17

Table 3.4: NMR spectroscopic data of compound 3.17

Carbon No 6c¢ Sc mult 6y, mult, J (Hz)
la 1.73, m
1b oG s m
2 40.4 CH, 232, m
3 70.8 C -
4 62.6 CH 4.89,dd, 12.2,6.2
5 39.2 CH, 221, m
6 48.1 C -
7 1433 C -
8 1242 CH 5.44,s
9 73.2 CH 4.26,d, 8.5
10 71.0 CH 4.35,d,8.5
11 45.6 C -
12 17.9 CH; 0.98, s
13 25.2 CH; 1.22, s
14 25.8 CH; 2.05, s
15 24.1 CH; 1.70, s
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31

3.3

3.4

3.9

Table 3.5: 'H and °C NMR data of chamigranes and derivatives thereof'' from L. glomerata

Proton No 3.1 3.3 34 3.9 3.15 3.17
la 1.67,d,15.2,5.7 1.43,dq, 15.0,2.9 1.70, m 1.61.m 4.04,brs 1.73, m
1b 1.98,dt, 15.2,5.7 1.71, m - 2.01,m 2.08, m
2a 2.47,dt,14.6,5.7 2.19,1d, 14.8, 4.1 2.32,td, 14.1,4.0 2.24, m 2.53, m 232, m
2b 238,dd,14.6,2.9  2.35,dt,14.8,4.1  2.42,dt, 14.1,4.0 231, m - -
3 - - - - - -
4 4.77,dd, 13.3,4.7 4.45,dd, 13.3,4.5 4.56,dd, 13.4,3.6 492,d,11.2,7.0 4.74,dd, 13.8,2.3 4.89,dd, 12.2,6.2
Sa 2.84,brd, 13.3 1.98,t,13.3 1.92,t,14.6 2.24, m 2.13,d, 13.8 221, m
Sb 2.10,t,13.3 2.40,dt,13.3,4.5 2.26,td, 14.6, 3.1 2.35,m 2.54, m -
6 - - - - - -
7 - 2.90,q,7.8 - - - )
8a 2.92,1,3.0 - 1.97,dd, 14.1, 8.4 523, m 3.07,s 5.44,s
8b - - 2.88,dd, 14.1,8.4 - -
9a 2.61,dd,7.7,3.0 5.82,d,10.2 4.15,dd,11.3,84 2.54,m 3.66,s 4.26,d,8.5
9b - - - 2.67, m -
10 4.06,t,7.7 6.43,d,10.2 - 4.52,d,11.1,7.0 - 4.35,d,8.5
11 - - 0.88,s - - -
12 1.18,s 1.09,s 0.98,s 0.94,s 0.98,s 0.98,s
13 1.08,s 1.21,s 9.79,s 1.22,s 1.54,s 1.22,s
14 1.50,s 1.30,d, 8.1 1.38,s 1.98,s 1.49,s 2.05,s
15 1.74,s 1.70, s 1.71,s 1.72,s 1.92,s 1.70, s

3.15 3.17

Carbon No 3.1 3.3 34 3.9 315 3.17
1 26.2 28.3 27.3 31.6 69.9 31.6
2 40.4 37.7 40.5 40.4 472 40.4
3 71.1 71.8 71.0 71.8 71.5 70.8
4 62.1 59.7 60.5 62.8 62.2 62.6
5 39.1 37.1 394 39.8 34.0 39.2
6 44.6 43.1 56.0 47.0 50.2 48.1
7 62.0 44.1 52.0 140.2  61.0 143.3
8 62.0 201.5 434 123.0 56.7 124.2
9 32.7 123.8 584 36.3 55.6 732
10 57.6 156 512 60.8 75.5 71.0
11 423 39.1 20.4 43.0 47.2 45.6
12 213 25.4 22.6 17.1 244 17.9
13 273 25.2 203.5 2411 27.2 252
14 25.8 15.4 23.2 25.5 22.2 25.8
15 24.0 23.7 23.7 23.9 28.0 24.1

' Although compound 3.4 is not of the chamigrane class, it was useful including it within this summary for NMR chemical shift comparison.
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3.2.2.5 Compound 3.5

The 'H NMR spectrum of compound 3.5 (Figure 3.21) reflected three methyl signals, two of
which were singlets at (g 1.00; 6i 1.66) and one doublet at 65 0.78 (d, J = 7.3 Hz). Further
downfield, a pair of olefinic signals at oy 5.41 and oy 5.43 as well as a methylidene moiety at

On 4.79 and oy 4.86 were identified.

IAARRRRARAN RARRARRARS RARARARAAY AARRE T T
4.9 4.8 ppm 0.80 0.78 ppm

H,Cl,
ol Uy
A ER

4.0 35 3.0 2.5 2.0 1.5 1.0 ppm
Figure 3.21: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.5

dEERE R BE B

A combined analysis of °C (Figure 3.22) as well as 2D NMR data permitted the assignment
of four quaternary (3¢ 49.8, 130.9, 139.2 and 158.0), three methine (oc 48.8, 117.8 and
118.9), five methylene (8¢ 27.4, 28.6, 31.7, 32.8 and 105.3) and three methyl (6¢ 17.5, 22.9
and 25.8) carbon signals.

o =N = % wv ‘9 S A e n
z 2 8 =ZC g 9% HEERGN T
. \/ \/ NAZ
CDCl;
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Figure 3.22: °C NMR spectrum (CDCls, 150 MHz) of compound 3.5
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Compound 3.5 was identified as iso-dihydrolaurene, previously isolated by Suzuki et al.,
(1982). 1t differs from dihydrolaurene (3.6) due to a double bond migration from A*’ to A%!!,
This was confirmed via distinct COSY correlations in compound 3.5 between the

neighbouring methylene and olefin groups (H7, H8) and (H10, H11).

3.5 3.6
iso-dihydrolaurene Dihydrolaurene

Suzuki et al., (1982) reported the isolation of compound 3.5 from a Laurencia nipponica
sample collected from Japanese waters. This is the first report of iso-dihydrolaurene

(compound 3.5) from Laurencia glomerata.
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3.5

Table 3.6: NMR spectroscopic data of compound 3.5

Carbon No dc¢ Sc mult Sy, mult, J (Hz)
1 495 C -
2 48.8 CH 2.24,q,7.2
3 158.0 C -
4 28.6 CH, 242, m
S5a 2.02, m
32.8 CH,
5b 1.43, m
6 139.2 C -
7a 247, m
274 CH,
7b 2.72, m
8 118.9 CH 5.41, m
9 1309 C -
10 31.7 CH, 2.61,m
11 117.8 CH 5.43, m
12 25.8 CH; 1.00, s
13 17.5 CH; 0.78,d, 7.1
14a 4.79, m
105.5 CH,
14b 4.86, m
15 229 CH; 1.66, s
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3.2.2.6 Compound 3.7

Compound 3.7 was isolated as a viscous non polar oil. The '"H NMR spectrum (Figure 3.23)
contained a complex cluster of olefinic signals in the region of oy 5.0-6.0 suggesting the
presence of unsaturated functionalities. A terminal methyl flanked by a methylene group was
deduced from a broad triplet at oy 0.89 (t, J = 7.1 Hz). A broad singlet was also observed at
On 3.11 typical of a terminal alkyne proton.
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Figure 3.23: "H NMR spectrum (CDCl;, 600 MHz) of compound 3.7

The "C NMR spectrum (Figure 3.24) of compound 3.7 exhibited 15 signals including
resonances characteristic of a terminal conjugated alkenyne moiety (5¢ 81.8, 80.3, 108.3 and
143.7), the =C-H functionality of which was further confirmed by an IR stretch at ~3300 cm™
(Figure 3.25).
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Figure 3.24: °C NMR spectrum (CDCls, 150 MHz) of compound 3.7
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A further two double bonds (6¢ 125.8, 127.4, 129.9 and 130.6) and five methylene moieties
(0c 28.7, 29.3, 31.5, 25.8 and 27.2) were deduced from an edited HSQC spectrum in

conjunction with the >C NMR spectrum.
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Figure 3.25: IR spectrum of compound 3.7

Compound 3.7 was identified as neolaurencenyne, a non-terpenoid linear acetogenin
previously isolated from Laurencia okamurai and successfully synthesized by Kigoshi et al.,
(1981). Compounds within this particular structural class are thought to be precursors to the
more complex cyclic acetylenic ethers as will be shown later. The orientation of the terminal
alkyne about A** was assigned as cis, deduced by the assessment of the carbon chemical shift
at C2 with cis systems resonating at ~ 3¢ 80 and trans systems at ~ d¢ 76 (Kigoshi et al.,

1982).

A biosynthetically significant metabolite exposing the precursor nature of 3.7 is the A®’
hydroxy-chloro derivative (3.8) of neolaurencenyne, isolated by Norte et al., (1991) from a
Spanish sample of Laurencia pinnatifida. This compound displays the enzyme driven
substitution of the olefin within 3.7.

/ 4
: 7 W

- Cl OH
3.7 3.8
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1

is 7

3.7

Table 3.7: NMR spectroscopic data of compound 3.7"

Carbon No dc¢ Sc mult oy, mult, J (Hz)

1 81.8 CH 3.11,m

2 80.2 C -

3 108.3 CH 5.48, m

4 143.7 CH 5.96, m

5 25.7 CH, 2.84, m

6 125.8 CH 541, m

7 127.4 CH 5.36,m

8 27.3 CH, 2.06, m

9 129.9 CH 5.45, m
10 130.6 CH 541, m

11 28.7 CH, 3.11,m
12 29.3 CH, 1.37, m

13 31.5 CH, 1.28, m
14 22.5 CH, 1.31, m

15 14.1 CH; 0.89,t,7.1

'2 The majority of signal multiplicity in the '"H NMR spectrum of compound 3.7 could not be established due to abundant overlapping of
peaks. Such is a common phenomenon associated with hydrocarbon chains attributable to the presence of several magnetically equivalent
spin-systems. Resultant signals were thus reported as multiplets.
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3.3 Experimental

3.3.1 General experimental

NMR experiments were performed on a Bruker” Avance 600 MHz spectrometer using
standard pulse sequences with CDCIs as the solvent. All spectra were referenced according to

residual proton residues in deuterated solvent (CHCl; 6y 7.26, CDCl; 6¢ 77.0).

All solvents used were of chromatography grade (LiChrosolv®), obtained from Merck®,
Darmstadt, Germany while column chromatography was performed using Merck® Silica gel

60 (0.040-0.063 mm), Germany.

HPLC was performed using a semi-preparative normal phase Whatman Partisil® 10 M9/50
(9.5 mm x 500 mm) column and a Rheodyne® manual injector containing a Waters® HPLC

pump with a Spectra physics® RI detector attached to a Ridenki® chart recorder.

3.3.2 Plant material (L. glomerata, NDK130821-10)

Laurencia glomerata was collected by hand at Noordhoek beach in the south-east coastal
region of South Africa in August 2013. A voucher specimen is kept in the seaweed sample
repository at the School of Pharmacy, University of the Western Cape. Identification of the
alga was done by Professor John Bolton with the Department of Biological Sciences at the
University of Cape Town, South Africa.

3.3.3 Extraction and isolation

The algal material, with a dry mass of 41.6 g, was initially steeped in MeOH at room
temperature for one hour, after which it was extracted three times with CH,Cl,-MeOH (2:1,

770 mL" x 3) at a constant temperature of 40 °C.

The combined organic phases were collected (after an adequate amount of water was added
for phase separation) and concentrated under reduced pressure to produce a crude extract of
0.85 g which corresponds to a 2% yield [Weight of crude/ (Weight of dry mass + Weight of
Crude)].

'3 The volume of solvent used was variable for each alga within subsequent chapters. An amount sufficient to submerge the algae fully was
used in each case.

54



Chapter 3 Secondary metabolites from Laurencia glomerata

Fractionation of the crude was further carried out via hexane:EtOAc step gradient column
chromatography (50 mL solvent per fraction) to yield eight fractions A-H. (A 100% hexane;
B 9:1 hex:EtOAc, C 8:2 hex:EtOAc, D 6:4 hex:EtOAc, E 4:6 hex:EtOAc, F 2:8 hex:EtOAc,
G 100% EtOAc, H 1:1 MeOH:EtOAc).

Fractions A, B and C were further purified via silica gel column chromatography and/or
normal phase HPLC to yield compounds 3.1 (480 mg, 1.130%), 3.5 (6.3 mg, 0.015%), 3.7
(7.1 mg, 0.017%), 3.9 (1.3 mg, 0.003%), 3.15 (9.4 mg, 0.022%) and 3.17 (24 mg, 0.052%).

3.3.4 Compounds isolated"’

3.3.4.1 Compound 3.1(JF13(2)-58)

3-chloro-4, 10 dibromo-7,8 epoxychamigrane OR (IR* 4R* 65%)-3'4-dibromo-4'-chloro-
1,3,3,4"-tetramethyl-7-oxaspiro[bicyclo[4.1.0]heptane-2, I '-cyclohexane] (3.1): White plate
like crystals; "H and >C NMR (CDCls) data available in Table 3.1. As previously reported by
Howard and Fenical, (1975).

Cleavage of the epoxy group compound in 3.1 to produce compounds 3.3 and 3.4

Compound 3.1 (15 mg) was dissolved in dry Et,O (15 mL). In a separate round bottomed
flask, BF5.Et,O (2 mL) was added to Et,O (15 mL) and cooled to -70 °C in a dry ice/acetone
bath. The previously prepared solution of compound 3.1 was gradually added to the BF;.Et,O
solution after which stirring occurred for 18 hours under a N stream, allowing the vessel to
slowly achieve room temperature. The reaction mixture was quenched with NaHCO; (30
mL), filtered and dried under vacuum. The resultant crude mixture was purified via normal
phase HPLC (4:1 Hex: EtOAc) yielding pure compounds 3.3 (6.1 mg, 40.6%) and 3.4 (2.3
mg, 15.3%).

' The numbering of the compounds within this thesis is as per that most commonly seen within the literature. Consequently, the compound
names (generated by ACD/ChemSketch®) may not possess similar numbering.
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3.3.4.2 Compound 3.5 (JF13(2)-77E)

3.5

Iso-dihydrolaurene OR  [-(1,2-dimethyl-3-methylidenecyclopentyl)-4-methylcyclohexa-1,4-
diene (3.5): Colourless oil; 'H and ’C NMR (CDCL) data available in Table 3.6. As
previously reported by Suzuki et al., (1982).

3.3.4.3 Compound 3.7 (JF13(2)-63(12))

15 //

3.7

Neolaurencenyne OR (3Z,6Z,97)-pentadeca-3,6,9-trien-1-yne (3.7): Colourless oil; 'H and
BC NMR (CDCL) data available in Table 3.7. As previously isolated by Kigoshi et al.,
(1981).

3.3.4.4 Compound 3.9 (JF13(2)-76C)

3.9

3-chloro-4, 10-dibromo-chamigrene OR (4R *)-4,8-dibromo-9-chloro-1,5, 5, 9-tetramethylspiro
[5.5]undec-1-ene (3.9): Amorphous white solid; 'H and >’C NMR (CDCls) data available in
Table 3.2. As previously reported by Howard and Fenical (1975).
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3.3.4.5 Compound 3.15 (JF13(2)-72F)

Prepacifenol epoxide OR I- hydroxy-3-chloro-4, 10 dibromo-7,8:9,10 diepoxychamigrane
(3.15): White crystals; 'H and >’C NMR (CDCL;) data available in Table 3.3. As previously
reported by Faulkner et al., (1974).

3.3.4.6 Compound 3.17 (JF13(2)-60Q)

3.17

3-chloro- 4, 10-dibromo-9-hydroxy-chamigrene OR (35* 45%*)-4,8-dibromo-9-chloro-1,5,5,9-
tetramethylspiro[5.5Jundec-1-en-3-ol (3.17): White crystals; 'H and '°C NMR (CDCl;) data
available in Table 3.4. As previously reported by Fenical (1976).
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Chapter 4

Secondary metabolites from Laurencia cf. corymbosa

Abstract

This, the first phycochemical analysis of Laurencia cf. corymbosa, revealed known
brominated, hydroxy cuparane compounds 4.5 and 4.6, including new isomers 4.1 and 4.7,
and the new cyclic keto-cuparane, 4.4. A known epoxy chamigrane (4.8) was also isolated
together with L. glomerata metabolites neolaurencenyne 3.7 and the dibromo-

epoxychamigrane 3.1.
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Chapter 4
Secondary metabolites from Laurencia cf. corymbosa

4.1 Introduction

Laurencia cf. corymbosa is distributed along the southern coast of Africa from De Hoop to
Port Alfred (Francis, 2014). This species is epilithic and plant colour varies from maroon to
purple. Plants can reach anywhere between 5-15 cm high with terminal branchlets showing a
corymboid nature (corymbosa: grape like cluster). The cortical cells are known for possessing
one corps en cerise and in its non fertile stage can be confused for Laurencia obtusa (Francis,
2014). Francis, (2014) shows a number of morphological variants present for this species
however divergences among their DNA sequences are insignificant. The species is hence

described as cf. corymbosa i.e. comparable to.

Figure 4.1: Laurencia cf. corymbosa’' (Caitlynne Francis ©2014)

A) Habit.
B) Cross section through thallus with outermost cortical cells and spaces between medullary and cortical cells in view.

C) Cortical cells show one corps en cerise per cell (40x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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4.2 Results and Discussion

4.2.1 Extraction and isolation of metabolites from L. cf. corymbosa (NDK130821-11,
Noordhoek)

Following our standard extraction and fractionation protocol (section 3.2.1, page 54), the alga
afforded a crude isolate of 1.17 g equating to a 3.9% yield of the dry algal material (Scheme
4.1). From (Figure 4.2), fractions A, B and D displayed peaks of interest and were further
purified by a combination of silica gel column chromatography and normal phase HPLC to
yield compounds 3.1, 3.7, 4.1, 4.4, 4.5-4.8. Fractions E-H displayed typical fatty acid and

sugar type resonances.

Laurencia

CH,Cl, -MeOH
extraction

Crude organic
extract
(1.17 g)

Step gradient column
chromatography

Fraction A B C D E F G H
Hexane:EtOAc |  10:0 9:1 8:2 6:4 4:6 2:8 0:10 Meon oac
Weight (mg) (51) (516) (143) (192) (32) (14) (4) (148)

JF14-4A JF14-4B JF14-4C
ii 3mg 35mg 179mg
iii
- JF14-15A JF14-15B JF14-15C JF14-15D
2mg 13mg 67mg 37mg
| iv
JF14-15C1  JF14-15C2  JF14-15C3
3mg 3mg 94mg
v
JF14-30A  JF14-30B  JF14-30C JF14-30D JF14-30E JF14-30F
1mg 5mg 4mg 5mg 9mg 26mg

|vi

Scheme 4.1: Isolation scheme of metabolites from L. cf. corymbosa (NDK130821-11)

Conditions: i) Normal phase HPLC (100% hexane); ii) Normal phase HPLC (19:1 hex:EtOAc); iii) Silica gel column
chromatography (3:2 hex:EtOAc); iv) Silica gel column chromatography (3:1:1 hex:EtOAc:CH,Cl,); v) Normal phase
HPLC (3:2 hex:EtOAc); vi) Normal phase HPLC (7:3 hex:EtOAc)
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H: 1:1 MeOH:EtOAc

Gl00%EOA J@WMM W {

F: 2:8 hex:EtOAc

E: 4:6 hex:EtOAc

D: 6:4 hex:EtOAc

C: 8:2 hex:EtOAc
) J

B: 9:1 hex:EtOAc

A: 100% hex
Crude
L
1 10 9 s 7 6 5 4 3 > 1 ppm

Figure 4.2: 'H NMR spectra (CDCl3;, 600 MHz) of the crude organic extract of L. cf.
corymbosa (NDK130821-11) and step gradient column fractions A-H
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4.2.2 Structure elucidation of metabolites

4.2.2.1 Compound 4.1

Compound 4.1, a colourless oil, showed molecular ion cluster at m/z 294 and 296 in its

HRGCESIMS spectrum (Figure 4.3). This is indicative of the presence of a single isotopic

halo-substituent within the molecule’. The molecular formula was deduced as C15H19079Br

with a calculated double bond equivalent of six. A total of 15 signals in the *C NMR
spectrum (Figure 4.4), deduced together with HSQC and HMBC data, as well as a broad

hydroxy stretch in the IR spectrum (Figure 4.5) added integrity to the molecular formula.

13B
141008_JF_13B (5.062) Is (1.00,1.00) C15H190Br TOF MS El+
100+ 294.0619 4.27e12
Isotope Modelled
m
297.0633

0 M‘
141008_JF_13B 1437 (9.850) Cm (1437:1444-(1454:1459+1412:1420)) TOF MS El+

_ 57.0672 6.47e4
100

225.9947
- 279.0378
° 284.0624
Sample Spectra 267.0345
1320581 294.0620
200.1213  210.9737
173.0959
131.0530 229.0059  253.0036
?5'0440 770406 104.0638.109.1026 Nl 80746 isp 074 188.1212 H / | 2970879 53 0467
O-lrprrrefispreveerre bt e et Mttt Ht o - ; : + | 2z

50 ' 60 | 70 80 90 100 110 120 130 140 150 160 170 ' 180

Figure 4.3: HRGCEIMS spectrum of compound 4.1

<t — — Q0 ™ [sal=e]

— I3} n T ® S I N 0 0 I~
< ¥ Qo — O o @ N QA
%) A nn - = Ne} Qo v v
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CDCl,

.’1 IJL“ , A " TR S T I Lk el Hlnﬂ
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I

W N N
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T
100 90 80 70 60 50 40 30

Figure 4.4: °C NMR spectrum (CDCl3, 150 MHz) of compound 4.1

% See Appendix 4 for halogen abundance patterns in mass spectrometry
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Figure 4.5: IR spectrum of compound 4.1

The relatively simple 'H NMR spectrum (Figure 4.6) displayed four methyl resonances
between oy 0.5-2.5 suggesting a sesquiterpenoid skeleton. The 'H NMR spectrum also
showed aromatic singlets between oy 6.5-7.5, two deshielded broad olefinic singlets between

Oy 5.5-6.5 and mutually coupled (J = 16.1 Hz) allylic methylene doublets at 6y 2.5 and dy 3.0.

T T T T
59 5.8 5.7 ppm

T T T T
3.0 2.8 2.6 ppm

A T,

T T T T T T T T T T T T T T T 1
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 ppm

=@k

Figure 4.6: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.1

Compound 4.1, a new compound, was identified as being isomeric to 4.2 (iso-allolaurinterol)
isolated by Dias et al., (2009) from Laurencia filiformis. Compound 4.2 shows a methyl shift
from C5 to C4, whereas compound 4.1 exhibits the presence of a broad olefin singlet at C4

(0 5.67) and a gem-dimethyl moiety at C5.
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4.1 4.2
iso-allolaurinterol

Knowing that aromatic hydroxyl substituents are more deshielded than bromo-substituents
(Kladi et al., 2005), critical assessment of HMBC correlations from the methyl substituents at
C1 and C9 to various carbon centres on the aromatic ring (Figure 4.7) allowed for the

establishment of the positions of the bromine and hydroxy functions.

Moreover, the proposed substituent locations in compound 4.1 are typical amongst
metabolites isolated from Laurencia spp. as is shown by Dias et al., (2009) in 4.2 as well as

Yu et al., (2014) and Yamada et al., (1969).

HI5
JL HI2
A JL ppm
L 105
110
c8
e @ F115
C10 i 0 120
125
] 130
—= 3
&
c7 135
T T T T T T T T T T
23 22 2.1 2.0 1.9 18 17 16 15 14 ppm

Figure 4.7: Partial HMBC spectrum of compound 4.1 showing key correlations
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4.

1

Table 4.1: NMR spectroscopic data of compound 4.1

Carbon No 4c¢ Scmult oy mult, J(Hz) COSY HMBC
1 56.3 C - - -
2a 3.01,4d, 16.1 H2b -
47.6 CH,
2b 2.50,d, 16.1 H2a -
3 126.8 CH 5.83,brs H2a, H2b C1*
4 1443 CH 5.67,brs H2a, H2b* -
5 49.9 C - - -
6 1334 C - - -
7 1320 CH 7.41,s H12, H15 C5,C8,C9,Cl11,C15
8 1147 C - - -
136.5 - - -
10 119.0 CH 6.65, s H15 C6,C8,Cl11, C15
11 1541 C - - -
12 25.3 CH; 1.47,s - C1,C2,C5,Co6
13 259 CH; 1.19, s - C4*,C5,Cl14
14 24.9 CH, 0.75, s - C4,C5,C13
15 22.1 CH; 2.30, s H7, H10 C8,C9, C10

* Indicates weak correlation
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Acetylation of compound 4.1 (Scheme 4.2), confirmed by acetyl carbon signals 6¢ 169.6 and
oc 21.8 (Figure 4.8), resulted in clearer splitting of olefinic signals H3 and H4 as well as
more distinctive splitting of H2 (Figure 4.9).

The HRESIMS spectrum (Figure 4.10) of the acetylated compound, 4.3 showed a molecular
ion cluster [M+H]" at m/z 337.0789 (calculated for 337.0803) and 339.0823 confirming the

molecular formula C7H, 179Br02,

The positions of substituents at C8 and C11 in compound 4.1 were further substantiated as

similar 2D correlations were observed in the acetylated derivative, compound 4.3.

12 12
Br Br
I
15 11 OH 15 1 O
/KO
4.1 4.3

Scheme 4.2: Acetylation of compound 4.1

Conditions: 1) Pyridine/acetic anhydride, stir overnight at room temperature

= © ATF = —mn

e R NS —A an o v 0 O~
e =~ =S8 Mm 8w — = \e o Ar
o <+t TOhmn QAQaa — 3 v TR R B
- —_ e = A < SRS RS RNESN

CDCl,

B T I I T A I N I I I R
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 4.8: 3C NMR spectrum (CDCls, 150 MHz) of compound 4.3
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"HCl,
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Figure 4.9: '"H NMR spectrum (CDCl; 600 MHz) of compound 4.3
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Figure 4.10: Expansion of the HRESIMS spectrum of compound 4.3

70



Chapter 4

Secondary metabolites from Laurencia cf. corymbosa

4.3

Table 4.2: NMR spectroscopic data of compound 4.3

Carbon No ¢ Sc mult oy mult, J(Hz) COSY HMBC
1 51.5 C - - -
2a 3.19,4d, 16.1 H2b C1,C3,C4,Co6,C12
45.7 CH,
2b 2.30, m H2a -
3 1253 CH 5.63, m H2a, H2b, H4 C2,C4,C5
4 1417 CH 5.39,dd, 5.9,2.0 H2a, H2b, H3 C2,C3,C5
5 50.1 C - - -
6 138 - - -
7 1334 CH 7.63, s - Cl1,C8,C9,Cl11,Cl15
8 1214 - - -
9 1365 C - - -
10 126.1 CH 6.84, s H15 C6,C8,Cl11,Cl15
11 148 C - - -
12 254 CH; 1.28,s - C2,Cs5,Co6
13 23.6 CH; 1.29,s - C4,C5,Cl14
14 25.0 CH; 0.75, s - C4,C5,C13
15 22.2 CH; 2.33,s H10 C8, C9, C10
16 169.6 OCOCH; - - -
17 21.8 OCOCH; 2.31, s - Cl16
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4.2.2.2 Compound 4.4

Compound 4.4 was recrystallised in hexane to afford white, needle like crystals. Detailed
analysis of the HRGCEIMS spectrum (Figure 4.11) reflected isotopic molecular ion signals at
m/z 308.0356 (calc. 308.0412) and 310.0346 and, after identifying a total of 15 carbon signals
by analysis of the >’C NMR (Figure 4.12) and HMBC spectra, the molecular formula of 4.4
was assigned as CsH;7""BrO, with a calculated double bond equivalent of seven.

141008_JF_N81 2035 (11.848) Cm (2035:2075-(2073+1850:1936)) TOF MS El+

308.0356 1.72e5
100+ 310.0346

309.0460 | 311.0448

1293.0171 2950174
0 |/ 297.0208298.7604 300.6531 03,1644 306.0291 307.0347 ‘ 312.0482 313.0461 -
- i T 1 f T T T T T T T 1 T i T T

204 206 = 298 300 | 302 | 304 | 308 308 | 310 @ 312 | 314

Figure 4.11: Expansion of the HRGCEIMS spectrum of compound 4.4

— ~ S o ©
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CDCl,
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Figure 4.12: *C NMR spectrum (CDCls, 150 MHz) of compound 4.3
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The "*C NMR spectrum (Figure 4.12) displayed a deshielded methine signal at 8¢ 89.1 as
well as a cluster of methyl peaks between d¢ 20-24 similar to those witnessed in compound

4.1.

The 'H NMR spectrum of 4.4 (Figure 4.13) showed deshielded singlets corresponding to the
same tetra-substituted aromatic ring as previously observed in compound 4.1. The main
difference was the appearance of a doublet of doublets at oy 4.68 (J = 6.9, 3.5 Hz) and a
methylene multiplet at oy 2.82.

HjO
CQHCl,
\ \ \ \
4.85 ppm 2.82 280 ppm
’L . LL«JLU
\ \ \ \ \ \ \ \ \ \ \ \ \ \
7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 L5 ppm
A A A A ]
— — — (o] [ag} o o

Figure 4.13: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.4

With the preceding '"H NMR data, and after careful scrutiny of the °C NMR, COSY and
HMBC spectra, partial structures A and B (Figure 4.14) were considered.

Figure 4.14: Partial structures A and B of compound 4.4

Aromatic substructure A was similar to that of compound 4.1 with the exception of a more

deshielded quaternary carbon at C11 (3¢ 159 vs. d¢ 154).

In substructure B, COSY NMR data (Figure 4.15) allowed for the construction of a (-CHX-
CH;-) spin system (C1 and C2). The presence of a carbonyl moiety at C3 was supported by
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HMBC correlations from the methylene functionality at C2 as well as gem-dimethyl moieties
on C4 (Figure 4.16). Additionally the IR spectrum (Figure 4.17) reflected a C=0 stretch at

1742 cm™ as well, typical of five-membered cyclic ketones.

H1

| R L L ppm

H2

________==T ¢A§“

7.5 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 ppm

Figure 4.15: 'H-'"H COSY spectrum of compound 4.4
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Figure 4.16: Partial HMBC spectrum of compound 4.4
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Figure 4.17: IR spectrum of compound 4.4

The merging of substructures A and B was achieved by further analysis of the HMBC

spectrum where correlations were seen between H12-C6 and H7-C5 as shown below.

Br %§ m
12
11%\/ X O
A B
Figure 4.18: Selected HMBC correlations between compound 4.4 substructures A and B

Since the molecular formula indicated the presence of two oxygen atoms, and considering a
carbon chemical shift at 6¢ 89.1 (C1), it was proposed that substructure B would cyclise to
form a cyclopentanyl type system linked to substructure A via a dihydrofuran like

heterocycle.

This was confirmed as the aromatic ring and carbonyl moiety within compound 4.4
accounted for a total of five degrees of unsaturation. The additional two double bond
equivalents required by the molecular formula must therefore be accommodated by two

additional rings within 4.4 i.e. dihydrofuran ring and cyclopentanyl ring.
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= \

4.4

Figure 4.19: Compound 4.4 with substructures A and B attached via a furan ring

The relative configurations at Cl1, C4 and C5 were assigned by analysis of NOESY
correlations from H1 to H12 and H14.

Figure 4.20: Key NOESY correlations in compound 4.4
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Table 4.3: NMR spectroscopic data of compound 4.4

4.4

Carbon No §¢ dc mult 6y mult, J(Hz) COSY HMBC NOESY
1 89.1 CH 4.86,dd, 6.9,3.5 H2 - H2,H12, H14
2 40.7 CH, 2.82, m HI C3 H12, H13
3 218.5 - - - -
4 51.9 - - - -
5 55.2 - - - -
6 132.1 C - - - -
7 127.6  CH 7.23,s - C9, Cl11 HI12, H13, H14
8 1154 C - - - -
9 138.3 - - - -
10 1124 CH 6.69, s H15 CI15 H15
11 1592 C - - - -
12 21.8 CH; 1.32,s - Cl,C4,C5,C6 HI,H2, H7
13 23.1 CH; 0.86, s HI1, H2 C3,C4,C5,C14 H2,H7
14 202 CH; 1.08, s - C3,C4,C5,C13 HI
15 23.3 CH; 2.34,s - C8,C9,C10 -
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4.2.2.3 Compound 4.5

A doublet at g 5.82 (J = 6.2 Hz) coupled to a doublet of doublets at 6y 5.62 (J = 6.2, 1.9 Hz)
in the '"H NMR spectrum (Figure 4.21) of compound 4.5, was the only major spin system (-
CH-CH-) differentiating the proton spectral data of compound 4.5 and compound 4.4.

M|

I T I T I T T T T T
584 | 582 580  ppm 5.64 5.62 ppm %

(HClL, N
CH,Cl,

e i Jll MJLJUML,_

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

2 E ERE R

Figure 4.21: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.5

With compound 4.5 deficient of a shielded methylene multiplet in the proton NMR
spectrum, and with the concurrent disappearance of a deshielded carbonyl correlation in the
HMBC spectrum, two deshielded carbon signals3 at oc 124.8 and o¢ 147.7 suggested the
presence of an olefin between C2 and C3 as opposed to a carbonyl at C3 as in compound 4.4.

Compound 4.5 was isolated previously from Laurencia flexuosa by Mann (2008).

15

? Determined via HMBC analysis
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4.5

Table 4.4: NMR spectroscopic data of compound 4.5

Carbon No ¢

dc mult &y, mult, J (Hz)

1 99.3
2 124.8
3 147.6
4 52.0
5 54.7
6 133.8
7 129.0
8 113.1
9 138.1
10 112.1
11 157.8
12 22.3
13 26.9
14 27.1
15 23.1

CH 5.28,d,1.8
CH 5.62,dd, 5.8, 1.8
CH 5.81,d,5.8

CH  7.24,s
C -

CH  6.66,s
C -

CH, 1335
CHy, 1.07,s
CH, 1.13,s
CH, 23l

* Deduced via HMBC NMR data
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4.2.2.4 Compounds 4.6 and 4.7

The rudimentary purification of compound 4.6 was achieved via HPLC however numerous
attempts at purifying compound 4.7 were unsuccessful as co-elution with compound 4.6,
which appeared to be an isomer of compound 4.7, kept occurring. Despite this the structure of

compound 4.7 was still resolved as a mixture with compound 4.6.

The 'H NMR spectra (Figures 4.22, 4.23) of compounds 4.6 and 4.7 closely resembled that of
compound 4.1 except for the withdrawal of the shielded methylene cluster between oy 2.5 -

3.0 and the emergence of extra deshielded signals within the region of ~ dy 4.2.

Of interest in the '"H NMR spectrum of compound 4.6 (Figure 4.22) was the distinct
enhancement in peak splitting of the coupled olefinic doublets at oy 5.92 (/= 5.5 Hz) and 6
6.13 (J = 5.5 Hz) vs. that of the broad signals seen earlier in compound 4.1 (Figure 4.4). The
'H NMR data of these isomers, particularly the additional resonances at ~ 3y 4.0, implied a

structure similar to that of compound 4.1 save for substitution of the methylene group at C2.

L T T T T T
6.2 6.1 6.0 ppm 4.50 ppm
CH,Cl,
OAc
[ I I I I I I I I I I I I I I I 1
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 ppm

2 B AR A

Figure 4.22: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.6
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63 6.2 6.1 6.0 5.9 ppm
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Figure 4.23: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.7 as a mixture with 4.6

Upon consideration of a carbon chemical shift at C2 of ~ d¢ 85, it was proposed that the
substituent was a hydroxyl moiety. Compound 4.7 is analogous to a hydroxy cuparane

isolated by Mann (2008) from L. flexuosa.

The HRESIMS spectrum (Figure 4.24) of compound 4.6 displayed the same molecular
formula (C15H1979Br02) as compound 4.7 with [M-OH] observed at m/z 293.0533 (calculated
for 293.0541). The same basic carbon skeleton was proposed in compound 4.6 to that of
compound 4.7 however, reasons as to the differences in proton and carbon spectral data in 4.6

vs. 4.7 at the positions marked below required further investigation.
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Figure 4.24: Expansion of the HRESIMS spectrum of compound 4.6

Careful analysis of NOESY NMR data for both compounds revealed evidence that compound

4.6 was a diastereomer of compound 4.7 at C1. This discernment came after clear NOESY

cross peaks were seen in compound 4.6 (Figure 4.25) from the hydroxy methine proton H2

(0n 4.50) to methyl singlets at H12 (84 1.38) and H13 (o 1.19).
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Figure 4.25: Partial NOESY
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This was contrary to compound 4.7 (Figure 4.26) wherein the hydroxy-methine at H2 (dyg
4.28) displayed a NOESY correlation only to the methyl singlet at H14 (6y 0.66) but not to
H12 (oy 1.49).

H2

JL -

00

L0.5

Hl4 i
jl.O

HI2 1S

2.0

2.5

T T T T T T
4.45 4.40 4.35 4.30 4.25 4.20 ppm

Figure 4.26: Partial NOESY spectrum of compound 4.7 showing key correlations

Compound 4.6 Compound 4.7

Figure 4.27: Key NOESY correlations in compounds 4.6 and 4.7
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Compounds 4.1, 4.4, 4.5 and 4.6 appear to be part of a proposed biosynthetic series (Figure
4.28) with compound 4.1 serving as a plausible precursor. Conversely, the removal of water

on the five membered ring of 4.6 could give rise to 4.1.

@)
AN
O 0, 200, AN, AN
OH [0] OH +H*-H* OH —» Q ﬁ)
Br I Br I Br I
Br Br
4.1 4.6

4.5 4.4

Figure 4.28: Proposed biosynthetic pathway of compounds 4.1, 4.4, 4.5 and 4.6
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4.6

Table 4.5: NMR spectroscopic data of compounds 4.6 and 4.7

Compound 4.6 Compound 4.7
Carbon No ¢ mult Oc Oy, mult, J(Hz) NOESY Oc Oy, mult, J(Hz) NOESY
1 C 55.2 - - 560 - -
2 CH 85.3 4.50,d,7.4 H12, H13 856 4.28,brs H14
3 CH 131.8 5.92,4d,5.5 H4 131.0 6.02,d,5.5 H4
4 CH 1414  6.13,d,5.5 H3 1446 6.33,d,5.5 H3
5 C 48.9 - - 471 - -
6 C 128.7 - - 129.7 - -
7 CH 1322 7.27,s H12 132.1 7.26,s H12
8 C 1155 - - 1151 - -
9 C 1373 - - 137.0 - -
10 CH 119.7  6.64,s H15 119.0 6.62,s
11 C 1540 - - 153.8 - -
12 CH;, 23.4 1.38, s H2,H7,H13 264 1.49,s H7, H13
13 CH; 23.4 1.19,brs H2,H12,H14 18.8 1.22,s H12, H14
14 CH;, 20.3 0.66, s H13 27.1  0.66,s H2, H13
15 CH; 222 2.30, s H10 223 2.29,s H10
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4.2.2.5 Compound 4.8

The 'H NMR spectrum of compound 4.8 (Figure 4.29) indicated a similar chamigrane
skeleton to that observed in compound 3.1 in chapter 3. Terpenoid shielded methyl moieties
were apparent between oy 1.0 and oy 2.0 together with a cluster of methylene signals between
Oy 2.0-2.8. Curiously, an additional methine signal was observed in the range dy 3.7-5.0
suggesting that there was further substitution on the chamigrane skeleton of compound 4.8

versus compound 3.1.

U N i

T T T T

EtQAc

R, | L

Y S TP

3.5 3.0 2.5 2.0 1.5 ppm
Figure 4.29: '"H NMR spectrum (CDCls, 600 MHz) of compound 4.8

4.5

B W Hiee BB

g

Upon the analysis of 2D NMR data of compound 4.8 clear similarities to compound 3.1 were
noted, however, COSY and HMBC experiments in particular revealed the presence of a
methine moiety at C9 in compound 4.8 vs. a methylene function in 3.1. A carbon chemical
shift of 6¢ 70.7 at C9 in compound 4.8 strongly supported the possibility of the substituent
being a hydroxyl group.

The stereochemistry at C9 and C10 was assigned as in compound 3.17 based on a coupling
constant of (J = 9.1 Hz) suggesting a trans-axial arrangement for the methine protons H9 and
HI10. A coupling constant of (J = 2.8 Hz) at H9 allowed the assignment of the relative
configuration at C7/C8. Elsworth and Thomson (1989) report the isolation of compound 4.8

from Laurencia glomerata.
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Table 4.6: NMR spectroscopic data of compound 4.8

Carbon No ¢

dc mult 6y, mult, J (Hz)

1
2a
2b

Sa
5b

10
11
12
13
14
15

25.4

40.0

70.5
61.9

38.8

44.5
64.8
65.2
70.7
69.9
429
28.5
20.0
25.5
24.0

CH,

CH,

C
CH

CH,

CH
CH
CH

CH;
CH;
CH;
CH;

2.06, dt, 14.6, 5.9
2.37,ddd, 14.6,5.9, 2.1
2.46,dd, 14.6,5.9
4.81,dd, 13.3,5.4
2.18, m

2.53, m

3.04, s
4.23,dd,9.1,2.8
3.96,d,9.1
1.16, s

1.16, s

1.52,s

1.74, s
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4.2.2.6 Re-isolation of compound 3.1

Compound JF13(2)-810, purified from L. cf. corymbosa was identified as the crystalline
epoxy chamigrane, compound 3.1, as previously isolated from Laurencia glomerata in

chapter 3.

Compound 3.1 L.glomerata

J“lt |8 UMMJLLMM W% ) U

JF13(2)-810 L. cf. corymbosa

I W

T T T
4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

T
5.5

Figure 4.30: '"H NMR spectra (CDCls, 600 MHz) of compounds 3.1 and JF13(2)-810
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4.2.2.7 Re-isolation of compound 3.7

Additionally, compound JF13(2)-79P was identical to the previously isolated compound, 3.7

from Laurencia glomerata.

15 //

3.7

L

1
m

Compound 3.7 L. glomerata u
N M M t\ﬂ w o -
JF13(2)-79P L. cf. corymbosa wJ}LL MLHL
T
. . . . . . 2.0 PP

1 1
1.5 1.0

Figure 4.31: "H NMR spectra (CDCls, 600 MHz) of compounds 3.7 and JF13(2)-79P
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4.3 Experimental

4.3.1 General experimental
As per section 3.3.1 in chapter 3, page 54.
4.3.2 Mass spectrometry

4.3.2.1 HRGCEIMS (High resolution gas chromatography electron impact mass

spectrometry)

HRGCEIMS spectra were obtained from the Central Analytical Facility, University of

Stellenbosch using a Waters® GCT spectrometer. The parameters used are as listed below.

Instrument: Waters® GCT
Column: HP5 (30 m, 0.25 mm ID, 0.25 um film thickness)

Instrument settings

Injector temperature : 280 °C

Injection volume clpul
Injection mode : Split
Split ratio 0 10:1
Carrier gas : Helium
Flow rate : 1 ml/min
MS mode : El+

Scanning mass range : 35 to 650 m/z
Scan time :0.15 min

Inter-scan delay :0.05 min

Oven temperature program:

Oven Ramp  °C/min Temp (°C)  Hold (min)
Initial 100 1
Ramp 1 15 280 5

4.3.2.2 HRESIMS (High resolution electron spray ionisation mass spectrometry)

HRESIMS spectra were also obtained from the Central Analytical Facility, University of
Stellenbosch using a Waters® Synapt G2 spectrometer. The ionisation source varied between
ESI+ and ESI- depending on the compound analysed, with a cone voltage of 15V. The lock
mass was set with Leucine enkephalin. Sample introduction: ESI probe into a stream of

MeOH.
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4.3.3 Plant material (L.cf. corymbosa, NDK130821-11)

L. cf. corymbosa was collected by hand at Noordhoek beach in the southern coastal region of
South Africa in August 2013. A voucher specimen is kept in the seaweed sample repository
at the School of Pharmacy, University of the Western Cape. Identification of the alga was
done by Professor John Bolton with the Department of Biological Sciences at the University

of Cape Town, South Africa.

4.3.4 Extraction and isolation of metabolites

The same extraction procedure was employed as in section 3.3.3, chapter 3, page 54 (dry

mass 28.7 g, crude extract 1.17 g, 3.9% yield).

Purification of step gradient fractions A, B and D via column chromatography and or normal
phase HPLC resulted in the isolation of compounds 3.1 (8 mg, 0.027%), 3.7 (14.1 mg,
0.047%), 4.1 (14.5 mg, 0.049%), 4.4 (19.8 mg, 0.066%), 4.5 (3 mg, 0.010%), 4.6 (4 mg,
0.013%) 4.7 (6 mg, 0.020%) 4.8 (2 mg, 0.007%).

4.3.5 Compounds isolated
4.3.5.1 Compound 3.1 (JF13(2)-810) As per chapter 3, page 55.
4.3.5.2 Compound 3.7 (JF13(2)-79P) As per chapter 3, page 56.

4.3.5.3 Compound 4.1 (JF13(2)-81))

4-bromo-5-methyl-2-(1,2,2-trimethylcyclopent-3-en-1-yl)phenol (4.1): Clear oil; [a],” +93.2°
(c = 0.005, MeOH); 'H and °C NMR (CDCls) data available in Table 4.1; IR Vmax 3397;
2916;1375 cm'l; HRGCEIMS m/z 294.0620 (Calculated for 294.0619); C, 5H1979Br0.
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4.3.5.4 Compound 4.3 (JF13(2)-14A)
Acetylation of compound 4.1 to produce 4.3

Compound 4.1 (4 mg) was weighed out and placed in a round bottomed flask with 10 drops
of pyridine and 20 drops of acetic anhydride. The reaction mixture was left to stir overnight
at ambient temperature after which HCI (1M, 12 mL) was used to acidify the mixture. EtOAc
(3x10 mL) was used to extract the resultant product after which semi-preparative TLC was

used (4:6 hex:EtOAc) to obtain the acetate derivative, compound 4.3.

4-bromo-5-methyl-2-(1,2,2-trimethylcyclopent-3-en-1-yl)phenyl acetate (4.3): White solid;
[a],” +61.2° (¢ = 0.002, MeOH); 'H and °C NMR (CDCls) data available in Table 4.2; IR
Vimax 3402; 2962; 2921; 1742 cm™'; HRESIMS, [M+H]" at m/z 337.0789 (calculated for
337.0803); C17H,, BrO,.

4.3.5.5 Compound 4.4 (JF13(2)-81N)

4.4

(3aS* 8bR*)-7-bromo-1,1,6,8b-tetramethyl-1,3,3a,8b- tetrahydro- 2H -benzo [b] cyclopenta
[d] furan-2-one (4.4): White crystals; [a] > -86.5° (¢ = 0.008, MeOH); 'H and "*C NMR
(CDCl5) data available in Table 4.3; IR Vinax 2972, 1742, 1471, 1392 cm™; HRGCEIMS m/z
308.0356 (Calculated for 308.0412); C,sH,;" BrO..
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4.3.5.6 Compound 4.5 (JF14-30F4)

7- bromo- 1, 1, 6, 8b-tetramethyl-3a, 8b- dihydro- 1H- benzo [b] cyclopenta [d] furan (4.5):
Colourless oil; 'H and '>C NMR (CDCl3) data available in Table 4.4. As previously reported
by Mann (2008).

4.3.5.7 Compound 4.6 (JF14-30F6)

4.6

4-bromo-2-[(1S*,58*)-5 -hydroxy-1,2,2-trimethylcyclopent-3-en-1-yl]- 5 -methylphenol
(4.6)’: Clear oil; 'H and °C NMR (CDCls) data available in Table 4.5; IR Vinax 3296; 2962;
2151; 1390 cm'l; HRESIMS [M-OH] at m/z 293.0533 (calculated for 293.0541);
CisH19"’BrO,.

4.3.5.8 Compound 4.7 (JF14-30F13)

8 -bromo -6-[(1R* 55%)-2-hydroxy-1,5,5-trimethylcyclopent-3-en-1-yl]-9-methylphenol (4.7):
Colourless oil; 'H and '*C NMR (CDCl;) data available in Table 4.5. As previously reported
by Mann (2008).

* Insufficient viable material for assessment of optical rotation
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4.3.5.9 Compound 4.8 (JF14-30F14)

3-chloro-9-hydroxy, 4, 10 dibromo-7,8 epoxychamigrane OR (1S*4S%*55%6R*)-3'4-
dibromo-4'-chloro-1,3,3,4'-tetramethyl-7-oxaspiro [ bicyclo [4.1.0]heptane-2,1'-cyclohexan]-
5-0l (4.8): White crystals; 'H and *C NMR (CDCls) data available in Table 4.6. As
previously reported by Elsworth and Thomson (1989).
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Chapter 5

Secondary metabolites from Laurencia natalensis

Abstract

This chapter reports the first investigation into the natural product chemistry of Laurencia
natalensis, affording 5.9 (algoane), exclusively isolated from the sea-hare Aplysia
dactylomela. An isomer of acetoxyintricatol, 5.14, including the known chamigrane 5.8
(nidificene) were also isolated among two other known precursor type molecules, compounds

5.1 known as (E)-y-bisabolene (precursor to chamigrane type compounds) and 5.5 known as

cis-laurencenyne (precursor to C;s acetogenins).
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Chapter 5
Secondary metabolites from Laurencia natalensis
5.1 Introduction

Laurencia natalensis is distributed along the south and east coast of South Africa and is
readily distinguishable due to its characteristic orange tinged branch tips (apices) (Stegenga et
al., 1997). The plants usually grow 6-8 cm high and are found predominantly on sand
covered rocks in temperate inter-tidal waters. The cortical cells show one corps en cerise per
cell and the plants of this species are much narrower than most other Laurencia spp. (Francis,

2014).

Figure 5.1: Laurencia natalensis' (Caitlynne Francis ©2014)

A) Habit.

B) Branching pattern subopposite to subverticillate (8x). Scale bar: 1cm = 200um

C) Transverse section through thallus showing outermost cortical and cortical cells (40x).
D) Outermost cortical cells showing one corps en cerise per cell (40x).

E) Trichoblasts with one corps en cerise per cell (20x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa

96



Chapter 5 Secondary metabolites from Laurencia natalensis

5.2 Results and Discussion

5.2.1 Extraction and isolation of metabolites from L. natalensis (KOS110201-1, Kenton-

on-Sea)

The extraction and fractionation procedure was the same as that described in section 3.2.1
(chapter 3, page 54). As shown in the isolation scheme (Scheme 5.1), only fractions A, B and
C from the step gradient column were further fractionated. These fractions displayed
interesting "H NMR resonances (Figure 5.2) and were further purified via a combination of
normal phase HPLC and silica gel chromatography to yield compounds 5.1, 5.5, 5.8, 5.9 and
5.14.

Compounds 5.9 and 5.14 were purified by preferential solubility wherein addition of 9:1
hex:EtOAc to fraction C precipitated out a crystalline mass which contained two components
when analysed by "H NMR spectroscopy. Continual addition of 9:1 hex:EtOAc to the crystal

precipitate allowed for the effective separation of the two components.
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CH,Cl, -MeOH
extraction

Crude organic

extract
(1.53 g)
Step gradient column
chromatography
Fraction A B (€ D E F G H
Hexane:EtOAc 10:0 9:1 8:2 6:4 4:6 2:8 0:10 eomoac
Weight (mg) (54) (66) (117) (26) (16) (4) (1) (55)
i |
| | Vi
JF13-55D JF13-55E JF13-55W s
8mg 17mg 16mg 11
I I
. JF13-56B JF13-56C JF13-56D JF13-56
Il 5mg 18mg 13mg 2mg
JF13-70E JF13-70H
4mg 4mg
\"
iv I I

JF13-85) JF13-85K  JF13-85L

JF13-73C  JF13-73D  JF13-73E JF13-73F JF13-73G JF13-73H
4mg 5mg 3mg 5mg 2mg 1mg

Scheme 5.1: Isolation scheme of metabolites from L. natalensis (KOS110201-1)

Conditions: i) Silica gel column chromatography (19:1 hex:EtOAc); ii) Normal phase HPLC (100% hexane); iii) Silica
gel column chromatography (9:1 hex:EtOAc); iv) Normal phase HPLC (9:1 hex:EtOAc); v) Normal phase HPLC (19:1
hex:EtOAc); vi) Preferential solubility (9:1 hex:EtOAc)
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H: 1:1 MeOH:EtOAc

G: 100% EtOAc

F: 2:8 hj.EtOAc 'y wwuﬁ‘m

E: 4:6 hex:EtOAc

D: 6:4 hex:EtOAc ‘

C: 8:2 hex:EtOAc

L
Jl:'» h‘\ . [}I‘ ,,M\ l | ,A‘L A .I\ Hl\ . .J‘ﬂQM ’M»thh,ﬂ‘ “( "‘k i ‘”\‘”“ W 'W. o Lg

B: 9:1 hex:EtOAc

A: 100% hex

Crude

T
9.5 9.0 8.5 8.0 7.5 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 0.5 pp

Figure 5.2: '"H NMR spectra (CDCls, 600 MHz) of the crude organic extract of L. natalensis
(KOS110201-1) and step gradient column fractions A-H
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5.2.2 Structure elucidation of metabolites
5.2.2.1 Compound 5.1

Compound 5.1 displayed an interesting '"H NMR spectrum (Figure 5.3) in that only two
deshielded olefinic moieties were witnessed between oy 5.0-5.5 amongst a multitude of
shielded signals between (dy 1.99-2.32). A cluster of four methyl singlets were observed in

the region between 6y 1.60-1.80.

o N b i va

T T T T T T T T T
55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm

=N (=3
) <
= —

Figure 5.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 5.1

The examination of the *C NMR spectrum (Figure 5.4) of compound 5.1 together with
edited HSQC data revealed the presence of four quaternary carbons at (d¢ 125.9, 128.4, 131.5
and 134.3) including two olefinic, protonated carbons at 6¢ 120.8 and d¢ 124.5.

O O
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CDCl,

[T H I L L I L L I H IR R I
140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppm
. 13
Figure 5.4: "C NMR spectrum (CDCls, 150 MHz) of compound 5.1
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Compound 5.1 was identified as (E)-y-bisabolene, a monocyclic, sesquiterpene thought to be
a major biosynthetic intermediate in the production of various C;s secondary metabolites

(Butler and Carter-Franklin, 2004).

e > NN >

5.1 5.2 5.3
(E)-y-bisabolene a-bisabolene [-bisabolene

Although identified frequently as a component of essential oils in various plants (Minyard et
al., 1966), there are no documented reports of the isolation of (E)-y-bisabolene from marine

algae in its unsubstituted form.

To the best of our knowledge this is the first documented isolation of (E)-y-bisabolene from
seaweed viz. Laurencia natalensis. However, Kurosawa et al., (1980) stated that D. J.
Faulkner, in a personal communication, described the isolation of (E)-y-bisabolene from a

sample of Laurencia pacifica.

Faulkner and Wolinsky (1975) reported the synthesis of (E)-y-bisabolene, presenting NMR
data in CCls. Negishi et al., (2001) presented NMR data for (E)-y-bisabolene for CDCl;

proving useful in the confirmation of the structure of 5.1.

The assignment of the geometry of compound 5.1 as (E)-y-bisabolene was deduced by

comparison of the NMR data of the two isomers presented by Negishi et al., (2001).

51 54
(E)-y-bisabolene (Z)-y-bisabolene
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14

157 7

5.1

Table 5.1: NMR spectroscopic data of compound 5.1

Carbon No dc¢ Sc mult 6y mult, J (Hz)

1 1284 C -

2 26.6 CH, 2.32,1,6.4
3 31.8 CH, 1.99, m

4 1343 C -

5 1208 CH 5.37, m

6 29.7  CH, 272, m

7 1259 C -

8 34.2 CH, 2.07, m

9 27.3 CH, 2.02, m
10 1245 CH 5.14,t,6.4
11 1315 C -

12 258  CH, 1.68, s

13 176  CH; 1.60, s

14 234  CH; 1.66, s

15 18.4 CH; 1.66, s
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5.2.2.2 Compound 5.5

Compound 5.5 was isolated as a colourless oil. Analogous to compound 3.7 (Figure 3.23,
page 51), the "H NMR spectrum (Figure 5.5) of compound 5.5 showed a complex cluster of
unsaturated methine signals between 6 5.0 and ¢ 6.0 indicating the presence of several olefin
functionalities. An ethyl moiety (—-CH,—CHj3) was deduced from a triplet signal at oy 0.97 (t,
J =7.6 Hz) coupled to a methylene signal at 6y 2.08 (quin, J = 7.4 Hz).

H)O
AR RAAARARR AARRAN
1.0 ppm
I I I I I I I I I I I
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm
. - 2 2
— ~ S < o -
Figure 5.5: '"H NMR spectrum (CDCls, 600 MHz) of compound 5.5
w  88LRES 2 oq cQmn g
¢ daskss g =g R s o
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\
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150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 5.6: °C NMR spectrum (CDCls, 150 MHz) of compound 5.5
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The ">C NMR spectrum of compound 5.5 (Figure 5.6), in combination with the DEPT-135
spectrum, showed 15 signals which included resonances characteristic of a terminal alkenyne
system (¢ 143.6, 108.3, 81.8 and 80.2) in addition to signals of a further three double bonds
(0c 132.1, 129.6, 128.7, 127.7, 127.0, 126.0).

Compound 5.5 was identified as cis-laurencenyne by comparison of spectroscopic data with
literature values. This linear C;s acetogenin with a terminal alkyne moiety was previously
isolated by Kigoshi et al., (1981) from Laurencia okamurai. A total synthesis of compound

5.5 was achieved by Skattebgl et al., (2001) using eicosa-5,8,11,14,17-pentaenoic acid.

The orientation of the terminal alkyne about A>* was determined similarly to 3.7. A carbon
chemical shift of d¢ 80.2 at the quaternary carbon (C2) is consistent with a cis-alkenyne

moiety (Kigoshi et al., 1982).

Fukuzawa et al., (1993) show the isolation of a diacetate derivative of compound 5.5 about
positions C6 and C7 shown below as compound 5.6. This acetylated compound is a
derivative of compound 5.7 known as laurediol, isolated from Laurencia nipponica by

Kurosawa et al., (1972).

Ml —"N\= /

AcO OAc

5.6

Vi

15
HO OH

5.7
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1

Vi

5.5

Table 5.2: NMR spectroscopic data of compound 5.5

Carbon No dc¢ dc mult oy mult, J (Hz)
1 81.8 CH 312, m
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 5.43, m
7 128.7 CH 538, m
8 25.7 CH, 2.88, m
9 127.7 CH 5.38, m
10 127.0 CH 532, 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, quin, 7.4
15 14.3 CH; 0.97,t,7.6

% Similar difficulties assigning multiplicity of "H NMR signals were experienced as previously observed in compound 3.7. Again this is due
to the multitude of several magnetically equivalent protons within compound 5.5
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5.2.2.3 Compound 5.8

The most interesting features in the "H NMR spectrum (Figure 5.7) of compound 5.8 were a
pair of halo-methine double doublets at dy 4.44 (dd, J = 12.8, 4.6 Hz) and oy 4.72 (dd, J =
12.9, 4.8 Hz), as well as a methylidene singlets at 6y 4.87 and dy 5.26. A total of three methyl
proton signals within the region dy 0.96-1.70 were also noted amongst a multitude of

methylene resonances between oy 1.5-2.5.

W W

4“75 | ppm 4.‘45 ppn‘l
imp
g M u
- LJ L
\ \ \ \ \ \ \ \
5.0 4.5 4.0 35 3.0 2.5 1.5 ppm

s Tu N

Figure 5.7: '"H NMR spectrum (CDCls, 600 MHz) of compound 5.8

AR

The “C NMR spectrum (Figure 5.8) together with the HSQC and HMBC spectra of
compound 5.8 allowed for the identification of four quaternary, two methine, six methylene

and three methyl signals.
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Figure 5.8: °C NMR spectrum (CDCls, 150 MHz) of compound 5.8
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The NMR spectral data of compound 5.8 was in accordance with that of nidificene, isolated

initially from Laurencia nidifica by Waraszkiewicz and Erickson (1974).
Compound 5.8 is isomeric to compound 3.9, isolated from Laurencia glomerata.

15 15

1 1
Br Cl Br Cl

3.9 5.8

NOESY assessments of compound 5.8 confirmed a relative configuration as shown in (Figure
5.9). An equatorial bromine at C4 was assigned as unambiguous coupling constants at H4 6y

4.72 (dd, J = 12.8, 4.6 Hz) suggested a trans-axial arrangement between H4 and H5a.

A similar equatorial configuration of the bromine atom at C10 was assigned as at C4 based
on analogous >J coupling constants shown by H10 8y 4.44 (dd, J = 12.9, 4.8 Hz) to the

neighbouring axial proton H9a.

Figure 5.9: Key NOESY correlations in compound 5.8

107



Chapter 5 Secondary metabolites from Laurencia natalensis

Table 5.3: NMR spectroscopic data of compound 5.8

Carbon No ¢ 6c mult 6y, mult, J (Hz)
la 1.73, m
25.5 CH,
1b 1.97, m
2a 2.14, m
38.6 CH,
2b 1.94, m
71.8 C -
4 61.3 CH 4.72,dd, 12.8, 4.6
5a 2.14, m
38.7 CH,
5b 2.45, m
6 50.4° C -
7 145.6 C -
8a 2.16, m
33.5 CH,
8b 231, m
9a 2.03, m
35.8 CH,
9b 2.26, m
10 63.6 CH 4.44,dd, 12.9, 4.8
11 43.8 C -
12 17.5 CH; 0.96, s
13 23.6 CH; 1.15,s
14a 4.87,s
114.8 CH,
14b 5.26, s
15 24.2 CH; 1.70, s

* Deduced via HMBC NMR data
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5.2.2.4 Compound 5.14

Compound 5.14 was isolated as a white crystalline solid. The "H NMR spectrum (Figure
5.10) reflected a broad methine singlet at dy 5.02 and a methine double doublet at oy 4.83
(dd, J = 12.8, 4.43 Hz).

Two sets of methylene resonances were observed at oy 2.52 (t, J = 13.1 Hz); 6y 2.28 (d, J =
13.1 Hz), and oy 2.77 (dd, J = 14.9, 3.0 Hz); 6y 2.62 (dd, J = 14.9, 2.9 Hz). Furthermore, five
methyl singlet resonances (6y 0.92, 1.11, 1.23, 1.76 and 2.08) immediately suggested a

sesquiterpene type structure for compound 5.14.

JUC bl

4. 86 4. 84 4. 82 ppm 4. 34 4. 32 4. 30 ppm 2. 75 2. 70 2. 65
T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
< < < SIS ) < < N -
— — — — || — o o o o o o

Figure 5.10: '"H NMR spectrum (CDCls, 600 MHz) of compound 5.14

The *C NMR spectrum (Figure 5.11) of 5.14 showed only one unsaturated carbon signal at
d¢ 169.0 distinctive of an ester moiety and confirmed by the IR spectrum of compound 5.14

(Figure 5.15) with a carbonyl stretch at 1723 cm™.

The IR spectrum (Figure 5.12) was also key in indentifying a broad hydroxy stretch at 3514
cm” implying that compound 5.14 possessed a hydroxyl substituent.

A further five methyls (8¢ 21.3, 21.5, 22.5, 22.5 and 27.4), four methylenes (d¢ 30.6, 32.4,
40.2 and 42.0), three methines (3¢ 59.6, 63.3 and 74.3) and four quaternary carbons (o¢ 47.7,
50.7, 69.6 and 78.2) were deduced from *C NMR and HSQC data.
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Figure 5.11: °C NMR spectrum (CDCls, 150 MHz) of compound 5.14
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Figure 5.12: IR spectrum of compound 5.14

With the spectroscopic data above considered, compound 5.14 belonged to the chamigrane

class of sesquiterpenes.
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The HRESIMS of compound 5.14 (Figure 5.13) provided a molecular ion cluster [M+C1]* at
m/z 506.9704 (calculated for 506.9704), 508.9862, 510.9669 and 512.9618 indicative of a
molecular formula of C17H2779Br235C1203. The isotopic abundance pattern was

complementary of a BrCl, halogenated system (Appendix 4).

MS_Direct_120420_47 37 (0.179) Cm (37:40-13:17) 1: TOF MSES-
1.23e4

100, 508.9682 > soseen2 soss<——  51(). 0669

o 506.9704 512.9618

sssssss

uuuuuuu

Figure 5.13: Expansion of the HRESIMS spectrum of compound 5.14

A calculated three degrees of unsaturation confirmed compound 5.14 to be a stereoisomer at
position C1 to acetoxyintricatol, a hydroxy-acetyl chamigrane previously isolated by
McMillan et al., (1974) from Laurencia implicata. A detailed account of the NMR data for
compound 5.14 is presented for the first time (Table 5.4).

Having analysed the NOESY spectrum of compound 5.14 the relative configuration was
assigned as shown in (Figure 5.14). The acetoxy group must be in the axial position as
opposed to the isomer, acetoxyintricatol, reported by McMillan et al., (1974), based on the
chemical shift at HI and coupling constants at H2, additionally confirmed by NOESY NMR
correlations from H1 to both H2a and H2b. The relative configuration at C7 was assigned as
being isomeric to acetoxyintricatol after considering strong NOESY correlations from H14 to
H10 and H1. The bromo substituent at C4 was assigned as being equatorial after considering
the vicinal coupling constants of H4 (dd, J = 13.0, 4.4 Hz) and HS5 (t, J = 13.0 Hz).
Furthermore H4, which is axial, also showed NOESY correlations to the axial proton H2b (oy4

2.77).

4 Dias and Urban (2011) also show the addition of ClI to a sesquiterpene when using HRESIMS (negative)
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Figure 5.14: Key NOESY correlations in compound 5.14
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5.14

Table 5.4: NMR spectroscopic data of compound 5.14

CarbonNo 0c  Ocmult oy mult,J (Hz) COSY HMBC NOESY
1 743 CH 5.02,brs H5 C6 H2a, H2b, H13, H14
2a 2.62,dd, 14.9,3.0 - Cl -
420 CH,
2b 2.77,dd, 14.9,3.0 - - H4, H14
3 69.6 C - - - -
4 59.6 CH 4.83,dd,13.0,44 H2  C5 H2b
5a 2.52,t,13.0 - c3 H15
402 CH,
5b 2.27,d, 13.0 - - -
6 507 C - - ] ]
7 782 C - ; ] ]
8a 2.34, m HO - HO
324 CH,
8b 1.35,m - C6 -
9% 234, m - C8,C10 -
30.6 CH,
9b 2.02, m - - -
10 633 CH 431,1,9.5 HO (9 H13
11 477 C - - - -
12 225 CH;, 1.23, s - C6,C10,C11,C13 -
13 213  CH;, 0.92, s - c12 H5, H10
14 225 CH; L1L,s - C7,C8 H1, H10
15 274 CH, 175, - C2,C3, C4 H2a, H5a
16 169.0 OCOCH; - - - -
17 21.5 OCOCH; 2.08,s H8  Cl6 -
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Sis

5.2.2.5 Compound 5.9

Compound 5.9 was isolated as needle like crystals by a purification process involvi

ng

preferential solubility. The 'H NMR spectrum (Figure 5.15) of compound 5.9 displayed a

series of methine resonances including a triplet corresponding to a bromo-methine at oy 4.

13

(J/ = 9.3 Hz), an oxy-methine double doublet at oy 4.22 (J = 7.9, 2.9 Hz) and an oxy-methine

doublet at dy 5.07 (J = 2.3 Hz).

A total of five methyl singlets were identified between oy 0.92 and oy 2.07. A broad D,O

exchangeable hydroxyl resonance was noticed at oy 5.82.
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Figure 5.15: '"H NMR spectrum (CDCls, 600 MHz) of compound 5.9
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Figure 5.16: BC NMR spectrum (CDCl3, 150 MHz) of compound 5.9
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Compound 5.9 possessed an acetate moiety after a carbonyl signal at o¢ 168.8 was deduced
from the '*C NMR (Figure 5.16) and HMBC spectra. This was confirmed by a C=O stretch in
the IR spectrum of compound 5.9 at 1714 cm’™.

HRESIMS was critical in confirming the molecular formula of compound 5.9 as
Ci7H27"Br,C10, with a molecular ion signal [M+H]" observed at m/z 489.0039 (calculated
for 489.0043). Isotopic signals were also observed at m/z 491.0012, 492.9994 and 495.4417
typical of a Br,Cl halogenated system (Appendix 4).

2 Elemental Composition

File Edt Yiew Process Help
ol se@ & Mo X
Single Mass Analysis ~
Tolerance =100.0 PRM ¢ DBE: min = -1.5, max = 100.0
Element prediction: Off
Nurber of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
2201 formulaie) evaluated with 267 results within limits (all results (up to 1000} for each mass)
Elements Used v
[ ass [ Calc.Mass | mDa | PPM | DBE_| Formula [iFrr [FThorm [ Ftconfo | € | H | M [ o] 5 c[6r] ~
489.0039 469,0039 0.0 00 135 €22 HI9 Nz 02 5 Cl B 94,2 6.081 0.23 2 18 oz 2z 1 1 1
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| 06 25  Ci7 Hze 04 Cl Brz 52,7 4,630 0,56 728 4+ T
489.0033 [ 1z 4.5 Cl4 H23 N4 04 52 C Br 92.9 . 0.77 14 23 4 4 2 1 1
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Figure 5.17: Expanded HRESIMS spectrum of compound 5.9

Since the calculated double bond equivalent of three was already less one due to the carbonyl

component, compound 5.9 must contain two cyclic entities.

HMBC data proved paramount in revealing that compound 5.9 adopted a peculiar carbon
skeleton mimicking a saturated cuparane which contains cyclopentanyl and cyclohexanyl

rings as opposed to the expected spiro-fused chamigrane sesquiterpene entity.

Compound 5.9 was accurately assigned as algoane. This sesquiterpene with an unprecedented
carbon skeleton was isolated from the digestive glands of the sea-hare Aplysia dactylomela

by McPhail e al., (1999) who also report its crystal structure.
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This marks the first isolation of algoane from a seaweed and hence a prudent postulation of
the herbivorous nature of the sea-hare on the alga can be made. Compounds 5.10 and 5.11
were also isolated from the same sea-hare by McPhail et al., (1999). Ji et al., (2012) isolated
a similar carbon skeleton from Laurencia okamurai (compound 5.12) while Hegazy et al.,

(2014) show compound 5.13 from Aplysia oculifera, an Egyptian sea-hare.

15 15
12 12
Br,,. Cl Br Cl
10 7 OH Br 10 7 on Br
OH
5.9 5.10 5.11
15 15
12 1 12
Br Cl Br Br
10 7 OH 10 7 on Cl
OH
5.12 5.13
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Table 5.5: NMR spectroscopic data of compound 5.9

Carbon No ¢ Sc mult 6y, mult, J (Hz)

1 74.2 C 5.07,d, 2.6

2a 2.57,dd, 149, 2.6
41.4 CH,

2b 2.83,dd, 149,2.6

3 69.9 C -

4 60.7 CH 4.99,dd, 13.04.3

Sa 241, m
41.3 CH,

5b 2.66,t,13.0

6 78.9 C -

7 52.6 C -

8 81.7 CH 4.22,dd,9.1, 3.0

9a 2.13,d, 9.1, 3.0
44.1 CH,

9b 2.95, pent, 8.9

10 60.9 CH 4.13,t, 8.9

11 47.1 C -

12 22.1 CH; 0.92,s

13 23.5 CH; 1.44, s

14 20.3 CH; 0.99, s

15 27.5 CH; 1.76, s

OCOCH; 168.8 C -
OCOCH; 215 CH; 2.07,s
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5.3 Experimental

5.3.1 General experimental

As per section 3.3.1 in chapter 3, page 54.

5.3.2 Mass spectrometry

HRESIMS as per section 4.3.2.2 in chapter 4, page 90.
5.3.3 Plant material (L. natalensis, KOS110201-1)

L. natalensis was collected by hand at Kenton-on-Sea in the south coast of South Africa in
February 2011. A voucher specimen has been stowed away in the seaweed sample repository
at the School of Pharmacy, University of the Western Cape. Identification of the alga was
done by Professor John Bolton with the Department of Biological Sciences at the University

of Cape Town, South Africa.
5.3.4 Extraction an isolation of metabolites

Same extraction procedure as discussed in section 3.3.3, chapter 3, page 54 (dry mass 26.4 g,

crude extract 1.53 g, 5.5% yield).

Normal phase HPLC and silica gel column chromatography were imperative in the
purification in the purification of step gradient column fractions A and B to yield compounds

5.1 (2.0 mg, 0.072%), 5.5 (1.9 mg, 0.068%) and 5.8 (1.6 mg, 0.057%).

Fraction C showed an interesting crystal precipitate when 1.5 mL of 9:1 hex:EtOAc was
added to it. The dissolved solutes were pipetted off leaving the crystalline material behind.
After "H NMR analysis it was evident that the material consisted of two major components.
Further washes of the crystalline material with 0.5 mL aliquots of 9:1 hex:EtOAc resulted in

the purification of compounds 5.9 (9.8 mg, 0.360%) and 5.14 (6.5 mg, 0.230%).
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5.3.5 Compounds isolated
5.3.5.1 Compound 5.1 (JF13-70D)

14

5.1

(E)-y-bisabolene OR (4Z)-1-methyl-4-(6-methylhept-5-en-2-ylidene)cyclohexane (5.1): Clear
oil; 'H and >C NMR (CDCl;) data available in Table 5.1. As previously synthesised by
Faulkner and Wolinsky (1975) and Anastasia et al., (2001).

5.3.5.2 Compound 5.5 (JF13-85F)

Vi

5.5

Cis-laurencenyne OR (3Z,6Z,9Z,127)-pentadeca-3,6,9, 12-tetraen-1-yne (5.5): Colourless oil;
'H and °C NMR data available in Table 5.2. As previously reported by Kigoshi et al.,
(1981).

5.3.5.3 Compound 5.8 (JF13-85(1))

Nidificene OR 3-chloro-4, 10 dibromo-7-methylidene-chamigrane (5.8): Colourless oil; 'H
and °C NMR data available in Table 5.3. As previously reported by Waraszkiewicz et al.,
(1974).
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5.3.5.4 Compound 5.9 (JF13-57E)

Algoane (5.9): White needle like crystals; 'H and '*C NMR data available in Table 5.5. As
previously reported by McPhail et al., (1999).

5.3.5.5 Compound 5.14 (JF13-57E3)

(8R*,115%)- 4,8 -dibromo -3- chloro- 11 -hydroxy-3, 7,7, 11-tetramethylspiro[5.5Jundec-1-yl
acetate (5.14): White plate like crystals; [a],” +97.6 (¢ = 0.003, MeOH); .'H and °C NMR
data available in Table 5.4; IR Viae 3513; 2971; 1723 ; 1371; 1229 cm™'; HRESIMS [M+Cl]
at m/z 506.9704 (calculated for 506.9704); Ci7H,; " Br’CLOs5
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5.4 References

Butler, A.; Carter-Franklin, J. N. The role of vanadium bromoperoxidase in the biosynthesis

of halogenated marine natural products. Natural Product Reports 2004, 21, 180-188.

Dias, D. A.; Urban, S. Phytochemical studies of the southern Australian marine alga,

Laurencia elata. Phytochemistry 2011, 72, 2081-2089.

Faulkner, D. J.; Wolinsky, L. E. A simple synthesis of y-bisabolene. Journal of Organic
Chemistry 1975, 40, 389-391.

Francis, C. M. 2014. Systematics of the Laurencia complex (Rhodomelaceae, Rhodophyta) in
southern Africa. PhD Thesis. University of Cape Town, Cape Town, South Africa.

Fukuzawa, A.; Honma, T.; Takasugi, Y.; Murai, A. Biogenetic intermediates, (3E and
3Z,127)-laurediols and (3E and 3Z)-12,13 dihydrolaurediols, isolated from
Laurencia nipponica. Phytochemistry 1993, 32, 1435-1438.

Hegazy, M. E. F.; Moustfa, A. Y.; Mohamed, A. E. H.; Alhammady, M. A.; Elbehairi, S. E.
L; Ohta, S.; Paré, P. W. New cytotoxic halogenated sesquiterpenes from the
Egyptian sea hare, Aplysia oculifera. Tetrahedron Letters 2014, 55, 1711-1714.

Ji, N.; Li, X. D.; Miao, F. Sesquiterpenes and acetogenins from the marine red alga Laurencia

okamurai. Fitoterapia 2012, 83, 518-522.

Kigoshi, H.; Shizuri, Y.; Niwa, H.; Yamada, K.. Laurencenyne, a plausible precursor of
various nonterpenoid Cis-compounds, and neolaurencenyne from the red alga

Laurencia okamurai. Tetrahedron Letters 1981, 2, 4729-4732.

Kigoshi, H.; Shizuri, Y.; Niwa, H.; Yamada, K. Isolation and structures of trans
laurencenyne, a possible precursor of the C;s halogenated cyclic ethers, and trans
neolaurencenyne from Laurencia okamurai. Tetrahedron letters 1982, 23, 1475-

1476.

Kurosawa, E.; Fukuzawa, A.; Irie, T. Trans and cis-laurediol, unsaturated glycols from

Laurencia nipponica Yamada. Tetrahedron letters 1972, 21, 2121-2124.

121



Chapter 5 Secondary metabolites from Laurencia natalensis

Kurosawa, E.; Suzuki, T.; Kikuchi, H. (E)-y-bisabolen-8,9-epoxide and isocycloeudesmol,
two new sesquiterpenoids from the marine red alga Laurencia nipponica Yamada.

Chemistry Letters 1980, 9, 1267-1270.

McMillan, J.; Paul, I. C.; White, R. H.; Hager, L. P. Molecular structure of acetoxyintricatol:
a new bromo compound from Laurencia intricata. Tetrahedron 1974, 23, 2039-

2042.

McPhail K. L.; Davies-Coleman M. T.; Copley R. C. B.; Eggleston D. S. New halogenated
sesquiterpenes from South African specimens of the circumtropical sea hare Aplysia

dactylomela. Journal of Natural Products 1999, 62, 1618-1623.

Minyard, J. P.; Tumlinson, J. H.; Thompson, A. C.; Hedin, P. A. Constituents of the cotton
bud. Sesquiterpene hydrocarbons. Journal of Agricultural and Food Chemistry
1966, /4, 332-335.

Negishi, E.; Dumond, Y. R.; Anastasia, L. Stereoselective synthesis of exocyclic alkenes by
Cu-catalyzed allylmagnesiation, Pd-catalysed alkylation, and Ru-catalysed ring-
closing metathesis: highly stereo selective synthesis of (Z)- and (E)-y-bisabolenes.

European Journal of Organic Chemistry 2001, 16, 3039-3043.

Skattebgl, L.; Holmeide, A. K.; Sydnes, M. The syntheses of three highly unsaturated marine
lipid hydrocarbons. Journal of the Chemical Society, Royal Society of Chemistry
2001, 1, 1942-1946.

Stegenga, H.; Bolton, J. J.; Anderson, R. J. Seaweeds of the South African west coast;
Contributions from the Bolus herbarium 1997, 18, 1-655.

Waraszkiewicz, S. M.; Erickson, K. L. Halogenated sesquiterpenoids from the Hawaiian
marine red alga Laurencia nidifica: Nidificene and Nidifidiene. Tetrahedron Letters

1974, 23, 2003-2006.

122



Chapter 6 Secondary metabolites from Laurencia complanata

Chapter 6

Secondary metabolites from Laurencia complanata

Abstract

This, the first phycochemical analysis of Laurencia complanata, afforded a series of
brominated indole, and N-methyl indoles (6.1-6.5), the majority of which have been

previously isolated from Laurencia brongniartii.
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Chapter 6
Secondary metabolites from Laurencia complanata

6.1 Introduction

Laurencia complanata is known for its flattened or complanate appearance (complanata:
flattened out in one plane). Plants are dark red and grow 6-22 cm high with one-two corps en
cerise per cell (Figure 6.1). This species is mainly epilithic, growing in intertidal and shallow
subtidal pools. It is distributed from the east coast of South Africa, extending northward (De
Clerck et al., 2005; Francis, 2014). Laurencia complanata is comparable to Laurencia
brongniartii as both plants have pinnate arrangements, however, L. complanata is known to
be larger, existing in lower intertidal waters, whereas the smaller L. brongniartii species is
more commonly found within deeper reef systems (De Clerck et al., 2005; Francis, 2014).
Furthermore, Francis (2014) confirms the distinction between the two species via rbcL

sequence divergence.

Figure 6.1: Laurencia complanata1 (Caitlynne Francis ©2014)

A) Habit.

B) Secondary pit connections between cortical cells (40x).

C) Transverse section of thallus showing outermost cortical and cortical cells (20x).
D) Outermost cortical cells showing one-two corps en cerise per cell (20x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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6.2 Results and Discussion
6.2.1 Extraction and isolation of metabolites from L. complanata (D1053, Port Edward)

The same extraction protocol was followed as in section 3.2.1 (chapter 3, page 54).
Interestingly, the crude 'H NMR spectrum of L. complanata showed prominent aromatic
signals between oy 7.0-8.0 (Figure 6.2). From the spectral data of the step gradient silica gel
column fractions (Figure 6.2) the majority of these resonances were sequestered within
fraction B. A series of chromatographic purification techniques including normal phase

HPLC and silica gel column chromatography permitted the isolation of compounds 6.1, 6.2,

6.3, 6.4 and 6.5 from step gradient fraction B (Scheme 6.1).

Laurencia

CH,Cl, -MeOH
extraction

Crude organic

extract

(0336 g)

Step gradient column
chromatography

Fraction A B C D E F G H
Hexane:EtOAc |  10:0 9:1 8:2 6:4 4:6 2:8 0:10 Meonaonc
Weight (mg) (16) (136) (17) (22) (13) (8) ©) (28)

JF13(2)-168B JF13(2)-16D JF13(2)-16E

| L ) i
| i | i
JF13(2)-301 JF13(2)-16) JF13(2)-30K
1.2mg 1.6mg 2.2mg

Scheme 6.1: Isolation scheme of metabolites from L. complanata (D1053)

Conditions: i) Silica gel column chromatography (9:1 hex:EtOAc); ii) Normal phase HPLC (9:1 hex:EtOAc)
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H: 1:1 MeOH:EtOAc

G: 100% EtOAc
F: 2:8 hex:EtOAc /
\...«.J " P o . f
E: 4:6 hex:EtOAc \w
\
D: 6:4 hex:EtOAc w |
] |

C: 8:2 hex:EtOAc

x

c__
—

[

iB: 9:1 hex:EtOAc
L

A: 100% hex

[l

Figure 6.2: 'H NMR spectra (CDCl3, 600 MHz) of the crude organic extract of L.
complanata (D1053) and step gradient column fractions A-H
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6.2.2 Structure elucidation of metabolites
6.2.2.1 Compound 6.1

On close inspection of 1D and 2D NMR data, it was clear that compound 6.1 was isolated
with a suspected analogue. Despite this, the structure of compound 6.1 was successfully

elucidated as it was in much larger quantity.

CHCl,
CHCl;
T T T T T T
7.55 7.50 ppm 730 7.25 ppm
N “W i "
T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

Figure 6.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 6.1

The '"H NMR spectrum of compound 6.1 (Figure 6.3) displayed a total of three coupled
aromatic protons at oy 7.19 (t, J=7.7 Hz), 04 7.29 (d, J = 7.7 Hz) and 6y 7.52 (d, J = 7.7 Hz).
A suspected fourth aromatic proton was thought to be concealed by the CHCl; solvent signal
at 8y 7.26. The validity of this suggestion was confirmed as both '*C (Figure 6.4) and HSQC
NMR spectra exposed four methine carbons (6¢ 109.6, 118.9, 120.9 and 122.8). The '"H NMR
spectrum further presented a deshielded methyl resonance at oy 3.81 typical of a methylated

electronegative heteroatom.

Fortuitously, the HSQC and HMBC NMR spectra of compound 6.1 allowed for the
assignment of nine carbon signals in the BC NMR spectrum of compound 6.1 (Figure 6.4),

allowing for the disregard of peaks which did not belong to the compound.
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N <t
) «“
[ ol
=N n

136.36
—126.88
—122.84
—120.87
—118.85
—114.86
—109.58

CDCl;

T T
140 135 130 125 120 115 110 105 100 95 90 8 8 75 70 65 60 55 50 45 40 35 ppm

Figure 6.4: 3C NMR spectrum (CDCls, 150 MHz) of compound 6.1

A total of four quaternary (6¢ 92.6, 114.9, 126.9 and 136.4) and four methine (3¢ 109.6,
118.9, 120.9 and 122.8) carbon atoms were designated, including a deshielded methyl moiety
at 5¢ 32.3.

Since the HRAPCIMS? spectrum of compound 6.1 revealed a molecular ion cluster [M+H]*
at m/z 287.9015 (calculated for 287.9024)/289.8996/291.8970, a molecular formula of
CoH7N"Br;, was denoted. The isotopic abundance pattern was typical Br, system (Appendix

4).

JF 13-33F
MS_Direct_140509_60 3 (0.086) AM2 (Ar,18000.0,0.00,0.00); Cm (3)
1007

1: TOF MS AP+
269.8996 8.13e4

e
3520000 .
iz
220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420

Figure 6.5: HRAPCIMS spectrum of compound 6.1

% High resolution atmospheric pressure chemical ionisation mass spectrometry
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With a calculated double bond equivalent of six, compound 6.1 was of the N-methyl indole

class as shown below.

5 3a_3
N\
6 7a N1
7
8
N-methyl indole

With two bromine atoms left to assign, it was evident that the benzene ring was not
substituted due to the uninterrupted spin system (=CH-CH=CH-CH=) represented by signals
at oy 7.52 (d, J = 8.1 Hz), o 7.19 (t, J = 8.3 Hz), 8y 7.26 (m) and 6y 7.29 (d, J = 8.1 Hz) in
the "H NMR spectrum (Figure 6.3). Quaternary carbons at positions C2 (6¢ 114.9) and C3 (6¢
92.7) were believed to be the bromine bearing moieties. This was further confirmed by
unambiguous HMBC correlations from the protons of the deshielded N-methyl functionality
at C8 to C2 i.e. oy 3.81 to o¢c 114.9 (Figure 6.6). Compound 6.1 was thus 2,3-dibromo-
methyl-indole. Synthetic derivatives of this compound have been described by Liu and
Gribble (2002), however, to the author’s knowledge this is the first documented report of its
isolation from marine algae.

HS8

ppm
105

E110

C2 ——— ;115
;120
;125
;130

C7a

135

- 140

e e
3.820 3.815 3.810 3.805 3.800 3.795 3.790 3.785 3.780 ppm

Figure 6.6: Partial HMBC spectrum of compound 6.1 showing key correlations
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Table 6.1: NMR spectroscopic data of compound 6.1°

Carbon No dc¢ Oc mult 6y, mult, J (Hz)

2 1149 C -

3 92.7 C -

3a 127.0 C -

4 1189 CH 7.52,d, 8.2
5 120.8 CH 7.19,t,8.2
6 1229 CH 7.26, m

7 109.6 CH 7.29,d, 8.1
Ta 1364 C -

8 323 CH; 3.81,s

3 The use of C¢Dg to clarify the clustered aromatic proton signals was considered, however since adequate NMR data was obtained in CDCl3
this was no longer necessary.
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6.2.2.2 Compound 6.2

Compound 6.2 was identified as the ‘“contaminating” analogue present in the fraction
containing compound 6.1. Compound 6.2 was also isolated with significant quantities of 6.1.
From integral values in the '"H NMR spectrum (Figure 6.7), compound 6.2 appeared to be one
sixth of the fraction. After several failed attempts at purifying this fraction, the structure of

compound 6.2 was elucidated as a mixture.

6.1
6.2

6.1

L L L e e e B
Lm L 7.55 750 745 740 735 730  7.25 7.20 ppm
] .

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

-

6.01 —
0.89°—
0.93 =
731 —
S04~
_6.25/~
18.96 —
== —
3.00~

Figure 6.7: '"H NMR spectrum (CDCl;, 600 MHz) of compound 6.2/6.1

The '"H NMR spectrum (Figure 6.7) of the fraction containing compound 6.2 displayed a
slightly more shielded hetero-atomic methyl at oy 3.76 vs. dy 3.81 as was seen in compound
6.1. Further analysis of the '"H NMR spectrum revealed a broad singlet at 8 7.45 as well as a
doublet at oy 7.36 (J = 8.5 Hz). A methine signal, as confirmed by an edited HSQC
experiment, was hidden in a cluster at dy 7.29. In total, the three methine resonances

aforementioned were presumed to be the only aromatic signals belonging to compound 6.2.

Since "*C NMR peaks were now known for compound 6.1, it was relatively simple to assign
the °C resonances belonging to compound 6.2 (Figure 6.8), with validation of peaks
performed by scrutiny of HSQC and HMBC NMR data. The replacement of a methine signal
in compound 6.1 at 6¢ 122.9 with a quaternary carbon at 6¢ 116.7 in compound 6.2 was the
only major difference between the *C NMR spectra of the two compounds suggesting that
compound 6.2 was similar to compound 6.1 apart from additional substitution on the

aromatic functionality.
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Figure 6.8: °C NMR spectrum (CDCls, 150 MHz) of compound 6.2/6.1

After direct injection of compound 6.2 for HRAPCIMS analysis (Figure 6.9), and knowing to
disregard the molecular cluster produced by the contaminating compound 6.1, an array of
peaks representing [M+H]" as well as isotopic signals were established at m/z 365.8109
(calculated for 365.8129)/367.8096/369.8079/371.8056. The isotopic abundance pattern
displayed was consistent with a Brs system (Appendix 4) and a resultant molecular formula

of CoHgN"’Br; was construed.

JF13-33E1
MS_Direct_140509_61 3 (0.086) AM2 (Ar,18000.0,0.00,0.00) 1: TOF MS AP+
67.5096 1.41e4

1007 /3

367.8096 R

369.8079
<
365.8109 371.8056
365.8109 371.8056
aaaaaa
aaaaaaa
aaaaaaa .

381.2639 338.3425 3511642 Tefre 409.3717 4212156
S oo | || oo | [ [ gommrip L ] | {
S BTN DR 0 D U s S 11 1 0 T S B I 0 I I T R vt IV VIV A W T L O

335 340 345 350 355 360 365 370 375 38 385 390 395 400 405 410 415 420

Figure 6.9: Expansion of the HRAPCIMS spectrum of compound 6.2/6.1

Assigning the additional third bromine atom in compound 6.2 was based on a number of

empirical hints. Firstly, a singlet in the '"H NMR spectrum of compound 6.2 (Figure 6.7) at 8y
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7.45 suggested that methine singlet was flanked by two neighbouring quaternary carbons.
This would then rule out any possibility of the bromine atom being at C4 or C7, inferring that

positions C5 or C6 were more likely the substituted carbons.

7a "N1

8
N-methyl-indole

HMBC correlations (H7 to C3a/C6) and NOESY correlations (H7 to H8) revealed that H7
was indeed the singlet at oy 7.45 and hence bromine substitution occurred at position C6.
Compound 6.2 was identified as 2,3,6-tribromo-methyl-indole previously reported by Carter

et al., (1978) from Laurencia brongniartii.

Table 6.2: NMR spectroscopic data of compound 6.2

Carbon No dc¢ Odc mult 6y, mult, J (Hz)

2 1157 C -

3 93.0 C -

3a 1259 C -

4 120.2 CH 7.36,d, 8.5
5 124.1 CH 7.29, m

6 116.7 C -

7 1127 CH 7.45,s

Ta 1369 C -

8 31.7 CH; 3.76,s
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6.2.2.3 Compound 6.3

The 'H NMR spectrum of compound 6.3 exhibited the same coupling pattern as in compound
6.2 with proton signals at dy 7.16 (d, J = 8.8 Hz), dy 7.33 (dd, J = 8.8, 2.1 Hz). Meta-
coupling resulted in a doublet at oy 7.65, confirmed by a coupling constant of (J =2 Hz).

[ M

7. 66 7. 65 ppm 7. 34 7. 33 ppm 7. 20 7-

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

Figure 6.10: '"H NMR spectrum (CDCls, 600 MHz) of compound 6.3

The HRAPCIMS spectrum of compound 6.3 (Figure 6.11) was beneficial in confirming the
structure as 2,3,5-tribromo-methyl-indole. A similar molecular ion [M+H]" was observed as
in compound 6.2, at m/z 365.8130 (calculated for 365.8129). Isotopic signals were also
observed at m/z 367.8104, 369.8085 and 371.8076, and the isotopic abundance pattern was
again typical of a Br; system (Appendix 4) as in compound 6.2. Compound 6.3 was amongst

other indoles isolated by Carter et al., (1978) from Laurencia brongniartii.
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Figure 6.11: Expansion of the HRAPCIMS spectrum of compound 6.3

Table 6.3: NMR spectroscopic data of compound 6.3"

Carbon No dc¢ Oc mult 6y mult, J (Hz)
2 1163 C -
3 924 C -
3a 1286 C -
4 121.5 CH 7.65,d, 2.1
1143 C -
6 126.0 CH 7.33,dd, 8.8,2.1
7 1112 CH 7.16,d, 8.8
Ta 1358 C -
8 29.8  CHji 3.79

* Carbon data deduced from HSQC and HMBC NMR spectra
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6.2.2.4 Compound 6.4

The absence of a deshielded methyl moiety around dy 3.0 as well as the surfacing of a broad
amino-proton at 8y 8.31 were undoubtedly the most intriguing facets observed in the 'H
NMR spectrum of compound 6.4 (Figure 6.12). This immediately suggested loss of the

amino-methyl entity, giving rise to a secondary amine.

IF R
inhp 750 745 740 135 ppm

M»JJ J s Y

T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 ppm
[sa)

7.5
Figure 6.12: '"H NMR (CDCl;, 600 MHz) spectrum of compound 6.4

The HRAPCIMS spectrum of compound 6.4 (Figure 6.13) supported a similar tribromo-
indole system as seen in compound 6.2, however in this particular case the loss of a CHj;
functionality was confirmed as a molecular ion cluster was observed at m/z 350.7884
(calculated for 350.7894/352.7851/354.7832/356.7813). This supported a molecular formula
of CsHyN""Br;.

Compound 6.4 was identified as 2,3,6-tribromo-indole previously documented by Wang et

al., (2007) from a Chinese specimen of Laurencia similis.
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Figure 6.13: Expansion of the HRAPCIMS spectrum of compound 6.4

Table 6.4: NMR spectroscopic data of compound 6.4’

Carbon No ¢ Oc mult 6y mult, J (Hz)

2 110.6° C -

3 93.8° C -

3a 1267 C -

4 1202 CH 7.36,d, 8.6

5 1247 CH 7.30,d, 8.6

6 117.1° C -

7 113.6 CH 747, s

7a 1362 C -

5 Carbon data deduced from HSQC and HMBC NMR data
® Quaternary carbons not observed. Shifts as reported by Wang et al., (2007)
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6.2.2.5 Compound 6.5

A seemingly simple '"H NMR spectrum (Figure 6.14) belonging to compound 6.5 was again
devoid of a deshielded amino-methyl function, as validated by the presence of a broad amino-

proton at oy 8.34.

The highlight of the spectrum came in the form of two aromatic singlets at 6y 7.61 and oy
7.77 suggesting that compound 6.5 harboured two aromatic protons which were secluded

between quaternary carbons.

CHCl,

8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 ppm

Figure 6.14: '"H NMR spectrum (CDCls, 600 MHz) of compound 6.5
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o N I ——— — -
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150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 ppm

Figure 6.15: BC NMR spectrum (CDCls, 150 MHz) of compound 6.5
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The >C NMR spectrum (Figure 6.15) was fundamental in ascribing the two clearly visibly
methine carbon signals at 6¢ 115.6 and o¢ 123.4 amongst an assemblage of quaternary signals

(6c93.8,112.2,117.2, 128.4 and 135.2).

The HRAPCIMS spectrum (Figure 6.16) of compound 6.5 showed an undisputable molecular
ion at m/z 428.7007 (calculated for 428.6999) as well as four other isotopic peaks at m/z
430.6942/432.6953/434.6936/436.6890 the abundance patterns of which were typical of a Bry
system (Appendix 4). This implied a molecular formula of CsH;N"Br;.
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Figure 6.16: Expansion of the HRAPCIMS spectrum of compound 6.5

Compound 6.5 was characterised as 2,3,5,6-tetrabromo-indole, previously reported from the

organic extract of Laurencia brongniartii by Carter et al., (1978).

Br
Brs 4 3a_3
6 \2 Br
Br 7a N1
7 H
6.5
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Table 6.5: '"H NMR spectrum of compound 6.5

Carbon No dc Oc mult 6y, mult, J (Hz)

2 1122 C -

3 93.8 C -

3a 1284 C -

4 1234 CH 1.71,s
1172 C -

6 1190 C -

7 115.6 CH 7.61,s

Ta 1352 C -

6.2.2.6 Other indoles

Tanaka et al., (1989) report the isolation of sulphur containing indoles amongst others from a
specimen of L. brongniartii collected from the Japanese island Okinawa. The fact that similar
indoles were not isolated from L. complanata should not rule out their non-existence in the
species. This study in general was limited to small amounts of algal material thus compounds

isolated herein are not absolute representatives of the species secondary metabolome.

Br Br Br Br
Br N Br N Br N \
H H H
6.6 6.7 6.8
Br S— Br O\\S/
A\ S/ N\ S
N\ \
Br N 0] Br N
H H
6.9 6.10
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Table 6.6: 'H NMR data (CDCI3, 600 MHz) for compounds 6.1-6.5

Proton No 6.1 6.2 6.3 6.4 6.5
4 7.52,4d, 8.1 7.36,d, 8.5 7.65,d,2.1 7.36,d, 8.6 7.77,s
5 7.19,1, 8.3 7.29, m - 7.30,d, 8.6 -
6 7.26, m - 7.33,dd, 8.8, 2.1 - -
7 7.29,d, 8.1 7.45,s 7.16,d, 8.8 747, s 7.61,s
N-CHj; 381, s 3.76, s 3.79 - -

Table 6.7: >*C NMR data (CDCl3, 150 MHz) for compounds 6.1-6.5

Carbon No 6.1 6.2 6.3 6.4 6.5
2 114.9 115.7 116.3 110.6 112.2

3 92.7 93.0 924 93.8 93.8

3a 127.0 125.9 128.6 126.7 128.4

4 118.9 120.2 121.5 120.2 1234
120.8 124.1 114.3 124.7 117.2

6 122.9 116.7 126.0 117.1 119.0
109.6 112.7 111.2 113.6 115.6

Ta 136.4 136.9 135.8 136.2 135.2

N-CH; 32.3 31.7 29.8 - -
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6.3 Experimental

6.3.1 General experimental

As per section 3.3.1 in chapter 3, page 54.
6.3.2 Plant material (L. complanata, D1053)

L. complanata was collected by hand at Port Edward on the east coast of South Africa in
September 2011. A voucher specimen has been deposited in the Bolus Herbarium at the
University of Cape Town. Identification of the alga was done by Professor John Bolton with

the Department of Biological Sciences at the University of Cape Town, South Africa.
6.3.3 Extraction and isolation of metabolites

Same procedure as previously described in section 3.3.3, chapter 3, page 54 (dry mass 3.5 g,

crude extract 0.34 g, 8.9% yield).

Silica gel column chromatography (9:1 hex:EtOAc) as well as normal phase HPLC (9:1
hex:EtOAc) were critical in purifying L. complanata compounds from step gradient silica gel
fraction B. Compounds 6.1 (19 mg, 0.51%) and 6.2 (37 mg, 1.0%) were elucidated in
mixtures of one another, whereas compounds 6.3 (1.2 mg, 0.03%) 6.4 (1.5 mg, 0.04%) and
6.5 (9 mg, 0.23%) were isolated successfully.

6.3.4 Compounds isolated

6.3.4.1 Compound 6.1 (JF13(2)-33F)

2,3-dibromo-methyl-indole (6.1): White amorphous solid; HRAPCIMS [M+H]" at m/z
287.9015 (calculated for 287.9024/289.8996/291.8970); CoH,N"Br,; 'H and '’C data
available in Tables 6.6 and 6.7. As previously reported by Liu and Gribble (2002) as a

synthetic analogue.
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6.3.4.2 Compound 6.2 (JF13(2)-33E1)

2,3,6-tribromo-methyl-indole (6.2): White amorphous solid; HRAPCIMS [M+H]" at m/z
365.8109 (calculated for 365.8129/367.8096/369.8079/371.8056); CoH¢N"’Brs; 'H and "*C
data available in Tables 6.6 and 6.7. As previously reported by Carter et al., (1978).

6.3.4.3 Compound 6.3 (JF13(2)-22N)

2,3,5-tribromo-methyl-indole (6.3): White amorphous solid; HRAPCIMS [M+H]" at m/z
365.8130 (calculated for 365.8129/367.8104/369.8085/371.8076); CoH¢N"’Brs; 'H and *C
data available in Tables 6.6 and 6.7. As previously reported by Carter et al., (1978).

6.3.4.4 Compound 6.4 (JF13(2)-30G)

2,3,6-tribromo-indole (6.4): White amorphous solid; HRAPCIMS m/z 350.7884 (calculated
for 350.7894/352.7851/354.7832/356.7813); CsHsN"’Brs; 'H and "°C data available in Tables
6.6 and 6.7. As previously reported by Wang et al., (2007).
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6.3.4.5 Compound 6.5 (JF13(2)-31G)

6.5

2,3,5,6-tetrabromo-indole (6.5): White amorphous solid; HRAPCIMS m/z 428.7007
(calculated for 428.6999/430.6942/432.6953/434.6936/436.6890); CsH;N"’Bry; 'H and *C
data available in Tables 6.6 and 6.7. As previously reported by Carter et al., (1978).
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Chapter 7

Secondary metabolites from Laurencia multiclavata

Abstract

This chapter reports the first phycochemical investigation of Laurencia multiclavata which
afforded three known acetylenic poly-cycles. The tri-cyclic acetogenin 7.1 was the major

metabolite within the crude organic extract. Complex isomeric acetylenes 7.5 and 7.6 were

also isolated.
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Chapter 7
Secondary metabolites from Laurencia multiclavata

7.1 Introduction

Laurencia multiclavata, a newly described species by Francis, (2014), is morphologically
similar to Laurencia natalensis, however, the branching patterns within the two species are
noted to be quite distinct. Furthermore L. multiclavata shows an average of three corps en
cerise per cell whereas L. natalensis only contains one corps en cerise per cell (Francis,
2014). Plants of L. multiclavata are green with purple apices and usually grow 8 cm high.
Branchlets possess many stud like projections as seen in (Figure 7.1, Plate A) (multiclavata:
many studs). The species is epilithic and grows mainly on exposed ledges in the intertidal
zone and is distributed along the south coast of South Africa extending eastward (Francis,

2014).

Figure 7.1: Laurencia multiclavata' (Caitlynne Francis ©2014)

A) Thallus with dark pink tips (8x).

B) Transverse thallus section (10x).

C) Outer cortical cells with two-three corps en cerise (40x).
D) Trichoblasts containing two corps en cerise per cell (20x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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7.2 Results and Discussion

7.2.1 Extraction and isolation of metabolites from L. multiclavata (D969, Cape Vidal)

The extraction procedure followed that in section 3.2.1 (chapter 3, page 54). The 'H NMR
spectrum (Figure 7.2) of the crude L. multiclavata extract showed a wealth of methine
resonances between 0y 2.6-6.5. A series of purification attempts of the silica gel step gradient
fraction C using normal phase HPLC led to the successful isolation of three major
metabolites, compounds 7.1, 7.5 and 7.6 (Scheme 7.1). This was despite a relatively small

yield of organic extract i.e. 84 mg.

Laurencia

CH,Cl, -MeOH
extraction

Crude organic
extract
(0.084 g)

Step gradient column
chromatography

Fraction A B C D E F G H
Hexane:EtOAc 10:0 9:1 8:2 6:4 4:6 2:8 0:10 e oA
Weight (mg) () (11) (28) (20) (10) (6) (1) (10)

JF13(2)-64C JF13(2)-64G JF13(2)-640 JF13(2)-64P JF13(2)-64Q
1.5mg 1.4mg 1.9mg 3.6mg 2.0mg
i
JF13(2)-53C JF13(2)-53) JF13(2)-53K JF13(2)-53R
2.9mg 1.4mg 8.7mg 2.0mg

JF13(2)-65E
5.6mg

JF13(2)-65E1 JF13(2)-65E2
1.1mg 1.3mg

Scheme 7.1: Isolation scheme of metabolites from L. multiclavata (D969)

Conditions: i) Normal phase HPLC (9:1 hex:EtOAc); ii) Normal phase HPLC (4:1 hex:EtOAc); iii) Normal phase
HPLC (19:1 hex:EtOAc); iv) Normal phase HPLC (49:1 hex:EtOAc)
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7.2.2 Structure elucidation of metabolites
7.2.2.1 Compound 7.1

A seemingly overwhelming 'H NMR spectrum (Figure 7.3) belonging to compound 7.1, a
dense orange oil, displayed a surplus of methine moieties of varying splitting patterns. Of
initial interest was a broad terminal alkyne singlet at 6y 3.30 as well as an ABC spin system
with an olefinic doublet at 8y 5.57, an olefinic triplet at 6y 6.05 and a halo-methine triplet at

oy 4.72 (all three protons showing a coupling constant of J = 10.4 Hz).

N I

T T T T T T T T
6.1 6.0 ppm 4.7 ppm 2.7 ppm 24 ppm

Hegxane

Hexane

T T T
6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 ppm

NN :

Figure 7.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 7.1
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Figure 7.4: °C NMR spectrum (CDCl3, 150 MHz) of compound 7.1
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After considering ?C NMR resonances at (3¢ 85.2, 78.4, 110.6, 14.6 and 54.4) (Figure 7.4) it
was clear that a cis-alkenyne side chain was present within compound 7.1 .This was further
confirmed by a terminal acetylenic =C-H stretch at 3281 cm™ in the IR spectrum of

compound 7.1 (Figure 7.5).

947 _
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23 |
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3281.01
24 ] 1681.46

=C-H str 2977 15
524 =C-H str

a0

C=C str
%%T

7z |
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74 |

72 ]

T

67.4 ]
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Figure 7.5: IR spectrum of compound 7.1

Fragment A below shows the proposed alkenyne side chain in compound 7.1. It was
ascertained that the more deshielded proton resonance HS (8y 4.72) implied possible halo-
substitution. Conversely a markedly shielded '"H NMR resonance at H6 (8 2.71) suggested

no heteroatom substitution at the tertiary carbon C6.

e
‘% 12
X
13
15 14
A B

The '"H NMR spectrum of compound 7.1 (Figure 7.3) additionally exposed an isolated ethyl
moiety as confirmed by a methyl triplet at dy 1.10 as well as magnetically non-equivalent
methylene protons appearing as sextets (J = 7.3 Hz) at 6y 2.35 and oy 2.67 Scrutiny of
HMBC correlations from both methyl and ethyl moieties at Cl14 and CI15 revealed

neighbouring quaternary carbons C12 and C13 (8¢ 149.4 and 104.9), confirming that the

150



Chapter 7 Secondary metabolites from Laurencia multiclavata

butenyl functionality C12-C15 contained a tetra-substituted olefin as shown in fragment B

above.

The °C NMR data (Figure 7.4) revealed one methyl (8¢ 13.14), two methylene (3¢ 27.3 and
36.1), nine methine (8¢ 44.4, 53.4, 54.2, 78.0, 80.8, 83.4, 85.2, 110.2 and 141.5) and three
quaternary (d¢ 78.3, 104.9 and 149.4) resonances.

Of the nine methine resonances identified, it was evident that three carbon atoms (d¢ 78.0,
80.8 and 83.4) were oxygen bearing. The absence of hydroxyl and carbonyl stretches in the
IR spectrum of compound 7.1, in conjunction with sharp C-O bands at 1100 cm™ (Figure

7.1), suggested that the three aforesaid carbon atoms were part of ether linkages.

Based on the above spectroscopic data, compound 7.1 was identified as cis-maneone C, a tri-
cyclic C;5 acetogenin previously described by Waraszkiewicz et al., (1978) from a Hawaiian

sample of Laurencia nidifica in conjunction with isomers 7.2-7.4.

7.3 7.4

The relative configuration at C6 in compound 7.1 was clearly confirmed by NOESY
correlations from the exo proton H6 (6 2.71) to proton H7 (0y 4.29). Moreover, the coupling

constants Je 7 and Jg 1 are typical for an exo H6 (Waraszkiewicz et al., 1978).
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Table 7.1: NMR spectroscopic data of compound 7.1

Carbon No dc Sc mult 3y mult, J (Hz)

1 852 CH 3.30, s
2 783 C -
3 110.2 CH 5.57,d,10.4
4 1415 CH 6.05,t,10.4
5 542 CH 4.72,1, 104
6 534 CH 2.71,dt,104,4.3,4.3
7 779 CH 4.29,t,4.3
8a 1.72, m
36.1 CH,
8b 1.92,d, 14.5
9 80.8 CH 4.67,t,59
10 834 CH 5.13,t,59
11 444 CH 3.45,dd,9.6,5.9
12 1494 C -
13 1049 C -
14a 2.35, sex, 7.3
273 CH,
14b 2.67, sex, 7.3
15 13.1 CH; 1.10,t,7.3
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7.2.2.2 Compounds 7.5 and 7.6

A clear oil containing an isomeric mixture of compounds 7.5 and 7.6, appearing in a 2:1 ratio,
was successfully purified by normal phase HPLC (49:1 hex:EtOAc) as shown below (Figure
7.6). An assortment of methine signals in the region of &y 2.5-6.5 in the '"H NMR spectra of
both isomers 7.5 and 7.6 (Figure 7.6) was noticed.

|
[l M MMULWUM wﬁ fU \

Isomerjc mixture

I 1l I

T T
6.5 6.0 5. 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

5 5‘.0
BY EERY EYEERERE R
Figure 7.6: '"H NMR spectra (CDCl3, 600 MHz) of compounds 7.5 and 7.6

The '"H NMR spectrum of compound 7.5 (Figure 7.7) showed a similar acetylenic side chain
to that observed in compound 7.1 i.e. oy 3.29 (s), 0y 5.55 (d, J = 10.9 Hz), oy 6.28 (t, J = 9.6
Hz) and oy 4.29 (t, J = 9.6 Hz).

b oM M

T T T
6.3 ppm 5.5 ppm 4.0 ppm 2.25 ppm

T T T

Figure 7.7: '"H NMR spectrum (CDCls, 600 MHz) of compound 7.5
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On closer inspection, °C and COSY NMR data of compound 7.5 (Figure 7.8 and 7.9)
revealed that the acetylenic side chain in compound 7.5 (fragment C) appeared to be
truncated vs. that of compound 7.1 with C5 now assuming a tertiary alkyl methine function

(0¢ 49.7) as opposed to a halo-methine moiety as seen in compound 7.1.

H4 H3 HS5

ppm

H3
H6.0
H4 ! ﬁ
— !
N I
0 N 6.5

e
66 64 62 60 58 56 54 52 50 48 46 44 42 ppm

Figure 7.8: Partial COSY spectrum of compound 7.5 showing key correlations
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Figure 7.9: *C NMR spectrum (CDCls, 150 MHz) of compound 7.5
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A terminal ethyl moiety was assigned in compound 7.5 as the '"H NMR spectrum (Figure 7.7)
presented a triplet at oy 1.13 (J = 7.7 Hz) as well as a methylene quartet at 6y 2.22 (J = 7.7
Hz). Considering a quaternary °C NMR chemical shift (Figure 7.9) at C13 (8¢ 89.7), the
terminal ethyl moiety in compound 7.5 assumed part of a propanyl unit, as shown in fragment

D, as opposed to a butenyl unit as in compound 7.1.

- X

»

14

D

With the elucidation of the side chains (fragments C and D) in compound 7.5 it was evident
that the remaining carbons C5-C13 formed part of a multi-cyclic entity. This was established
as three oxygen bearing methine carbons (¢ 77.6, 83.0 and 83.4), two alkyl methine carbons
(0c 49.7 and 50.5), a further two quaternary carbons (5¢c 89.7 and 110.6) and one methylene
carbon (8¢ 41.4) were identified from BC NMR as well as edited HSQC and HMBC NMR
data.

Based on the above NMR spectroscopic data, compound 7.5 was elucidated as iso-
maneonene A, a complex, caged, tetra-cyclic acetogenin isolated by Waraszkiewicz et al.,

(1978) from the same Laurencia nidifica sample whence compound 7.1 was isolated.

The stereochemistry at C5 was assigned by virtue of unambiguous NOESY correlations
between H5 (g 4.29, t, J = 11 Hz) and H6 (6 3.54, m) as well as the consideration of
coupling constants at both H5 and H11 (6y 3.96, dd, J =11, 5 Hz).
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Compound 7.6 showed strikingly similar '"H and '?C NMR spectra (Figures 7.10 and 7.11) to

that of the isomeric compound 7.5

L

6.4 ppm 555 ppm  4.90 ppm 380 ppm
. EtQAc
1p
\ \ \ \ \ \ \ \ \ \ \ 1
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

: 9 2 G

Figure 7.10: '"H NMR spectrum (CDCls, 600 MHz) of compound 7.6
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Figure 7.11: BC NMR spectrum (CDCl3, 150 MHz) of compound 7.6

The only fundamental spectral differences seen between compounds 7.5 and 7.6 were at

positions C4, C5 and C6 as shown below in Table 7.2.
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Table 7.2: Key differences in 'H and "°C chemical shifts of isomers 7.5 and 7.6

6H 8C
7.5 7.6 7.5 7.6
H4 6.28 6.40 C4 1446 147.5
H5 429 3.31 C5 497 48.4
H6 354 2.60 C6 505 52.2

To rule out the possibility of halogen variation in compound 7.6 its HREIMS spectrum was
obtained (Figure 7.12). A molecular ion cluster was observed at m/z 385.9536 (calculated for

385.9517)/387.9524/389.9500 and the molecular formula was analogous to compound 7.5 i.e.
C15H1679Br202.

65D
141008_JF_13(2)_65D 2543 (13.541) Cm (2543:2620-(2640:2684+2307:2384))

TOF MS El+
1004 387.9524

1.79e3

385.9536 389.9500

388.9554

385.9215 386.9418 387.9174 | 388.0042  388.9216 | 389.0019  389.9105 | 3599836
384.9017.385.0412 S 386.4265 L, .387.0056 N 4

f f T
385 386 387 388 389 390

390.9697
L 391.5341 m/z
391

Figure 7.12: Expansion of the HRESIMS spectrum of compound 7.6

Compounds 7.5 and 7.6 were consequently regarded as stereoisomers. NOESY correlations
in compound 7.6 exposed the isomerism to be at position C5, wherein the acetylenic side

chain now adopted a cis-configuration with respect to the bromine atom at C13 as opposed to

a trans-configuration as in 7.5.
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Figure 7.13: Partial NOESY spectrum of compound 7.6 showing key correlations

Compound 7.6 was identified as lembyne B, isolated by Vairappan et al., (2001) from an

unidentified Malaysian Laurencia sp.

An epimer at position C13, iso-maneonene B (compound 7.7) has also been reported by
Waraszkiewicz et al., (1978) wherein stereo-assignments at C13 were made based on the
effects of the C13-bromine substituent on proton chemical shifts, HS, H6 and HI11. The

complex carbon skeleton of 7.7 was deduced by X-ray analysis (Waraszkiewicz et al., 1978).

7.5 7.6 7.7
iso-maneonene A lembyne B iso-maneonene B
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7.5 7.6

Table 7.3: NMR spectroscopic data of compounds 7.5 and 7.6

Compound 7.5 Compound 7.6
Carbon No oc mult dc¢ Oy, mult, J (Hz) d¢ Oy, mult, J (Hz)
1 CH 84.7 3.29,s 82.6 3.15,s
2 C 79.6 - 80.6 -
3 CH 109.3 5.55,d,11.0 110.1 5.54,d,11.0
4 CH 144.6 6.28,t,10.5 147.5 6.40,t,11.0
5 CH 49.7  4.29,t,11.0 484  3.31,t,6.8
6 CH 50.5 3.55,m 522  2.60,m
7 CH 77.6 445,154 77.8 459,154
8a 1.67,d, 13.6 1.73, m
CH, 41.4 37.9
8b 2.10,d, 13.6 2.34,d,13.6
9 CH 834 4.80,t,54 835 4.86,t,54
10 CH 83.0 5.37,t,54 822 531,t,54
11 CH 63.1 3.96,dd,11.0,54 62.6 3.78,dd, 10.8,5.2
12 C 110.6 - 1104 -
13 C 89.7 - 91.1 -
14 CH, 269 2.22,q,7.7 30.8  2.18,q9,7.9
15 CH; 9.9 1.13,t,7.7 103 1.09,t,7.9

159



Chapter 7 Secondary metabolites from Laurencia multiclavata

7.3 Experimental

7.3.1 General Experimental

As per section 3.3.1 in chapter 3, page 54.

HREIMS as per chapter section 4.3.2.2 in chapter 4, page 90.
7.3.2 Plant material (L. multiclavata, D969)

L. multiclavata was collected by hand at Cape Vidal on the east coast of South Africa in
March 2011. A voucher specimen has been stowed away in the Bolus Herbarium at the
University of Cape Town, South Africa. Identification of the alga was done by Professor John
Bolton with the Department of Biological Sciences at the University of Cape Town, South

Africa.
7.3.3 Extraction and isolation of metabolites

Same procedure as described in section 3.3.3, page 54 (dry mass 7.07 g, crude extract 0.084
g, 1.2% yield).

Step gradient fraction C was subjected to normal phase HPLC using (9:1 hex:EtOAc)
yielding compound 7.1 (12.9 mg, 0.180%). By decreasing the polarity of the HPLC solvent
system to (19:1 hex:EtOAc) compound 7.5 eluted (2.0 mg, 0.028%). Finally an HPLC
solvent system significantly less polar than preceding ones (49:1 hex:EtOAc) was

instrumental in the purification of 7.6 (2.6 mg, 0.028%) from a mixture with 7.5.
7.3.4 Compounds isolated

7.3.4.1 Compound 7.1 (JF13(2)-53L)

7.1

Cis-maneonene C (7.1): Orange oil; 'H and ’C NMR (CDCl;) data available in Table 7.1. As
previously reported by Waraszkiewicz et al., (1978).
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7.3.4.2 Compound 7.5 (JF13(2)-65E3)

Iso-maneonene A (1.5): Clear oil; 'H and *C NMR (CDCl5) data available in Table 7.3. As
previously reported by Waraszkiewicz et al., (1978).

7.3.4.3 Compound 7.6 (JF13(2)-65D)

Lembyne B (1.5): Clear oil; 'H and C NMR (CDCls) data available in Table 7.3. As
previously reported by Vairappan et al., (2001).
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Chapter 8

Secondary metabolites from Laurencia flexuosa

Abstract

Laurencia flexuosa has previously been investigated by Mann (2008) and Knott (2011). A re-
investigation into the secondary metabolites of this species yielded previously isolated
isomers 3Z and 3E-bromofucin (8.1 and 8.2). Compound 8.5, previously isolated from

Laurencia obtusa, was reported from Laurencia flexuosa herein for the first time.

162



Chapter 8 Secondary metabolites from Laurencia flexuosa

Chapter 8
Secondary metabolites from Laurencia flexuosa

8.1 Introduction

Laurencia flexuosa is South African endemic stretching from the south coast to the east coast.
This particular species of Laurencia is known for its rose red hue and alternating branching
pattern (flexuosa: bending branches) with plants growing up to 12 cm high (De Clerck et al.,
2005; Francis, 2014). It is found commonly on wave exposed surfaces in the intertidal zone
forming tufts. Cortical cells possess one-three corps en cerise (Figure 8.1) (De Clerck et al.,
2005; Francis, 2014). There has been confusion distinguishing L. flexuosa from South
African specimens of L. cf. elata, however, Francis (2014) shows significant rbcL. sequence
diversion, classifying both as separate species. Furthermore L. cf. elata possesses five-six

corps en cerise per cortical cell (Francis, 2014).

Figure 8.1: Laurencia flexuosa' (Caitlynne Francis ©2014)

A) Habit.

B) Branching pattern (higher order) (8x). Scale bar 1cm = 360um

C) Thallus transverse section (40x).

D) Outermost cortical cells showing one-three corps en cerise per cell (20x).

E) Trichoblasts with one corps en cerise per cell (40x).

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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8.2 Results and Discussion

8.2.1 Extraction and isolation of metabolites from L. flexuosa (D1013, Cape St. Francis)

After extraction and fractionation of the L. flexuosa crude as per section 3.2.1 (chapter 3,
page 54), step gradient column fractions B and C (Figure 8.2) undoubtedly showed the most
intriguing 'H NMR resonances, with fraction D showing replicated resonances to fraction C.
Numerous attempts at purifying a visible isomeric mixture in fraction B by way of silica gel
column chromatography as well as normal phase HPLC proved ineffective. Although
compound 8.1 was purified, the structure of compound 8.2 was elucidated in an isomeric
mixture with 8.1. Fraction C was purified by repeated silica gel column chromatography to

afford compound 8.5.

Laurencia

CH,Cl, -MeOH
extraction

Crude organic
extract
(0.160 g)

Step gradient column
chromatography

Fraction A B C D E F G H
Hexane:EtOAc 10:0 9:1 8:2 6:4 4:6 2:8 0:10 Moo oae
Weight (mg) (4) (25) (24) (39) (18) (9) (2) (9)

| | iv

JF14-41A JF14-41B JF14-41C
2mg 20mg 2mg
| I JF14-43A JF14-43B JF14-43C
6mg 9mg 3mg
ii
JF14-41B10 JF14-41B11 |
8mg 9Img I I
JF14-43A2
3mg

i e

Scheme 8.1: Isolation scheme of metabolites from L. flexuosa (D1013)

Conditions: i) Silica gel column chromatography (9:1 hex:EtOAc); ii) Normal phase HPLC (19:1 hex:EtOAc);
iii) Normal phase HPLC (49:1 hex:EtOAc); iv) Silica gel column chromatography (7:3 hex:EtOAc)
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H: 1:1 MeOH:EtOAc }U
G: 1000 EtOACc “;

1)
F: 2:8 hex:EtOAc ] w ‘
E: 4:6 heX:EtOACM H \‘M w
psapemone || b | W
C: 82 MMMMMJMA MWWW

B: 9:1 hex:EfOAC M wu w ﬂh L " . k ,,U“r"«,,

A: 100% hex
L

Crude

7.5 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 0.5 ppm

Figure 8.2: '"H NMR spectra (CDCls, 600 MHz) of the crude organic extract of L. flexuosa
(D1013) and step gradient column fractions A-H
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8.2.2 Structure elucidation of metabolites
8.2.2.1 Compounds 8.1 and 8.2

Compound 8.1, a dense orange oil, possessed a 'H NMR spectrum (Figure 8.3) abundant in
methine moieties between oy 2.5-6.5, the majority of which displayed unique splitting
patterns. A cis-alkenyne terminus was deduced from "H NMR resonances at o 3.11 (d, J =

1.8 Hz), 6y 5.55 (m) and &y 6.03 (m).

MMM MWMW

5. 55 ppm PPm

s AUMLJM@MJWUMMWJU

T T
60 55 5.0 45 40 3‘5 3.0 25 20 1.5 ppm

= B ZEE BR[O EEEE

Figure 8.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 8.1

09

The alkenyne was validated by '*C NMR resonances (Figure 8.4) at 8¢ 82.0. 80.1, 110.4 and

Oc 141.4. The IR spectrum (Figure 8.5) of compound 8.1 additionally bore testimony to the

presence of alkyne functionality with a =C-H stretch at 3286 cm™

% @ O [~ 0w \O [ — — <t wv o0 o0
= S qeoon S S A = TR =
<t — KESEsE=e\ o Nalsal o0 on O o™ —
| | N T 1T 7 T
CDCl,
T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 8.4 3C NMR spectrum (CDCls, 150 MHz) of compound 8.1
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Figure 8.5: IR spectrum of compound 8.1

The *C NMR spectrum (Figure 8.4) of compound 8.1 was also helpful in the assignment of
two bromo-methine resonances at d¢ 53.0 and d¢ 55.3 as well as four oxy-methine carbons at

3¢ 70.0, 79.6, 82.7 and d¢ 84.3 belonging to ether moieties.

The contiguous protonated nature of compound 8.1 enabled a relatively simple elucidation of

the structure by analysis of NMR experiments, particularly the COSY spectrum.

Compound 8.1 was characterised as cis-bromofucin also known as 3Z-bromofucin. This eight
membered heterocycle was previously isolated by McPhail er al., (2005) from a South

African sea-hare.

8.1
3Z-bromofucin

'H and "*C NMR data of compound 8.2 (Figures 8.6 and 8.7), isolated as a mixture with
compound 8.1 (in five times less quantity) were strikingly similar to compound 8.1. The only

major spectral differences were viewed at the acetylenic terminus as shown below (Figure

8.8).
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Figure 8.6: '"H NMR spectrum (CDCls, 600 MHz) of compound 8.2 in a mixture with 8.1
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Figure 8.7: BC NMR spectrum (CDCls, 150 MHz) of compound 8.2 in a mixture with 8.1

82.0 76.4
30.1 80, % W
% /l 104 % /l 11.4
1414 141.8
8.1 8.2

Figure 8.8: °C NMR (CDCls, 150 MHz) shifts of the terminal alkenyne moiety in
compounds 8.1 and 8.2
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The differences in NMR spectral data depicted in compound 8.2 are consistent with
geometrical isomerism at position C3 in compound 8.1 wherein compound 8.2 adopts a trans
configuration at A’>.Compound 8.2 is 3E-bromofucin, initially reported by Coll ez al., (1989)
from Laurencia intricata. Similar eight membered acetogenins (8.3 and 8.4) to 3Z and 3E-

bromofucin have been reported by Fukuzawa et al., (1972) and Howard et al., (1980).

BT 81 BT 82
3Z-bromofucin 3E-bromofucin

8.3 8.4
3E-laurefucin 3 E-chlorofucin
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Table 8.1: NMR spectroscopic data of compounds 8.1 and 8.2

Compound 8.1 Compound 8.2
Carbon No 6c mult ¢ Og, mult, J (Hz) oc Oy, mult, J (Hz)
1 CH 82.0 3.11,d,1.8 764 2.82,m
2 C 80.1 - 82.1 -
3 CH 1104 5.55,m 1114 5.59,m
4 CH 141.1 6.03, m 141.8 6.20, m
Sa 2.71, m 2.53, m
CH, 30.1 32.5
5b 2.82, m 2.58, m
6 CH 84.3 3.80,dt,7.1,1.9 84.3 3.74,dt,7.2,1.8
7 CH 70.0 4.01,m 69.7 4.01,m
8 2.06, m 2.07, m
CH, 33.5 33.5
2.36,d, 154 2.37, m
9 CH 79.6 441, m 79.6 441, m
10 CH 553 435 m 552 434, m
11a 2.52,dd, 15.5,4.3 2.53, m
CH, 38.5 38.5
11b 3.38,ddd, 15.5,8.9,2.4 3.34, m
12 CH 53.0 4.50,t9.5 529 451, m
13 CH 82.7 392, m 82.8 3.90,m
14a 1.69, m 1.69, m
CH, 23.1 22.9
14b 2.00, m 2.00, m
15 CH; 11.8 1.07,t,7.4 11.7 1.07,t,7.4
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— |
— 12 = 3
Br(\ N Ho
OH
8.7
laurediol

OAc

\’Iu

laurencin

15—

8.1
3Z-bromofucin

Scheme 8.2: Proposed biosynthetic pathway for the formation of cyclic ether type
compounds such as compound 8.1 from the linear acetogenin cis-

2
laurencenyne, compound 5.5

% Despite the presence of compound 5.5 in L. natalensis, cyclic bromo-ethers were not isolated from the alga suggesting a probable lack of
critical enzymes required for such transformation of the precursor, or merely no ecological rationale to do so. See Appendix 2 for proposed
biosynthetic pathways of ALL isolated compounds
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8.2.2.3 Compound 8.5

A COSY NMR experiment endorsed the presence of a truncated (C5) cis-acetylenic side in

compound 8.5 vs. that of a (C6) chain previously observed in compound 8.1.

Strong contiguous COSY correlations were seen amongst protons oy 3.16 (d, J = 7.6 Hz), oy
5.59 (m), 0y 5.94 (m) and a methylene group oy 2.56 (m); dy 2.70 (m) all belonging to the
alkyl side chain. A trio of methyl signals were observed in the '"H NMR spectrum of
compound 8.5 (Figure 8.9), two of which were singlets at 3y 2.11 and dy 2.16, and a triplet at
o 1.06 (J =7.6 Hz).

M“\LWMMM

4. 00 ppm .3 ppm 1. 75 ppm

6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm

Figure 8.9: '"H NMR spectrum (CDCls, 600 MHz) of compound 8.5

Despite a truncated alkenyne chain, the sesquiterpenoid nature of compound 8.5 was retained
by the extension of the terminal ethyl moiety seen in bromofucin, to a propyl unit with "*C

NMR shifts at 6¢ 12.2, 29.2 and 60.4.

The "*C NMR spectrum (Figure 8.10) also revealed recognisable ether bearing carbon atoms
with resonances at 6c 71.6 and oc 74.2. Inspection of the IR spectrum (Figure 8.11) of
compound 8.5 surprisingly exposed a carbonyl stretch at 1734 cm™ suggesting that the

compound exhibited further oxygenation other than the ether functionality.

Two acetyl groups within compound 8.5 were confirmed. The evidence for this came in the
form of the sharp methyl singlets in the '"H NMR spectrum &y 2.11 and 8y 2.16 previously
discussed, as well as unambiguous carbonyl signals detected in the HMBC spectrum of

compound 8.5 at 6¢ 169.9 and d¢ 170.1.

172



Chapter 8 Secondary metabolites from Laurencia flexuosa

< = a =)
— o — Q A0 A © <t © AoV n I
S =N —_ e R @9 Y are = N
= © A — At =S S o X FTARARN — S al
—— — — B~~~ S v A ndad aa —

I | | ‘ | | ‘ I | |
T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure 8.10: '°C NMR spectrum (CDCls, 150 MHz) of compound 8.5
96.5 1
74 =C-H str
90 3275.94 2951.89 C-H str
82 =C-H str
26

24

32 ]
%T

20

78 J 1077.24
76 |

74 ]

24 C=0 str
0 ] C-O str

1734.55

68 J
1225.40

63.7 4

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 200
em-1

Figure 8.11: IR spectrum of compound 8.5

Compound 8.5 was found to be identical to a di-acetyl, halogen bearing acetogenin as
previously isolated by Iliopoulou et al., (2012) from a Greek specimen of Laurencia obtusa.

This is the first record of the isolation of this compound from Laurencia flexuosa.
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Table 8.2: NMR spectroscopic data of compound 8.5

Carbon No ¢ Sc mult 5y mult, J (Hz)
1 82.6 CH 3.16,d, 2.3
2 80.0 C -

3 111.6 CH 5.59,d, 104
4 139.1 CH 5.94, m
5a 2.56, m
343 CH,
5b 2.70, m
6 717 CH 4.16, m
7 70.6 CH 4.86, m
8a 2.56, m
38.5 CH,
8b 2.16, m
9 56.6 CH 4.84, m
10 758 CH 5.19,dq,9.9,2.7
11a 2.28, m
29.8 CH,
11b -
12 742 CH 4.14, m
13 604 CH 4.00, m
14a 1.74, m
299 CH,
14b 2.03, m
15 122  CH; 1.06,t,7.6
16 169.0 CH;CO -
17 21.0 CH;CO 2.11,s
18 170.01 CH3CO -
19 21.1  CH3;CO 2.16,s
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8.3 Experimental

8.3.1 General experimental

As per section 3.3.1 in chapter 3, page 54.
8.3.2 Plant material (L. flexuosa, D1013)

L. flexuosa was collected by hand at Cape St. Francis on the south coast of South Africa in
May 2011. A voucher specimen has been stowed away in the Bolus Herbarium at the
University of Cape Town, South Africa. Identification of the alga was done by Professor John
Bolton with the Department of Biological Sciences at the University of Cape Town, South

Africa.
8.3.3 Extraction and isolation of metabolites

Same procedure as per section 3.3.3 as in chapter 3, page 54 (dry mass 16.1 g, crude extract

0.16 g, 0.98% yield).

Column chromatography step gradient fraction B was repeatedly purified by normal phase
HPLC in an attempt to purify evident isomers. Compound 8.1 (6.0 mg, 0.037%) was
successfully purified however compound 8.2 (3.1 mg, 0.019%) was isolated and elucidated in

combination with compound 8.1.

Compound 8.5 (9.6 mg, 0.059%) was isolated as a white solid from step gradient fraction C

by means of silica gel column chromatography.
8.3.4 Compounds isolated

8.3.4.1 Compound 8.1 (JF14-41B10M)

3Z-bromofucin (8.1): Orange oil; 'H and "°C data available in Table 8.1. As previously
reported by McPhail et al., (2005).
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8.3.4.2 Compound 8.2 (JF14-41B10N)

3E-bromofucin (8.2): Orange oil; 'H and "’C data available in Table 8.1. As previously
reported by Coll et al., (1989).

8.3.4.3 Compound 8.5 (JF14-43A1)

9-chloro-13-bromo-6:12-epoxy-7,10-diacetoxy-pentadec-3-en-1-yne (8.5): White solid; 'H
and "°C data available in Table 8.2. As previously reported by Iliopoulou ez al., (2002).
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Chapter 9

Secondary metabolites from Laurencia sodwaniensis

Abstract

The newly described algal species Laurencia sodwaniensis, whose chemistry was previously
unknown, afforded two known halogenated chamigranes as the main constituents, (9.1 and
9.3). Compound 9.1, also known as cartilagineol, was clearly the major metabolite within the

crude organic extract of the alga.
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Chapter 9
Secondary metabolites from Laurencia sodwaniensis
9.1 Introduction

The newly described epilithic species, Laurencia sodwaniensis (Francis, 2014) is endemic to
South Africa with the type specimen obtained on the east coast in Sodwana bay
(Sodwaniensis: from Sodwana bay). Plants grow to 5 cm high and possess a light pink

thallus. Cortical cells show an average of three corps en cerise per cell (Francis, 2014).

Figure 9.1: Laurencia sodwaniensis' (Caitlynne Francis ©2014)

A) Habit.
B) Branching pattern (8x). Scale 1cm: 240um
C) Cortical cells (20x).

D) Two-Four corps en cerise per cell (40x). Scale 1em: 20pm

! Image plates courtesy of Caitlynne Francis ©2014, University of Cape Town, South Africa
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9.2 Results and Discussion

9.2.1 Extraction and isolation of metabolites from L. sodwaniensis (D968, Cape Vidal)

The quantity of fresh L. sodwaniensis obtained was diminutive, with the dry algal material
weighing a mere 0.75 g. Despite this after standard extraction and fractionation procedures
(section 3.2.1, page 54) the crude 'H NMR spectrum (Figure 9.2) showed fascinating broad
related peaks in the deshielded region, belonging to a possible major metabolite. When
superimposed, the '"H NMR spectra (Figure 9.2) of silica gel step gradient column fractions B
and C were analogous and hence were combined and further purified. Normal phase HPLC

(19:1 hex:EtOAc) of the resultant column fraction yielded compounds 9.1 and 9.3.

Laurencia

CH,Cl, -MeOH
extraction

Crude organic
extract
(0.083g)

Step gradient column
chromatography

Fraction A B ( C D E F G H
Hexane:EtOAc | 10:0 9:1 8:2 6:4 4:6 2:8 0:10 Veon atonc
Weight (meg) (7) (26) \__(20) (5) (5) ) o) 3)

i
JF14-26B JF14-26C JF14-26D
6mg 9Img 20mg

Scheme 9.1: Isolation scheme of metabolites from L. sodwaniensis (D968)

Conditions: i) Silica gel column chromatography (9:1 hex:EtOAc); ii) Normal phase HPLC (19:1 hex:EtOAc)
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H: 1:1 MeOH:EtOAc

G: 100% EtOAc

J_,J |

F: 2:8 hex:EtOAc

E: 4:6 hex:EtOAc Jd

T I

D: 6:4 hex:EtOAc
e A

C: 8:2 hex:EtOAc
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Figure 9.2: 'H NMR spectra (CDCl;, 600 MHz) of the crude organic extract of L.

sodwaniensis (D968) and step gradient column fractions A-H
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9.2.2 Structure elucidation of metabolites
9.2.2.1 Compound 9.1

The 'H NMR spectrum (Figure 9.3) of compound 9.1 was similar to that of compound 5.8
(Figure 5.7, page 106) in that two deshielded methylidene protons were observed as singlets
at oy 4.96 and oy 5.20, as well as three methyl singlet resonances at 6y 0.99, 6y 1.31 and oy
1.75.

J/LJLW\/L

I I
445 440 ppm 3 2 3 1 3. 0 ppm 2.8 2.7 ppm

| AWMJ%LMwuLAJL

T T

Figure 9.3: '"H NMR spectrum (CDCls, 600 MHz) of compound 9.1

The *C NMR spectrum (Figure 9.4) aided in confirming the chamigrane nature of compound
9.1 as a spiro quaternary carbon was detected at 6c 43.7, including three additional quaternary
(0c 44.0, 73.4 and 147.3), three methine (6¢c 57.1, 69.6 and 76.4), five methylene (6¢ 24.3,
32.4,33.8,39.4 and 114.7) and three methyl (6¢ 24.9, 25.4 and 33.2) carbons.

— — = ~ © n gwm Ann A
] Vol NN
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1mp
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150 140 130 120 10 100 % 8o 70 e so 40 30  ppm

Figure 9.4: °C NMR spectrum (CDCl3, 150 MHz) of compound 9.1
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Figure 9.5: IR spectrum of compound 9.1

A hydroxyl moiety within compound 9.1 was confirmed by a broad stretch in the IR spectrum

(Figure 9.5) at 3377 cm™".

Compound 9.1 presented spectroscopic data akin to cartilagineol, a C;5 halo-chamigrane with

unprecedented stereochemical features at C3 and C4 i.e. diaxial halides.

9.1 9.2
Cartilagineol allo-isoobtusol

Initially, Juagdan et al., (1997) had named compound 9.1 allo-isoobtusol (9.2), however
Guella et al., (1997) and Francisco et al., (1998) revised the structure proposed by Juagdan et
al., (1997) to cartilagineol (compound 9.1). This was confirmed by Francisco et al., (1998)
after securing an X-ray crystal structure from crystals of cartilagineol obtained from a

specimen of Laurencia sp. from the Philippines.
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Table 9.1: NMR spectroscopic data of compound 9.1

Carbon No d¢

SC mult SH, mult, J (HZ)

la
243
1b
2a
32.4
2b
3 73.4
4 57.1
Sa
33.8
5b
6 44.0
7 147.3
8a
394
8b
9 69.6
10 76.4
11 43.7
12 249
13 25.4
14a
114.7
14b
15 33.2

1.72,dq, 13.3,3.5

CH,
2.04,dt, 13.3,3.5
1.80, d, 14.8
CH,
240,t, 14.8
C -

CH 4.43,brs
2.78,dd, 15.1, 4.1

CH,
3.08,brd, 15.1
C -
C ;
2.45,dd, 12.7,3.4
CH,

2.72,t,12.7
CH 3.67,t,10.4
CH 4.41,brd, 2.3

C -
CH; 1.31
CH; 0.99
4.96
CH,
5.20
CH; 1.75

% Stereochemistry assigned by analysis of coupling constants
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9.2.2.2 Compound 9.3

The 'H NMR spectrum (Figure 9.6) of compound 9.3 was comparable in many ways to that
observed for compound 9.1 (Figure 9.3). Broad methine moieties were observed at oy 4.12
and oy 4.72 as well as a doublet at dy4.47 (J = 2.6 Hz). Sharp exocyclic vinyl protons peaked
at 0y 5.06 and 8y 5.40 amongst other methylene groups between oy 1.7-2.5

T T T T T
_——
4.48 ppm 27 26 ppm 2.30 ppm 1.95 ppm
T T T T T T T T T T
5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm
S ) ) ) ) Sl Rell SR N
— S IS IS IS == —l= —~llailed w

Figure 9.6: '"H NMR spectrum (CDCls, 600 MHz) of compound 9.3

The similarity in spectroscopic data between compound 9.3 and 9.1 continued as the IR

spectra were almost identical (Figure 9.7).
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Figure 9.7: IR spectrum of compound 9.3
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HSQC and HMBC analysis allowed for identification of compound 9.3 as obtusol, a regio-
isomer of compound 9.1, with evident differences in 13C NMR shifts at positions C3, C4 and
Cl151i.e. (8¢ 68.0, 67.6 and 23.6 for compound 9.3) and (d¢ 73.4, 57.1 and 33.2 for compound
9.1). Obtusol was initially isolated by Gonzalez et al, (1976) from Laurencia obtusa after

which a revised X-ray crystal structure was documented by Gonzalez et al., (1979a).

Additional isomers, compound 9.4 (Gonzalez et al, 1976) and the C2/C3 trans-equatorial
halo-compound 9.5 (Guella et al., 1990), in conjunction with isolated compounds 9.1 and 9.3,

furnish a fascinating stereochemical series particularly at carbons C2, C3 and C4°.

9.4 9.5
iso-obtusol Rogiolol

3 13C NMR assignments of various isomers about these positions are shown in Appendix 3
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Table 9.2: NMR spectroscopic data of compound 9.3*

Carbon No 6c¢ 6c mult 6y, mult, J (Hz)

1 260 CH, 175.m

2a 2.27,td, 13.1,3.1
413 CH,

2b 2.19,m

3 685 C -

4 673 CH 4.72,br m

5a 2.50, m
39.0 CH,

5b 2.61,m

6 503 C -

7 1409 C -

8a 1.94,t, 12.6
379 CH,

8b 2.33,m

9 723 CH 4.12,brm

10 70.7 CH 447,4d,2.8
11 40 C -

12 240 CH; 1.09, s

13 212  CH; 1.08, s

14a 5.06, s
118.7 CH,

14b 5.40, s

15 23.6 CH; 1.84,s

4 13C NMR shifts assigned using HSQC and HMBC NMR experiments
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9.2.3 Molecular dynamics of compounds 9.1 and 9.3

The '"H NMR spectra of both compounds 9.1 and 9.3 (Figures 9.3 and 9.6) showed
characteristic broadening of methine resonances especially at H4. Initially, Guella et al.,
(1990) reported similar broadening of signals in both '"H NMR and °C NMR spectra of

rogiolol acetate (compound 9.6a).

9.6a
Rogiolol acetate

During preliminary studies, Guella et al., (1990) discussed that the broadening of the signals
was proved to be temperature dependant as probe temperatures of +50 °C and -30 °C yielded

sharper NMR signals, particularly '"H NMR (300 MHz) resonances.

Since broadening of ?C NMR resonances was only viewed on ring A of compound 9.6a,
Guella et al., (1991) then proposed a possible chair-chair inversion in ring A, while ring B
retained its conformation by virtue of it being a rigid chair. The major conformer (compound
9.6a) possessed a vinylic methylene moiety (C14) which directed toward the bromo-methine
group at C2. Upon ring A inversion, the minor conformer (compound 8.6b) would conversely
possess a vinylic methylene (C14) directing toward the methylene protons at C5 (Guella et

al., (1991).

9.6a 9.6b
Rogiolol acetate Rogiolol acetate

The minor conformer is less favoured due to possible repulsive hindrances between the axial
bromine at C10 and the equatorial hydrogen at C1. The resultant low concentration of
compound 9.6b would consequently fail to display distinct '"H NMR signals of its own, but
rather affect the spectral width of "H NMR signals belonging to the major conformer 9.6a.

This then causes the broadening of the spectral signals.
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When compound 9.6a was analysed at a lower NMR field strength (80 MHz), the need for
extreme probe temperatures vanished, as sharpened '"H NMR peaks were observed at room
temperature. Guella et al., (1991) then concluded that exposing compounds such as rogiolol
acetate (9.6) to greater NMR field strengths, allowed for chemical exchange to occur within
the molecule among non-equivalent sites hence favouring the production of conformers.

These are subsequently detected by witnessing broadened spectral signals, especially within

'H NMR spectra.
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9.3 Experimental

9.3.1 General experimental

As per section 3.3.1 in chapter 3, page 54.
9.3.2 Plant material (L.sodwaniensis, D968)

L. sodwaniensis was collected by hand at Cape Vidal on the east coast of South Africa in
March 2011. A voucher specimen has been stowed away in the Bolus Herbarium at the
University of Cape Town. Identification of the alga was done by Professor John Bolton with

the Department of Biological Sciences at the University of Cape Town, South Africa.
9.3.3 Extraction and isolation of metabolites

Same procedure as in section 3.3.3, page 54 (dry mass 0.75 g, crude extract 0.083 g, 10.0%
yield).

Compound 9.1 (8.3 mg, 1.0%) as well as compound 9.2 (7.4 mg, 0.9%) were isolated after
purifying combined silica gel column fractions B and C via silica gel column

chromatography (9:1 hex:EtOAc) and subsequently normal phase HPLC (19:1 hex:EtOAc).

9.3.4 Compounds isolated

9.3.4.1 Compound 9.1 (JF14-26D2)

Cartilagineol OR (28%*3R*)-2,8-dibromo-9-chloro-1,1,9-trimethyl-5-methylidenespiro [5.5]
undecan-3-ol (9.1): White amorphous solid; '"H and °C data available in Table 9.1. As
previously reported by Francisco et al., (1998).
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9.3.4.2 Compound 9.3 (JF14-26D4)

Obtusol OR (25*3R*) - 2,9 - dibromo-8-chloro-1,1,9-trimethyl-5-methylidenespiro[5.5]
undecane -3- ol (9.3): White amorphous solid; 'H and °C data available in Table 9.2. As
previously reported by Gonzalez et al., (1976).
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Chapter 10

Chemotaxonomic significance of isolated metabolites

Abstract

Given that a secondary metabolite is the end result of enzyme dependent metabolic pathways
within an organism, these molecules can be considered as phenotypic. Intrinsic genetic
sequences will dictate the nature of the enzyme produced, and hence the characteristics of the

final metabolite.

This chapter reveals the possible role secondary metabolites could play in predicting
phylogeny of Laurencia spp. by determining whether closely related species produce
comparable chemistry. For this to occur, an exhaustive analysis of additional Laurencia spp.

which also produce the metabolites isolated from species in this study was performed.

The simpler chamigrane type compounds isolated within this study were shown to be
biosynthesised by a wider variety of Laurencia spp. vs. that of the more complex molecules
such as the multi-cyclic acetogenins, compounds 7.5 and 7.6, prevalent in much fewer

Laurencia spp.

Investigation of an rbcL based Laurencia spp. phylogeny tree revealed that the secondary
metabolites isolated from L. complanata, L. multiclavata and L. sodwaniensis within this
study, were produced almost exclusively by their sister species, allowing for a general

inference to be made on the chemotaxonomic significance of the isolated structures.
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Chapter 10

Chemotaxonomic significance of isolated metabolites

10.1 Introduction

As shown by Wang et al., (2013), the most common classes of secondary metabolites isolated
from Laurencia spp. include sesquiterpenes, diterpenes, C;s acetogenins, and indole
alkaloids, as has been mentioned in more detail in chapter 2. These secondary metabolites
may play critical roles in the species delineation process as specialist enzymes, produced by
the expression of inherent gene sequences, are required for their biosynthesis as shown below

(Butler and Carter-Franklin, 2004).

Cl
= | Enzyme mediated Br Br
| —3
opp —————>
FPP Chamigrane sesquiterpene

Figure 10.1: Example of an enzyme mediated biosynthesis in Laurencia spp.

The chapters hitherto have exposed the natural product chemistry, as far as possible, of
various South African Laurencia spp. A detailed rbcL based Laurencia spp. phylogeny tree
produced in parallel by Francis (2014), allowed for a visual representation of the genetic
relationship amongst the study species and other Laurencia spp. To expose the
chemotaxonomic significance of the metabolites isolated herein, an exhaustive
documentation of additional Laurencia spp. possessing identical phycochemistry was
compiled. If the study metabolites were simultaneously produced within other closely related
Laurencia spp. i.e. those within the monophyletic group, then a general implication can be

made regarding the additional use of secondary metabolites as chemotaxonomic markers.
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10.2 Results and discussion

10.2.1 Phylogeny of the Laurencia complex

The plastid rbcLL phylogeny tree obtained by Francis (2014) (Scheme 10.1) reflects the
relative placements of the seven Laurencia species analysed in this study, including
Laurenciella marilzae, based on a 50% majority rule Bayesian inference. Ideally, to prove the
feasibility of the chemotaxonomic approach with respect to Laurencia spp., the natural
product chemistry exposed from Laurencia spp. within the scope of this study should be

comparable to other Laurencia spp. to which close phylogenetic relationships exist.
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Scheme 10.1: Plastid rbcL phylogeny tree of the South African Laurencia complex including species utilised within this study

(Adapted from: Caitlynne Francis ©2014, University of Cape Town, South Africa)

See supplementary data for further information on the phylogeny tree. A clearer image may be obtained by viewing the electronic thesis (eCopy) on the CD provided.
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10.2.2 Incidence of isolated metabolites in other Laurencia spp.

Preceding any analyses or inferences based on the phylogeny tree above, a detailed account
of additional Laurencia spp.', which also produce the compounds isolated in this study, was
documented (Table 10.1). Subsequent assessment of how closely related these species are can

then occur by analysis of the phylogeny tree (Scheme 10.1).

! Obtained by searching the structures in Scifinder® https://scifinder.cas.org; Accessed: 25/12/2014
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Table 10.1: Listings of Laurencia spp. and other organisms containing the compounds isolated in this study”

Organism
L. brongniartii
A. californica
L. cartilaginea
L. clavifromis
L. complanata
L. composita
L. cf. corymbosa
A. dactylomela
L. dendroidea
L. filiformis
L. flexuosa
L. glandulifera
L. glomerata
L. gracilis
L. implicata
L. intricata

L. japonensis

L. majuscula

L. mariannensis

L. microcladia

L. multiclavata

L. natalensis

L. nidifica

L. nipponica

L. obtusa

L. okamurai

L. pacifica

L. papillosa

A. parvula

L. pinnatifida
L. sodwaniensis

L. saitoi

L. scoparia
L. similis
Laurencia sp.

Compound

*
*

3.1

35 *

3.7 = =

L. glomerata
o

3.15 =

3.17 =

4.1 =

:
i

4.4 =

4.5 *

L. corymbosa
4.6 =

4.7 =

4.8 b

5.1

5.5

L. natalensis 5.8

5.9

o E=d

6.2 S

L. complanata 6.3

6.4 S

6.5 S

7.1

L. multiclavata 7.5

7.6

8.1 *

L. flexuosa 8.2 © -

8.5 *

9.1

9.3

2 Refer to Appendix 5 for structures of ALL compounds isolated.
-Each number designating a compound to a particular organism (correlation number) is representative of a reference shown in (Table 10.2) overleaf.
-Species analysed in this study are highlighted yellow, and an asterisk (*) represents isolation of the compound in this study.
- Although every effort was made to be thorough, the above table may not represent an absolute account of all species containing the isolated compounds.
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Table 10.2: References of correlation numbers depicted in Table 10.1

Correlation Reference Correlation Reference
number number

1 Ji et al., 20092’ 44 McMillan et al.,1974°

2 Suzuki et al., 19823 45 Carter et al., 1978

3 Ojika et al., 1982° Tanaka et al., 1989

4 Bano et al., 1987 46 Combaut et al., 1984

5 Combaut et al., 1984 47 Carter et al., 1978
Kennedy et al., 1988 Tanaka et al., 1989

6 Howard and Fenical, 1975 48 Jiet al., 2007

7 Suzuki et al., 1982 49 Carter et al., 1978

8 Kigoshi et al., 1981 Tanaka et al., 1989

9 Rovirosa et al., 1999 50 Waraszkiewicz et al., 1978

10 Ji et al., 2009a 51 Ayyad et al., 2011

11 Jongaramruong et al., 2002 52 Vairappan et al., 2001

12 Suzuki et al., 1979 53 Waraszkiewicz et al., 1978

13 Ko6nig and Wright, 1994 54 Waraszkiewicz et al., 1978

14 Takahashi et al., 1998 55 McPhail and Davies-Coleman, 2005

15 Kimura et al., 1999 56 Coll and Wright, 1989

16 Abe et al., 1997 57 Tliopoulou et al., 2002

17 Alarif et al., 2012 58 Juagdan et al., 2007

18 Abou-Elnaga et al., 2011 59 Wessels et al., 2000

19 Jongaramruong et al., 2002 60 Machado et al., 2011

20 Howard and Fenical, 1975 61 Francisco et al., 1998

21 Faulkner et al., 1974 62 Wessels et al., 2000
Ireland et al., 1976 63 Machado et al., 2011

22 Masuda et al., 2002 64 Diaz-Marrero et al., 2009

23 McPhail et al., 1999 65 Gonzalez et al., 1976
Pitombo et al., 1996

24 Kimura et al., 1999

25 Ojika et al., 1982

26 Rovirosa et al., 1999

27 Suzuki et al., 1988

28 Ji et al., 2009a

29 Ojika et al., 1982

30 Fenical, 1976

31 Ji et al., 2009b

32 Mann, 2008

33 Mann, 2008

34 Elsworth and Thomson, 1989

35 Ji et al., 2009a

36 Kigoshi et al., 1981

37 Ji et al., 2009a

38 McPhail et al., 1999

39 Jietal., 2007

40 Waraszkiewicz and Erickson, 1974

41 Suzuki et al., 1983

42 Ojika et al., 1982

43 McPhail et al., 1999

? Stereoisomer isolated
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10.2.3 Chemotaxonomic significance of isolated metabolites
10.2.3.1 Laurencia glomerata

From (Table 10.1), it is evident that most of the compounds isolated from L. glomerata have

been isolated from a reasonable number of other Laurencia spp.

A pronounced example is the halo-chamigrane (3.9) which has been isolated from a total of
11 other Laurencia spp. as well as from the sea-hare Aplysia parvula® indicating the

herbivorous nature of the mollusc on Laurencia spp. containing compound 3.9.

3.9

Certainly from a chemotaxonomic perspective, the ubiquitous nature reflected by the halo-
chamigrane (3.9) amongst other Laurencia spp. renders it as an ineffective chemical marker

of phylogeny as it prevents placement of L. glomerata to a particular monophyletic group.
10.2.3.2 Laurencia cf. corymbosa

A contrasting situation exists for the compounds isolated from L. cf. corymbosa. From (Table
10.1) it is clear that the compounds isolated from L. cf. corymbosa are predominantly
exclusive to the alga (especially the new cyclic keto-cuparane 4.4) with the exception of
cuparanes 4.5, 4.7 and chamigrane 4.8 which were all previously isolated from only one other

Laurencia spp.

* Sea-hares sequester metabolites from dietary algae, releasing them in a purple ink when attacked by predators. The ink has been shown to
affect chemosensory apparatus of predators (Hay and Fenical, 1988).
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In instances where the natural product chemistry is found to be exclusive to a single taxon,
predicting the phylogeny of an unknown species can be precarious as there are no reference
points employable on the phylogeny tree (as no other Laurencia spp. possess comparable
chemistry). Despite this, such species can subsequently be successfully characterised based

on their unique natural product chemistry.
10.2.3.3 Laurencia natalensis

Gamma-bisabolene (5.1) and cis-laurencenyne (5.5) are shown to be likely precursors to the
formation of other complex metabolites contained in Laurencia spp. (Appendix 2).
Considering the lack of documented evidence for the isolation of compound 5.1 in other
species of Laurencia, including the scarce number of Laurencia spp. in which compound 5.5
is found (Table 10.1), these metabolites are less favoured for inferring phylogenetic
relationships, and would be more useful in identifying the few species which do produce

them.

5.1 5.5

The halo-chamigrane, nidificene (5.8), as with chamigrane (3.9), displays a widespread
presence amongst other Laurencia spp. (Table 10.1) which are scattered all over the
phylogeny tree (Scheme 10.1). A possible explanation for such a trend could be the relative
structural simplicity of the molecule. Enzymatic systems required for such straightforward
biosyntheses need not be specialised and as a result, the “primitive” enzymes required for the
production of compounds such as chamigrane (5.8) could have been introduced by a distant
common ancestor at a much earlier stage within the phylogeny tree. This results in the

widespread presence of such simple metabolites amongst numerous Laurencia spp.
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As the first documented isolation from Laurencia spp., viz. L. natalensis, the use of the
sesquiterpene (5.9) as a chemical marker for the identification of L. natalensis is
indispensable. Compound 5.9 (algoane) was initially isolated from a sea-hare, Aplysia
dactylomela (Table 10.1), reaffirming the herbivorous nature these molluscs display toward

red algae.

10.2.3.4 Laurencia complanata

From (Table 10.1) it is clear that the majority of the indole alkaloids isolated from L.
complanata in this study have been isolated before mainly from L. brongniartii. On
inspection of the phylogeny tree (Scheme 10.1, expansion shown below) an intriguingly close
phylogenetic relationship was noticed between the two species 1.e. sister species, and hence

Br Br Br Br Br
Br. Br.
N\ Br N\ Br A\ Br A\ Br N\ Br
N N N N B N
\ Br \ \ Br H T H
6.1 6.2 6.3 6.4 6.5

each other’s closest relatives.

145__' Laurencia complanata: RSA
_Q__Q_l‘—— I Laurencia cf. brongniartii. RSA, T & A

Among the morphological and genetic similarities that currently exist between L. complanata
and L. brongniartii, the disclosure of their congruency in natural product chemistry adds

fidelity to the chemotaxonomic principle.
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No sequences are available for the other two Laurencia spp. wherein L. complanata indoles
were also found (L. microcladia and L. similis) resulting in their absence from the tree

(Scheme 10.1).
10.2.3.5 Laurencia multiclavata

The acetylenic acetogenin, compound 7.1, was isolated from of L. obtusa, L. nidifica and an
unidentified Malaysian Laurencia sp. (Table 10.1). Interestingly, from (Scheme 10.1,
expansion shown below), L. nidifica displays a strikingly close phylogenetic relationship to
L. multiclavata 1i.e. sister species, again increasing the perceived dependability of

chemotaxonomy as an aid to classification.

1

— | Laurencia multiclavata sp. nov. ‘F’: RSA
H
0.99 0 771

1—{I Laurencia cf. nidifica: NC

Laurencia cf. mcdermidae: NC
Laurencia cf. mariannensis: NC
Laurencia dendroidea: NC

The presence of compound 7.1 in L. obtusa, which can occupy various regions on the
phylogeny tree, cannot be ignored. Francis (2014) mentions the deficiency of clear species
boundaries in the delineation of Laurencia obtusa while Stegenga et al., (2007) note its
dubious global taxonomic status. Rampant misidentification of L. obtusa over the years
(Francis, 2014) necessitates investigators to include intricate details which shed light on
techniques used in identifying the specimen used i.e. based on morphology alone, or backed
up by genetic sequences. Such details were not provided in this particular record by Ayyad et

al., (2011). This leads to scepticism as to the true identity of the species used in past studies.

L. multiclavata also produced compound 7.5, a unique poly-cyclic acetylenic acetogenin

previously exclusive to L. nidifica.

The complex acetogenin 7.6, an epimer of compound 7.5 was isolated in the same
unidentified Malaysian Laurencia sp. in which compound 7.1 was isolated. Since L.
multiclavata is South African endemic it would be reasonable to broadly predict that the
identity of the unknown Malaysian Laurencia sp. could possibly have been L. nidifica based

on the strong chemical congruency displayed.
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10.2.3.6 Laurencia flexuosa

Both bromofucin isomers, compound 8.1 and 8.2, were isolated previously from L. flexuosa
(Table 10.1) and are considered as the major metabolites within this particular species. Since
their isolation seems to be reproducible they can be considered as possible marker

compounds, assisting in the chemical identification of L. flexuosa specimens.
Cl

AcO OAc

8.1 8.2 8.5

This is the first record of the cyclic acetylenic ether 8.5 from L. flexuosa. It was first isolated
from a Greek specimen of L. obtusa. Phylogenetically, L. flexuosa and L. obtusa, although
not sister species, do exist in the same clade with a common ancestor, however a considerable

amount of speciation can be seen to have occurred since then (Scheme 10.1).
10.2.3.7 Laurencia sodwaniensis

The organic extract of Laurencia sodwaniensis afforded compounds 9.1 (cartilagineol) and
compound 9.3 (obtusol). Halo-chamigrane 9.1 was originally isolated from L. cartilagineol
(Table 10.1) for which no sequencing data is available. L. dendroidea also produces
compound 9.1 (Table 10.1) and interestingly, L. dendroidea shows a close phylogenetic

relationship to L. sodwaniensis (Scheme 10.1; expansion shown below).

Similarly, chamigrane 9.3 was produced by L. dendroidea and L. majuscula (Table 10.1) both

of which share close phylogenetic relationships to L. sodwaniensis (Scheme 10.1).
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cl
Br, Br, > o
N B N
HO HO

9.1 9.3

——  Laurencia sp. ‘G’: RSA
1 taurenc:_a dendroidea: ) o
| 0.84 aurencia dendroidea: Laurencia sodwaniensis: sp.nov.
| Laurencia dendroidea: G & V ‘C’: RSA
1 Laurencia majuscula: S
! S of

10.2.4 The usefulness of chemotaxonomy in Laurencia spp.

Considering the above analyses, it is clear that the chamigrane type sesquiterpenoids such as
compound 3.9 are generally observed as being widespread amongst the Laurencia spp. As a

result the chemotaxonomic reliability of such compounds is questionable.

Despite this there are instances wherein more exclusive chamigranes such as those which
display both regio and stereoisomerism of their halogen moieties, can be successfully used
for making chemotaxonomic inferences e.g. cartilagineol (9.1) and obtusol (9.3) appear

exclusively in L. sodwaniensis and other closely related Laurencia spp.

The indole alkaloids isolated from L. complanata displayed a striking resemblance to those
isolated from its sister species, L. brongniartii. This particular structural class was seen to be

almost exclusive within both algae.

L. multiclavata and L. nidifica, which are sister species, also displayed prominent similarities

in their natural product chemistry in the form of compounds 7.1, 7.5 and 7.6.

The value of the chemotaxonomic approach is reiterated as two morphologically similar
Laurencia spp. viz. L. cf. corymbosa and L. glomerata, which are often confused with one
another, have shown to produce distinctive chemical profiles, now allowing for easier

distinction.

Furthermore, when analysing chemically unexplored species of Laurencia, the emergence of
new chemistry exclusive to a particular species introduces the concept of molecular markers.
Such compounds make it easier to identify a particular species in subsequent investigations.
e.g. algoane (5.9) is seen to be exclusively found in L. natalensis and hence can act as a

marker compound for the identification of this particular species.
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Despite the potentially useful role the chemotaxonomic approach may display, a few factors
must be considered. It is imperative to realise that, as a classification tool, chemotaxonomy
should not be used alone, but rather as a complementary method amongst other more robust

methods such as gene sequencing and histological analysesS.

Secondly, a phylogeny tree depicts genetic relationships between predefined sequences, in
this case the rbcL sequence. The sequences coding for the enzymes responsible for secondary
metabolites synthesis are not considered in the tree. This could then suggest that two sister
species on the phylogeny tree, related solely by similarity of rbcL. sequences, could in fact
possess greatly varied sequences coding for enzymes systems involved secondary metabolite
synthesis. This implies the possibility of contrasting metabolite chemistry amongst two

closely related sister species.

Finally, the chemistry from an individual species analysed during different seasons and from
different geographical locations may not always be analogous. Environmental conditions
such as temperature, salinity of the water, predation and pH are all capable of influencing the
chemical profile of an alga. This should always be taken into account during

chemotaxonomic analyses.

5 Reassignment of Laurencia spp. which were incorrectly classified is occurring as a result of these emerging methods of species
delineation. See Appendix 1 for the natural product chemistry of the recently re-assigned species Laurenciella marilzae (Basionym:
Laurencia marilzae)
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Chapter 11

"H NMR profiling of crude organic extracts as a discriminatory tool for the

identification of selected Laurencia spp.

Abstract

'H NMR profiling of crude algal extracts allows for a visual assessment of the sample’s
“metabolite fingerprint”. Discrimination between algal species can occur provided 'H NMR
spectra are reproducible and exclusive to each individual species. Moreover, there is a
possibility of identifying major metabolites attributed to a particular species, further assisting

the process of species identification.

This chapter investigates the crude organic "H NMR profiles of nine selected South African
Laurencia spp. Profiling was conducted on the seven Laurencia spp. explored earlier in this

study including Laurencia cf. elata and Laurencia peninsularis.

Where possible, an individual species was collected from more than one location to assess the
effect of geographical location on '"H NMR profiles (i.e. will the metabolites produced be
different). Moreover, spectral reproducibility was assessed by analysing three separate plants

per specimen.

For the most part, the crude 'H NMR spectra obtained were reproducible and exclusive to
individual Laurencia spp. Samples of L. glomerata collected from Kenton-on-Sea showed
differing metabolite profiles to those collected from Noordhoek, while morphologically
varying samples of L. flexuosa from four different locations produced comparable profiles.

Major metabolites were identified within the majority of the "H NMR profiles generated.

212



Chapter 11 'H NMR profiling of Laurencia spp.

Chapter 11

"H NMR profiling of crude organic extracts as a discriminatory tool for the

identification of selected Laurencia spp.

11.1 Introduction

11.1.1 Plant taxonomy

Plant taxonomy or classification is described as the confinement, description and naming of
any grouping of plants considered to embody a single entity or taxa which are reproductively

isolated from any other similar groups (Hegnauer, 1986).

The earliest evidence of classifying plants (370-250 BC) was undertaken by Theophrastus, a
Greek naturalist who is regarded as the father of botany. His findings were recorded in his
manuscript entitled “Enquiries into Plants and the Causes of Plants” (Levetin and McMahon,

2008).

In South Africa, evidence of seaweed systematics extends from as early as the 18" century
when colonial European phycologists took an interest in local samples. Two pioneering
taxonomists, George Papenfuss and Herre Stegenga are responsible for vast contributions to

seaweed systematics along the South African coastline (Bolton, 1999).
11.1.2 Conventional algal classification tools

There has been much debate in recent years as to the approaches that should be employed
during the delimitation of a species. Experts argue that features such as geographical, ultra-
structural, biochemical, morphological, ecological and breeding data are vital aspects which

should be considered during the classification process (Leliaert et al., 2014).

11.1.2.1 Morphology

Undoubtedly the most common approach used to classify algae is through morphological
assessment. Structures such as female reproductive systems or ultra-structural entities such as
pit-plugs are intricately scrutinised to assist in species delimitation. If two species are
regularly differentiated by one or more indicative morphological differences, then it would be

safe to argue that there is no gene flow between them (Wiens, 2007).
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Morphological classification faces a variety of challenges including:

® Phenotypic plasticity wherein phenotypes change under varying environments
® Morphological convergence of different species
® Polymorphism of a single species

e Morphological stasis

This reduces the reliability of the method and necessitates the need for other classification
tools to be used concomitantly during the taxonomic process (Maggs et al., 2007; Leliaert et

al., 2014).
11.1.2.2 Molecular systematics (DNA based)

According to Wiens (2007) DNA sequencing is emerging as an increasingly accepted
approach in either identifying species (DNA bar-coding) or during discovery of new species
(DNA taxonomy). Analyses of single or multiple genetic loci are made as various ideologies
exist as to which gene clusters are representative of species phylogeny (Davis and Nixon,

1992).

The most common DNA-based phylogenetic markers in red algae are shown below in (Table
11.1) with the plastid ribulose bisphosphate carboxylase large chain (rbcL) sequence being
one of the most commonly used markers. This gene sequence possesses a vast amount of
phylogenetically relevant sites owing to its high mutation rate vs. the small subunit ribosomal

marker (SSU) (Freshwater and Bailey, 1998).

Table 11.1: DNA based phylogenetic markers used in Rhodophyta (Maggs et al., 2007)

DNA marker
Plastid Mitochondrial Nuclear
rbcL cox1 Phycoerythrin
rbcS cox2-3 spacer  Elongation factor
RuBisCo spacer ITS region
URP Actin
16S LSU rDNA

A major advantage of DNA based taxonomy is the ability to cladistically monitor the
speciation process as descriptive phylogenetic trees can be constructed depicting possible

species ancestry (Hey and Pinho, 2012).
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11.1.3 Chemotaxonomy

Chemotaxonomy can be regarded as a molecular systematics tool reflective of the secondary
metabolite profile of an organism. This is a relatively foreign classification tool relying on the
notion that an organism’s secondary metabolite profile may possess phylogenetic inferences.
Secondary metabolites are fashioned by enzymes which are a direct expression of an

organism’s genetic code and hence phenotypic (Carreno-Quintero, 2013).

The sheer diversity of secondary metabolites produced by organisms such as marine
macroalgae allows for greater opportunity for chemotaxonomy to flourish as a large chemical
space favours the probability of chemical exclusivity between species i.e. the chances of
different species producing different metabolites increases. Considering that the genes coding
for the production of these compounds are limited, the immense structural diversity of these
metabolites can thus be attributed to the presence of multifunctional enzymes to which there

is poor enzyme specifity (Schwab, 2003).

There are several literary reports which document the usefulness of chemotaxonomy in

species identification and or delineation.

Morphologically similar species within the genera Gelidium and Gracilaria were successfully
differentiated by chemo-analysis of structurally varied agars they produced (Nelson et al.,

1994; Falshaw et al., 1999).

Dussert et al., (2008) showed the value of seed lipids in determining phylogenetic

relationships within various species of the coffee producing plant of the genus Coffea.

The eukaryotic Qomycetes, originally thought to be fungi, were later classed as Protista.
Since fungi such as Blastocladiella emersonii are known to produce secondary metabolites
including polyols, the deficiency of similar molecules in Oomycota was in phylogenetic

agreement with their removal from the Fungi kingdom (Pfyffer, 1998).

The secondary metabolite profiles of various species of Phillipino samples of the red marine
algae Portieria hornemannii were analysed via GC-MS (gas chromatography-mass
spectrometry) wherein inter and intra-specific metabolite variation was observed, attributable
to factors such as cryptic species, life-stage history as well as environmental factors (Payo et

al.,2011).
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The chemotaxonomic classification approach is not without drawbacks. The fungus Rhizopus
microsporus was shown to possess secondary metabolites which were later discovered as
being produced by endosymbiotic bacteria of the genus Burkholderia (Partida-Martinez et al.,

2007).

Instances have occurred wherein the secondary metabolite profile of an individual species of
marine algae, Laurencia microcladia, found in different geographical settings, produced
varying compound profiles (Pietra, 2002). This phenomenon could possibly be ascribed to
phenotypic plasticity wherein environmental fluctuations trigger a phenotypic change
(Leliaert et al., 2014). Such occurrences need to be considered if the chemotaxonomic

approach is to be successful.

In direct contrast to the above Howard et al., (1980) and Masuda et al., (1997) have shown
that Laurencia snyderae and Laurencia nipponica produce unaltered metabolite profiles

under varying environmental conditions.

The success of chemotaxonomy as a robust classification tool relies on factors such as the
quantitative constancy of metabolites as well as a distinct independence of fluctuating

environmental conditions when produced (Howard et al., 1980).

Having considered the aforementioned it is critical that chemotaxonomic assignments should
always be made in conjunction with other classification tools such as gene sequencing and or
morphological assessment. This reduces the chances of misassignment of a species and also
allows for an inspection of conformity between classification methods i.e. will all methods

identify the organism as the same species?

11.1.4 Challenges in algal taxonomy

Despite the expansive efforts made by phycologists in describing marine algal species, with
over 20 000 accepted species recorded over the last 200 years, there are many challenges
which are faced in the field of algal systematics and could translate into major causes for

concern if not addressed in a well structured manner (de Clerck, 2013).

Payo et al., (2013) identified 21 cryptic species of Portieria hornemanii in the Philippines
archipelago. This species was thought to be the only kind within the genus. The possibility of

such diversity amongst a single species needs to be acknowledged and DNA sequencing

216



Chapter 11 'H NMR profiling of Laurencia spp.

among other classification tools should become mandatory upon species delimitation so as to

establish such discrepancies.

De Clerk et al., (2013) further discuss the abundance of synonymous algal species wherein a
single species has been described under various names. Furthermore, with the advent of
simpler, rapid DNA sequencing kits, the volumes of algal genetic information being produced
is merely being used to cladistically classify species instead of providing full descriptions

with binomial names. These specimens are commonly referred to as “dark taxa”.

Moreover, the DNA molecular confirmation of species reported in the distant past is
increasingly difficult as type specimens are either missing or difficult to obtain from cited

sources.

The role of phycologists has consequently expanded wherein a strict presentation of a greater
number of sample details is required during its delimitation. This includes mandatory data
such as DNA molecular sequences of specific gene clusters, detailed morpho-anatomical

analyses, as well as careful preservation of type specimens for future reference.

11.1.5 Spectroscopic techniques in natural product profiling

11.1.5.1 Hyphenated techniques

There is an increasing use of hyphenated spectroscopic techniques for natural product
profiling following miniaturisation and increased sensitivity of instruments. Brklja¢a and
Urban (2011) reveal the common use of HPLC-NMR (high performance liquid

chromatography-nuclear magnetic resonance) for metabolite profiling of marine organisms.

HPLC-NMR was also the spectroscopic profiling technique of choice for Dias et al., (2009a)
who report the isolation of the new metabolites cyclo-iso-allolaurinterol as well as iso-
allolaurinterol from an Australian specimen of Laurencia filiformis. The same technique was
employed to successfully profile the metabolites of the red algae Plocamium mertensii and a

marine sponge of the genus Dactylospongia (Dias et al., 2008, 2009b).

Extracts of Laurencia chondrioides were subjected to UHPLC-PDA-HRMS (ultra high
performance liquid chromatographic-photodiode array-high resolution mass spectrometry)
analysis which led to rapid identification of known metabolites as well as the identification of

two new C;5 bromo-allenes (Kokkotou et al., 2014).
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Machin-Sanchez et al., (2014) investigated the use of CE-MS (capillary electrophoresis-mass
spectrometry) metabolite profiling on Tenerife algal specimens within the Laurencia
complex. A viable discernment of species and genera of the collected samples was possible

as CE-MS fingerprints were shown to be exclusive and reproducible.

A GC-MS geographical and seasonal variation study of the secondary metabolites from
Laurencia decidua samples collected in Baja, California showed little profile variation

(Caccamese et al., 1979).

11.1.5.2 "H NMR profiling

NMR spectroscopy has played a vital role in better understanding various metabolic
pathways within organisms. A classic example of this was the use of isotope-tracer analysis

to deduce the metabolic route of ethanol (Wilson and Burlingame, 1974).

Literary evidence of "H NMR profiling for the classification and or identification of plants

and derived products thereof exists.

Examples include the distinction of Cannabis sativa cultivars (Choi et al., 2004) as well as
the classification of Ephedra species including its commercial herbs (Kim et al., 2005).In
addition, Craigie et al., (2008) document the successful use of 'H NMR profiles of aqueous
extracts of the brown alga Ascophyllum nodosum to identify a seasonal variation of secondary

metabolites produced.

As a spectroscopic technique, "H NMR profiling is considered to be universal as only minor
fluctuations are viewed in spectra obtained on different NMR instruments. It is shown to best
suited for the qualitative as well as the quantitative analyses of complex crude fractions
containing a vast array of metabolites. The none-destructive nature allows for full retrieval of
the analyte and with modern day advances such as larger electromagnetic field strengths and
cryogenic probes, issues of instrument sensitivity are fast dissipating (Wishart, 2008). NMR
sample preparation is relatively quick and a high throughput capacity is possible with spectra
developing in a minimal number of scans (Verpoorte, 2010). The nature of a '"H NMR
spectrum is such that it depicts a comprehensive visualisation of the protonated metabolite
profile within the crude sample (dependant on the polarity of the solvent used). NMR
consequently provides comprehensive structural information via analysis of coupling

constants, chemical shifts and signal intensities within spectra obtained as opposed to other
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spectroscopic techniques such as HPLC or MS (Wolfender et al., 2014). The resultant profile
may also serve as a unique molecular fingerprint which, if consistent, could be used as a
constructive template for identifying species provided that inter-species profiles are distinct.
Cross references can be made to compounds whose spectra already exist in well defined

databases, such as the flavonoid class (Mihaleva et al., 2013).
11.1.6 Chapter aims

"H NMR profiling of crude algal extracts has the potential to be a rapid tool for discerning the
identity of Laurencia spp. species provided that the profiles are reproducible and unique

between species.

This part of the study seeks to consider the feasibility of implementing such an approach
when applied to South African Laurencia spp. and contributions toward the efficacy and

practicality of this method are presented.

The main objectives were to:
1) Develop a simple yet reliable 'H NMR profiling study protocol.
2) Generate 'H NMR profiles of nine selected Laurencia spp.
3) Analyse the profiles for exclusivity so as to allow for species differentiation.
4) Where possible, explore intra and inter-site variation of metabolites produced.
5)Where possible, assess metabolite profiles of various morphotypes.

6) Identify major metabolites in generated profiles.
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11.2 Results and Discussion

11.2.1 Laurencia spp. selected for profiling

A total of nine Laurencia spp. (Table 11.2) were selected for 'H NMR profiling of which the
phytochemistry of seven has been revealed within this study (Chapters 3-9) with the
exception of Laurencia cf. elata and Laurencia peninsularis. Geographical and
morphological variants of species were collected and analysed where possible e.g. '"H NMR
profiles of L. flexuosa specimens from four different geographical settings were investigated
including five morphotypes from Kenton-on-Sea (Table 11.2). As a result a grand total of 22

samples were profiled via '"H NMR spectroscopy.

Table 11.2: Laurencia spp. selected for 'H NMR profiling

Algae Collection Code  Collection site  Collection Date
1. L flexuosa KOS130823-1 Kenton-on-Sea  August, 2013
2. KOS130823-2 Kenton-on-Sea  August, 2013
3. KOS130823-4 Kenton-on-Sea  August, 2013
4. KOS130823-5 Kenton-on-Sea August, 2013
5. KOS130823-6 Kenton-on-Sea August, 2013
6. NDK130821-12 Noordhoek August, 2013
7. D1013 Cape St. Francis May, 2011
8. D904 De Hoop February, 2011
9. L. glomerata KOS130823-3 Kenton-on-Sea  August, 2013
10. NDK130821-10 Noordhoek August, 2013
11. L.natalensis KOS130823-8 Kenton-on-Sea  August, 2013
12. D930 De Hoop February, 2011
13. D1022 Cape Vidal September, 2011
14. L. cf. corymbosa NDK130821-11 Noordhoek August, 2013
15. L. cf. elata TS090311 Port Alfred March, 2009
16. L. peninsularis KB101108 Kalk Bay November, 2010
17. D900 De Hoop February, 2011
18. GC120901 Glencairn September, 2012
19. L. complanata D1053 Port Edward September, 2011
20. L. sodwaniensis D968 Cape Vidal March, 2011
21. L. multiclavata D1024 Cape Vidal September, 2011
22. D969 Cape Vidal March, 2011

220



Chapter 11 'H NMR profiling of Laurencia spp.

11.2.2 Study design

In order to generate reliable '"H NMR profiles, a simple yet robust study design was
developed and strictly adhered to so as to ensure that consistency was maintained throughout

the investigation.

The reproducibility of the profiling method was assessed by separately analysing three

different plants from each of the 22 specimens.

Constancy of certain variables such as CDCl; volume (0.5 mL), NMR parameters and
sonication times during extraction were maintained, however other variables such as the
weight of the plant analysed were more difficult to control as individual plant sizes varied

considerably between the various algal species.

A brief description of the general method employed in the study is shown (Scheme 11.1). The
weights of the wet algae pre-extraction, dry algae post-extraction and the crude organic

extract were all obtained.

Select 3 separate
plants per
specimen

A 4

Execute optimised
extraction method
on all 3 plants

Obtain 'H NMR
profiles using 0.5
mL CDCl;

Scheme 11.1: Brief overview of '"H NMR profiling study design
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11.2.2.1 Optimisation of small scale extractions

The majority of Laurencia spp. secondary metabolites fall within the non-polar to
intermediate polarity range. We therefore focused our attention on procedures that would
extract a high concentration of these types of compounds. It was thus essential to standardise
an extraction procedure that would not only display a rudimentary selectivity toward these

lipophilic metabolites but also allow for their isolation in reasonable quantity.

The most common extraction solvent used in the study of Laurencia spp. metabolites is a
mixture of dichloromethane and methanol (CH,Cl,-MeOH). In a preliminary study we
compared the "H NMR spectra of CH,Cl,-MeOH (1:1 and 2:1) (Figure 11.1). There was very
little difference between the two solvent extracts except for more pronounced signals due to

unwanted, polar, sugar type moieties in the CH,Cl,-MeOH (1:1) extract.

|

CH,Cl,. MeOH (1:1)

CH,Cl,. MeOH (2:1) m

o T

T T T T T T T T T T T T T T T |
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 11.1: A comparison of the '"H NMR (CDCls, 600 MHz) spectra of crude CH,Cl,-
MeOH (2:1 and 1:1) extracts of Laurencia natalensis (KOS130823-8)

After obtaining an ideal solvent system the next challenge was to maximise the quantity of
crude extract obtained. Flash freezing the algae with liquid N, and subsequent size reduction
afforded a more substantial organic extract with the emergence of some resonances that were

not noticed in samples which had not been size reduced (Figure 11.2).
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LA S Y

b

NDK130821-12 (Size reduced)

1
NDK130821-10 (size reduced) ' | ‘
T T T

T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 11.2: A comparison of the '"H NMR (CDCl3, 600 MHz) spectra of crude CH,Cl,-
MeOH (2:1) extracts of various Laurencia spp. with and without flash freeze

size reduction.
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11.2.2.2 Optimised study procedure

After considering the ideal solvent system as well as the need for size reduction the final
method employed for the small scale extraction procedure was as shown below in (Scheme
11.2). It is important to mention that the optimisation of the study procedure was abbreviated

as a simple yet reproducible method was merely required.

Thaw and blot
dry algal samples

( Weigh wet algal

L material
y

Select 3 plants per
species. Flash freeze

with liquid N, and size
reduce

Sonicate material
in 3 mL MeOH
(5 min)

\4
Add 6 mL
CHzClz and
sonicate (5 min)

Weigh dry
L extracts and dry

algal material

A 4

Reconstitute crude
with 0.5 mL CDCl,
and obtain '"H NMR

Scheme 11.2: Optimised study protocol for the '"H NMR profiling of Laurencia spp. crude

extracts
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11.2.2.4 NMR parameters

It was observed that 32 scans were sufficient to produce well defined '"H NMR profiles. All

NMR experiments were executed on the same day so as to prevent any experimental bias.

Table 11.3: '"H NMR parameters used for profiling

Acquisition mode DQD

NS 32
PROBHD Smm BBI
PulseProg zg30

TD 65536
Solvent CDCl;
TE 298K

DS 2

D1 Is

11.2.3 "H NMR profiles of selected Laurencia spp

The corresponding masses of all the samples profiled are as shown overleaf in (Table 11.4)
wherein three separate plants per individual algal sample were extracted. This is as depicted

by the lettering (a-c) per sample.

The 'H NMR profiles reported shortly after are shown in triplicate and major metabolites are
identified within the crude spectrum. NMR profiles of morphological or geographical

variants that were identical were placed in the supplementary data.
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Table 11.4: Wet and dry masses of algal material

Algae Sample Wet mass Dry mass Mass of extract % Extract

(8 (8 (8 (Dry mass)
L. flexuosa 1. KOS130823-1a 1.5412 0.3156 0.0142 43
KOS130823-1b 0.7316 0.1708 0.0101 5.6
KOS130823-1c 1.5661 0.2308 0.0131 54
2. KOS130823-2a 2.8167 0.3246 0.0232 6.7
KOS130823-2b 0.9582 0.1350 0.0201 13.0
KOS130823-2¢ 0.6646 0.0731 0.0227 23.7
3. KOS130823-4a 3.0882 0.3063 0.0290 8.6
KOS130823-4b 3.3780 0.3411 0.0147 4.1
KOS130823-4c 2.5290 0.1919 0.0097 4.8
4. KOS130823-5a 2.8161 0.2599 0.0160 5.8
KOS130823-5b 1.7682 0.1149 0.0077 6.3
KOS130823-5¢ 1.5815 0.1044 0.0121 10.4
5. KOS130823-6a 1.2429 0.1848 0.0251 12.0
KOS130823-6b 0.9816 0.1810 0.0183 9.2
KOS130823-6¢ 0.7915 0.1556 0.0219 12.3
6. NDK130821-12a 1.3683 0.1300 0.0279 17.7
NDK130821-12b 0.8942 0.0910 0.0079 8.0
NDK130821-12¢ 0.9568 0.0631 0.0068 9.7
7. DI1013a 1.2735 0.0597 0.0082 12.1
D1013b 0.7342 0.0356 0.0251 414
D1013c 1.2200 0.0687 0.0073 9.6
8. D904a 1.3158 0.0685 0.0076 10.0
D904b 0.5886 0.0288 0.0078 21.3
D904c 0.6221 0.0456 0.0089 16.3
L.glomerata 9. KOS130823-3a 3.1888 0.3219 0.0741 18.7
KOS130823-3b 2.7026 0.2919 0.0313 9.7
KOS130823-3¢c 3.3269 0.3661 0.0451 11.0
10. NDKI130821-10a 2.4040 0.1953 0.0158 7.5
NDK130821-10b 3.0118 0.2848 0.0293 9.3
NDK130821-10c 2.5190 0.2100 0.0191 8.3
L. natalensis  11.  KOS130823-8a 1.0258 0.1203 0.0253 17.4
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Table 11.4: Continued

Algae Sample Wet(: gl;lass Dry( gn)lass Mass 0(; )extract (ggryE::lta?su)ct
KOS130823-8b 1.0116 0.1231 0.0139 10.1
KOS130823-8c 2.2480 0.2270 0.0403 15.1
12. D930a 0.7107 0.2851 0.0180 59
D930b 0.9626 0.3813 0.0121 3.1
D930c 0.9802 0.3978 0.0129 3.1
13. DI1022a 0.2943 0.0792 0.0087 9.9
D1022b 0.5296 0.0716 0.0082 10.3
D1022c 0.4347 0.1161 0.0068 5.5
L. corymbosa 14. NDK130821-11a 2.6562 0.2961 0.0160 5.1
NDK130821-11b 1.5874 0.1464 0.0184 11.2
NDK130821-11c 2.5867 0.3333 0.0590 15.0
L. cf. elata 15.  TS090311-1a 2.5530 0.3173 0.0594 15.8
TS090311-1b 1.2600 0.1161 0.0080 6.4
TS090311-1c 1.3873 0.1174 0.0066 53
L. peninsularis ~ 16.  KB101108a 1.8329 0.2904 0.0350 10.8
KB101108b 1.6510 0.1652 0.0211 11.3
KB101108c 3.0031 0.3620 0.0158 4.2
17.  D900a 2.1720 0.1738 0.0128 6.9
D900b 4.4876 0.6399 0.0142 22
D900c 1.4880 0.1663 0.0102 5.8
18.  GC120901a 2.5312 0.2861 0.0189 6.2
GC120901a 1.8178 0.1612 0.0110 6.4
GC120901a 2.3611 0.6105 0.0497 7.5
L. complanata 19. DI1053a 1.4705 0.1047 0.0618 37.1
D1053b 2.1315 0.1059 0.0245 18.8
D1053c¢ 1.2113 0.0613 0.0491 44.5
L. sodwanienses 20. D968a 0.3513 0.1355 0.0181 11.8
D968b 0.3311 0.1504 0.0150 9.1
D968c 0.3534 0.1270 0.0135 9.6
L. multiclavata ~ 21. D1024a 1.2390 0.4312 0.0035 0.8
D1024b 1.1049 0.6485 0.0065 1.0
D1024c 0.6102 0.1983 0.0100 4.8
22.  D969a 1.8262 0.2010 0.0105 5.0
D969b 1.7536 0.2096 0.0044 2.1
D969¢ 1.5329 0.0199 0.0060 23.2
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11.2.3.1 L. flexuosa (KOS130823-1)

Br

Compound 8.1 | | JL M | ud

KOS130823-1b

KOS130823-1c JJJ\ “
| A

e | RS T AT T Y Y1 b

Figure 11.3: "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (KOS130823-1)

Specimens of L. flexuosa showed reproducible intra and inter-site 'H NMR profiles.
Morphological variants were also observed as possessing the same profiles1 with compound
8.1, cis-bromofucin, clearly standing out as a major metabolite within this species (Figure

11.3)

' "H NMR profiles of remaining morphological and geographical variants of L. flexuosa are placed in the supplementary data
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11.2.3.2 L. glomerata (KOS130823-3)

Compound 3.15

KO0S130823-3¢ _A‘—J“Juw JU
L . PN

KOS130823-3b M
1 JMM

KOS130823-3a JMW J\Aw
— ]
T T T T T T
50 45 40 35 30 25

= < =

T T T T T T T T T
95 90 85 80 75 70 65 60 55

Figure 11.4: "H NMR (CDCl3, 600 MHz) profiles of L. glomerata (KOS130823-3)

L. glomerata collected from Kenton-on-Sea displayed distinct terpenoid type shielded methyl
singlets in the range of oy 0.9-2.0 as well as a distinct double doublet at ~ oy 4.7

characteristic of compound 3.15 (Figure 11.4).
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A geographical variant of L. glomerata from Noordhoek (Figure 11.5) surprisingly showed
attenuation of the major resonances in (Figure 11.4) with peaks emerging at oy 2.0-2.5

including a distinct triplet at oy 4.03. These peaks were clearly attributable to compound 3.1.

11.2.3.3 L. glomerata (NDK130821-10)

Compound 3.1

A

N

NDK130821-10a W‘r J
] k

T T T T T T T T T T T T T T T T T T 1
9.5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 2.0 1.5 1.0 0.5 ppm

Figure 11.5: "H NMR (CDCl3, 600 MHz) profiles of L. glomerata (NDK130821-10)
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11.2.3.4 L. natalensis (KOS130823-8)

)

Compound 5.9 M\‘ MML J

! JL L JL |

KOS130823-8¢ MW M
L

KOS130823-8b MMM
KOS130823-8a m U\h
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=}
n
e
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=

Figure 11.6: "H NMR (CDCls, 600 MHz) profiles of L. natalensis (KOS130823-8)
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Reproducible "H NMR profiles were observed in L. natalensis from Kenton-on-Sea with
compounds 5.9 and 5.14 clearly representing the major metabolites within the profiles
(Figure 11.6). A collection of L. natalensis from Cape Vidal? showed similar '"H NMR

profiles to the Kenton-on-Sea specimens.

11.2.3.5 L. natalensis (D930)

I

D930b L‘ L’

- I,

T
9.5 9.0 8.5 80 75 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 0.5 ppm

Figure 11.7: "H NMR (CDCl3, 600 MHz) profiles of L. natalensis (D930)

% Supplementary data
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The profiles of De Hoop specimens of L. natalensis were slightly different. 'H NMR profile
D930c proved to be similar to those obtained from the Kenton-on-Sea L. natalensis samples
(Figure 11.7) however profiles D930a and D930b, although similar to each other, showed a
visible attenuation of resonances displayed in profile D930c with a prominent double doublet

emerging at oy 4.70.

11.2.3.6 L. corymbosa (NDK130821-11)

seat
OH
Compound 4.1

NI

%

NDK130821-11¢

il

i

NDK130821-11a

L.
e W ORI A
- I8

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 50 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 ppm

Figure 11.8: "H NMR (CDCls, 600 MHz) profiles of L. corymbosa (NDK130821-11)
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The most distinguishing features of the 'H NMR profiles generated by a sample of L.
corymbosa collected from Noordhoek were undoubtedly the cluster of aromatic singlets
between oy 7.0-7.5 as well as a considerable collection of deshielded methine signals in the
range of oy 5.5-6.5. Compound 4.1 was visibly a major metabolite within the crude extract,

with the isomers, compounds 5.6 and 5.7, also clearly distinguishable.

11.2.3.7 L. cf. elata (TS090311-1)

TS090311-1c j’
TS090311-1b WM w \u

i SRS S

1

T T T T T T T T T T T T T T T T T T T T
95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 0.5 ppm

Figure 11.9: "H NMR (CDCls, 600 MHz) profiles of L. cf. elata (TS090311-1)
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L. cf. elata samples afforded reproducible "H NMR profiles with an abundance of resonances
within the shielded methyl moiety of oy 0.5-2.0. Interesting singlets and multiplets were also

observed between oy 3.5-5.5.

11.2.3.8 L. peninsularis (KB101108)

KB101108c

|

N

|

LA
W
w

R —
.

KB101108a J

T T T T T T T T T T T T T T T T T T T T 1
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5 ppm

Figure 11.10: "H NMR (CDCl3, 600 MHz) profiles of L. peninsularis (KB101108)

In a L. peninsularis sample collected from Kalk Bay, major resonances were identified at oy
1.5, 2.0, 2.3, 2.8 and oy 5.4. The region between oy 3.0-4.0 illustrated a multitude of

overlapping signals consequently making individual resonances difficult to examine. Two
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additional samples of L. peninsularis® collected in Glencairn (GC120901) and De Hoop
(D900) produced identical 'H NMR profiles to the sample from Kalk Bay.

11.2.3.9 L. complanata (D1053)

D1053b N M u

I

T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 0.5 ppm

Figure 11.11: "H NMR (CDCl3, 600 MHz) profiles of L. complanata (D1053)

? See supplementary data
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An abundance of aromatic signals between oy 7.0-7.6 were outstanding in the NMR profiles
of L. complanata. Similarly, large singlets were also observed at ~ 6y 3.7. These resonances
correspond to N-methylindole type compounds shown to be present within this particular

Laurencia sp. (Chapter 6).

Since there are numerous overlapping signals within the '"H NMR profiles of L. complanata,
determining a particular major metabolite is difficult, however it is quite clear that the

majority of the metabolites are aromatic indole type.
11.2.3.10 L. sodwaniensis (D968)

Distinct methyl singlets between oy 1.0-1.8 as well as broad methine resonances at oy 3.1 and
81 3.7 were of main interest in the "H NMR profiles displayed by L. sodwaniensis (Figure
11.12). Also noted were various deshielded singlets in the spectral range of dy4.4-5.2. These
signals were ditto to those displaced by the '"H NMR spectrum of compound 9.1 also known

as cartilagineol.
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Figure 11.12: "H NMR (CDCl3, 600 MHz) profiles of L. sodwaniensis (D968)
11.2.3.11 L. multiclavata (D1024)

Two specimens of L. multiclavata (basionym: L. natalensoid) D1024 and D969* collected
from Cape Vidal furnished identical '"H NMR profiles with a multitude of various methine

signals observed between dy 3.5-6.5 showing diverse splitting patterns.

It was immediately apparent that compound 7.1 was the major metabolite within the extract.
The two poly-cyclic C;s acetogenic isomers, compounds 7.5 and 7.6 were also detectable

within the profiles (Figure 11.13).

* See supplementary data
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Figure 11.13: "H NMR (CDCl3, 600 MHz) profiles of L. multiclavata (D1024)
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It was clear that some profiles e.g. NDK130821-11b, possessed a minute quantity of re-
emerging multiplets between oy 7.5-8.0. These signals were identified as minor phthalate
contaminants originating from arbitrary solvent removal of rubber from Pasteur pipette teats.

The "H NMR profile of the contaminant was ascertained as below (Figure 11.14).

L |

T T T T T T T T T T T T T T T T T T T 1
9.5 9.0 8.5 8.0 7.5 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 0.5 ppm

Figure 11.14: "H NMR spectrum (CDCls, 600 MHz) of phthalates originating from rubber

teat

240



Chapter 11 'H NMR profiling of Laurencia spp.

11.3 Conclusion

In the context of the aims of this element of the study it was seen that a simple yet reliable
protocol was designed for the effective '"H NMR crude extract profiling of the various
Laurencia spp. Major contributors to the success of the profiles included the size reduction of
samples after flash freezing with N; (liq) as well as the use of a suitable extraction solvent

system of CH,Cl,:MeOH (2:1).

It was evident that the majority of Laurencia spp. species screened produced unique '"H NMR
profiles which were seen to be reproducible on three distinct plants from the same species,
implying the feasibility of using 'H NMR profiling of crude Laurencia spp. extracts for
species discrimination. In addition major metabolites were identified within 'H NMR

profiles, introducing the possibility of using single molecular markers to identify species.

As shown by L. flexuosa, morphological variants produced similar chemistry consequently
increasing the reliability of the chemotaxonomic approach i.e. the classification/identification
of morphologically distinct plants of an individual species can be assisted by assessing

metabolite profiles provided they are constant.

This chapter has successfully exposed the usefulness of "H NMR as a discriminatory tool in

distinguishing Laurencia spp. based on their crude, organic secondary metabolite profile.
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11.4 Experimental

11.4.1 General experimental

All NMR experiments were performed using a Bruker® Avance 600 MHz spectrometer using
CDCl; and standard pulse sequences. All spectra were referenced according to residual

proton residues in deuterated solvent (CHCl; oy 7.26).

Extraction solvents used were chromatography grade (LiChrosolv®), obtained from Merck®,

Darmstadt, Germany.
11.4.2 Plant material

See (Table 11.2). Samples were collected by hand and species identity was obtained by South
African phycologists Prof John Bolton and Dr. Caitlynne Francis from the University of Cape

Town. Specimens were assigned unique collection codes and stored at -4 °C.
11.4.3 Optimised procedure for '"H NMR screening

Thawed algal samples were rinsed with de-ionised water and blot dried with absorbent paper
towel. Each collection bag containing individual species was sifted for three separate plants
to be used in the analysis. These triplicate samples were photographed, weighed and size

reduced in a mortar after flash freezing with N, (liq).

The crushed algal material was placed into test tubes and sonicated (UMC® sonicator, South
Africa) for 5 min in 3 mL MeOH followed by another 5 min sonication upon addition of 6
mL CH,Cl,. The resultant extract was dried in vacuo using a Buchi®R215 rotavapor and both

extract as well as algal dry weight were recorded.

The filtered crude extract was reconstituted in 0.5 mL CDCI; and the 'H NMR profiles were

obtained.
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Chapter 12

Conclusion

Rhodophyta of the Laurencia genus are reputable for producing a plethora of captivating,
structurally diverse secondary metabolites. Consequently, the continual pursuit of novel
molecules from this genus in search of potential drug leads continues. The number of new
species being discovered by phycologists is growing; most of which afford at least one novel

secondary metabolite.

Owing to ideal ecological conditions, the South African coastline boasts a significant number
of Laurencia spp. possessing high levels of endemism. This study has reported, for the first

time, the secondary metabolite chemistry of the majority of these species.

A key research objective included the isolation and structure elucidation of as many
secondary metabolites as was possible from a select group of South African Laurencia spp.
including Laurencia natalensis, Laurencia cf. corymbosa, Laurencia complanata, Laurencia
sodwaniensis, Laurencia multiclavata as well as a South African specimen of Laurenciella

marilzae (basionym: Laurencia marilzae).

An enthralling assortment of metabolites including chamigrane sesquiterpenes, Cis
acetogenins, indole alkaloids and cuparanes were isolated, including the new tricyclic
cuparane (3aS* 8bR*)-7-bromo-1,1,6,8b-tetramethyl-1,3,3a,8b- tetrahydro- 2H -benzo [b]
cyclopenta [d] furan-2-one (4.4) from L. cf. corymbosa.

A re-analysis of Laurencia flexuosa and Laurencia glomerata afforded metabolites which the
algae were known to produce (3.1, 3.9, 3.7, 3.17, 8.1 and 8.2) including known metabolites

previously unobserved i.e. 3.5 and 3.15 from L. glomerata and 8.5 from L. flexuosa.

In general, relatively small samples of algae were available for this study and as a result the
metabolites isolated herein do not represent the absolute secondary metabolome of the
species. Furthermore, difficulty in purifying metabolites from interesting step gradient
column chromatography fractions undoubtedly suggests that the species analysed herein

possess metabolites yet to be successfully purified and characterised.

The application of "H NMR profiling on the organic crude extracts of Laurencia spp. was

effectively explored affording unique, reproducible spectra synonymous to the organisms
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‘molecular fingerprint’. Major metabolites, such as 5.9 (algoane) from L. natalensis, were

also identified. Such profiles could later assist in chemical means of species identification.

A detailed chemotaxonomic analysis of the metabolites isolated herein was performed using a
Laurencia spp. phylogeny tree inferred by plastid rbcL. sequences, constructed in a parallel

study.

The chemotaxonomic value of simple chamigranes with modest substitution e.g. compound
3.9 isolated from L. glomerata, proved feeble as their presence was prevalent amongst

various other Laurencia spp. possibly due to the ease at which they can be biosynthesised.

L. cf. corymbosa, often morphologically confused with L. glomerata, displayed a markedly
different chemical profile consisting of mainly cuparane type entities. The new structures,
4.1, 4.4 and 4.6 displayed noteworthy chemotaxonomic value as they were exclusively found

in L. cf. corymbosa.

The marker compound 5.9 (algoane) from L. natalensis was exclusive to the sea-hare Aplysia
dactylomela, proving the herbivorous nature of the mollusc on the alga, and inferring
chemical uniqueness to L. natalensis organic extracts as this is its first documented isolation

from marine algae.

Predicting the phylogeny of L. complanata from its secondary metabolite profile proved
viable as most of the indole alkaloids isolated therein (6.2, 6.3 and 6.5) were also exclusively

present within its sister species, L. brongniartii.

The same applied for L. multiclavata as the complex poly-cyclic acetogenins (7.1 and 7.5)
were also produced almost exclusively in the sister species L. nidifica. Compound 7.6,
isomeric to 7.5, was previously isolated from an unknown Malaysian Laurencia sp., and
given the exclusive nature of 7.5 to L. nidifica, the identity of the unknown species could

possibly have been L. nidifica.

Compound 9.1 (cartilagineol) and 9.3 (obtusol) isolated from L. sodwaniensis further
endorsed the use of chemotaxonomy, as the closely related species L. dendroidea and L.

majuscula afforded identical compounds.

Considering the above, it is evident that the more complex molecules, such as compound 7.5,

are more exclusive amongst individual Laurencia spp. perhaps attributable to a lack of
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specialist enzymes required for their biosynthesis. Consequently the chemotaxonomic value

of such compounds cannot be overemphasised.

It is crucial to re-iterate that chemotaxonomy as a classification tool should never be used
alone but rather in conjunction with other accepted means of delimiting an organism to a
particular taxon, the most common being the identification of targeted gene sequences and

the analysis of morpho-anatomical features.

This study has shed new insight into the chemotaxonomic value secondary metabolites from
Laurencia spp. display. The need for intimate collaboration between natural product chemists
and phycologists has arisen as classification of marine algae could be more effective if

additional traits such as chemical profiles are also considered.
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Appendix 1
Isolation of laurenyne from Laurenciella marilzae
Al.1 Introduction

Following the delineation of the marine alga Laurencia marilzae by Gil-Rodriguez et al.,
(2009) from the Spanish Canary islands, Gutiérrez Cepeda et al., (2011) went on to report its
natural product chemistry, isolating compounds A1.1-A1.8 (Figure Al.1).

Cl A1.4 R =Br, R,=H, R,=(4R)-OH
AL3 ALS5R,=Br, R,=H, R,=(4R)-OAc
) AL.6 R,=H, R,=Br, R,=OAc

NN
\OH

Br ClI Cl
A1.7 Z-Adrienyne
A1.8 E-Adrienyne

Figure A1.1: Compounds isolated from Laurencia marilzae (Gutiérrez Cepeda et al., 2011)

Following a comprehensive molecular phylogenetic study on this species based on the plastid
encoded gene rbcL, Cassano et al., (2012) presented a strong substantiation that Laurencia
marilzae (including the Canary island specimen) possessed too significant a genetic variation

to be classified amongst conventional Laurencia spp.
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Instead, the specimen represents a sixth genus of the Laurencia complex (Laurencia s.s.;
Chondrophycus; Osmundea; Palisada and Yuzura) and was given the name Laurenciella gen.

nov.

The plants of this species are red with orange tips, and despite the presence of only one corps
en cerise per cell, their distribution is not limited to cortical cells as seen in Laurencia sensu

stricto, as they also exist within all cells of the thallus (Figure A1.2 ) (Francis, 2014).

This section of the study reports the first phycochemical analysis of a South African

specimen of Laurenciella marilzae formerly known as Laurencia marilzae.

. . . 1 . .
Figure A1.2: Laurenciella marilzae (Caitlynne Francis ©2014)
A) Habit.
B) Branching pattern.
C) Cross section of thallus showing corps en cerise in cortical and medullary cells (20x).

D) Outermost cortical cells and thallus showing one corps en cerise per cell (40x).

! Image plates courtesy of Caitlynne Francis © 2014, University of Cape Town, South Africa
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A1.2 Results and discussion

A1.2.1 Extraction and isolation of metabolites from Laurenciella marilzae (DH110219-5,
De Hoop)

Following our normal extraction procedure (section 3.2.1, page 54), the majority of the silica
gel step gradient column fractions of Laurenciella marilzae were deficient of notable 'H
NMR secondary metabolite signals, except for fraction B (9:1 hex:EtOAc). After purification
of this fraction via further silica gel chromatography using (19:1 hex:EtOAc) followed by
(3:2 CH,Cly:hex), compound A1.9 was isolated.

Laurenciella
marilzae
e

CH,Cl, -MeOH
extraction

Crude organic
extract

(0.280 g)

J/

Step gradient column
chromatography

Fraction A B C D E F G H
Hexane:EtOAc | 10:0 9:1 8:2 6:4 4:6 2:8 0:10 Meon aoAc
Weight (mg) (30) (88) (30) (34) (20) (21) (17) (26)

JF11-51A JF11-51B JF11-51C JF11-51D
4mg 75mg 3mg 2mg

JF11-52B JF11-52C A1.9, 36mg JF11-52E
15mg 8mg JF11-52D 10mg

Scheme A1.1: Isolation scheme of metabolites from Laurenciella marilzae (DH110219-5)

Conditions: i) Silica gel column chromatography (19:1 hex:EtOAc); ii) Silica gel column chromatography (3:2 CH,Cl,:hex)
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H: 1:1 MeOH:EtOAc

’ F: 2:8 hex:EtOAc / U\J
J E: 4:6 hex:EtOAc \K WUJW |

\
D: 6:4 hex:EtO Jw ‘/ \W
Eama "
| | MHH‘ ‘ 1
J By J!‘UR.“ | ‘
| al gt A
'C: 8:2 hex:EtOAc , W \j\ W 1 M 1‘
f\ )\ w"“wf\md . Vi /“‘
“ R —— %MA N N W)WM ‘) /Wr WMNHWW M\RW W’W h J.A‘ N v \M{J M"“‘”‘M‘m’«"x
B: 9:1 hex:EtOAc b
A: 100% hex
L o oy Dy e Py ANy W v NPl T
Crude
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 0‘5 ppm‘

Figure Al.3: '"H NMR spectra (CDCl;, 400 MHz) of the crude organic extract of
Laurenciella marilzae (DH110219-5) and step gradient column fractions A-H
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A1.2.2 Structure elucidation of metabolites
Compound A1.9

Increasing the NMR field strength (600 MHz vs. 400 MHz) enabled the acquisition of a well
resolved "H NMR spectrum (Figure A1.4) with more distinctive splitting for compound A1.9.

600 MHz JM'M
L .
400 MHz N u
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm

Figure A1.4: "H NMR spectra of compound A1.9 at 400 MHz and 600 MHz (CDCl;)

Compound A1.9 showed a trans-acetylenic side chain with '"H NMR (Figure A1.5) signals at
Oy 2.81 (s), 0y 5.57 (m), dy 6.19 (quin, J = 7.9 Hz) and methylene resonances at oy 2.25 (m);
Oy 2.55 (m). An olefin containing terminal propyl functionality was deduced after
considering a methyl resonance at dy 1.67 (d, J = 6.8 Hz) as well as two olefinic signals at oy

5.68 (m) and 6y 5.53 (m).

e M A0

6. 2 ppm 3. 95 ppm -85 Ppm 3. 75 ppm . ppm

E[=E I
Figure A1.5: '"H NMR spectrum (CDCl3, 600 MHz) of compound A1.9
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The "*C NMR spectrum (Figure A1.6) of compound A1.9 provided evidence for a chloro-
methine and two oxy-methine moieties at 6¢ 65.0, 79.1 and 81.7 corresponding to protons oy

3.95 (m), oy 3.83( m) and dy 3.76(m) respectively.

o~ ol o0 >~ A ol

S 0 — <t I~ N} S v < 2] S o wn Nel

I — — 00 \O — SRCE=ES! S — Q< =

< NN ANl AN -— ol — N O <t o0 <t <t o~

— — e — — o0 o0 >~ >~ O o onoon —
CDCl,

T T T T T T T T T T T T T T T T T T T T T T T T T T
140 135 130 125 120 115 110 105 100 95 90 8 80 75 70 65 60 55 50 45 40 35 30 25 ppm

Figure A1.6: °C NMR spectrum (CDCl3, 150 MHz) of compound A1.9

After analysis of 2D NMR experiments including COSY and HSQC-TOCSY (ideal for
systems with contiguous protonation), compound A1.9 was elucidated as 3E-laurenyne, a

cyclic acetylenic ether previously reported from Laurencia obtusa (Falshaw et al., 1980).

The relative configuration of compound A1.9 was confirmed by NOESY and ROESY

spectroscopic data.

Compound A1.9 is similar in many ways to a brominated analogue compound A1.10 isolated

by Iliopoulou et al., (2002) from a Greek specimen of Laurencia obtusa.

Furthermore, it is evident that a stereoisomer of compound A1.9 could serve as a plausible
precursor to the allenic compounds A1.4, A1.5 and A1.6 isolated by Gutiérrez Cepeda et al.,

(2011) from what was then Laurencia marilzae.
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Al.4 R,=Br, R,=H, R;=(4R)-OH
Al.5 R,=Br, R,=H, R;=(4R)-OAc
Al.6 R;=H, R,=Br, R;=0Ac
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} Al19

Table A1.1: NMR spectroscopic data for compound A1.9

Carbon No 4¢ Scmult Sy mult, J (Hz)
1 82.2 CH 2.81,s
2 76.2 C -
3 111.6 CH 5.57, m
4 142.1 CH 6.19, quin, 7.9
Sa 2.25, m
38.1 CH,
5b 2.55, m
6 79.1 CH 3.83, m
7 65.0 CH 395, m
8a 2.51, m
34.5 CH,
8b 297,q,12.5
9 128.5 CH 5.68, m
10 131.2 CH 5.89,q, 84
11a 2.14, m
34.8 CH,
11b 2.51, m
12 81.7 CH 3.76, m
13 131.8 CH 5.53, m
14 126.7 CH 5.68, m
15 17.8 CH; 1.67,d, 6.8
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A1.3 Experimental

A1.3.1 General experimental

As per section 3.3.1 in chapter 3, page 54.

NMR spectra were obtained on a Bruker® Avance 600 MHz instrument as well as a Bruker®

Avance 400 MHz instrument using standard pulse sequences.
A1.3.2 Plant material (Laurenciella marilzae, DH110219-5)

Laurenciella marilzae was collected by hand at De Hoop on the south coast of South Africa
in February 2011. A voucher specimen has been stowed away in the seaweed sample
repository at the School of Pharmacy, University of the Western Cape. Identification of the
alga was done by Professor John Bolton with the Department of Biological Sciences at the

University of Cape Town, South Africa.
A1.3.3 Extraction and isolation of metabolites

Same procedure as in section 3.3.3, page 54 (dry mass 2.6 g, crude extract 0.28 g, 9.7%
yield).

Repeated silica gel column chromatography (19:1 hex:EtOAc; 3:2 CH,Cl,:hex) of step
gradient fraction B (9:1 hex:EtOAc) afforded compound A1.9 ( 36 mg, 1.3%).

A1.3.4 Compound isolated

Compound A1.9 (JF11-52D)

3E-laurenyne (A1.9): White solid; 'H and '’C NMR data available in Table Al.l. As
previously reported by Falshaw et al., (2002).
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Either mevalonate or non mevalonate pathway
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Appendix 3 -A 3C NMR guide relating to ring B chemical shifts of various halogenated chamigrane sesquiterpenes’
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! (Crews, P.; Kho-Wiseman, E. Stereochemical assignments in marine natural products by 3C NMR vy effects. Tetrahedron Letters 1978, 28, 2483-2486); (Gonzalez, A. G.; Martin J. D.; Martin, V. S.; Norte, M.
Carbon- 13 NMR applications to Laurencia polyhalogenated sesquiterpenes. Ibid, 1979, 23, 2719 — 2722). (Crews, P.; Naylor, S.; Hanke, J. F.; Hogue, E. R.; Kho, E.; Braslaw, R. Halogen regiochemistry and
substituent stereochemistry determination in marine monoterpenes by *C NMR. Journal of Organic Chemistry 1984, 49, 1371-1377).
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! Adapted from: Gross, J. H. Mass Spectrometry. A Textbook, 2™ ed.; Springer, Berlin, Heidelberg, New York, 2011; 78.
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Appendix 5 —-Summary of metabolites isolated/derivatised from this study

264



The Isolation, Characterisation and Chemotaxonomic
Significance of Secondary Metabolites from
Selected South African Laurencia spp.

Rhodophyta

A Thesis Submitted in Fulfillment of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY (PHARMACY)
of
RHODES UNIVERSITY

By
Jameel Fakee
February 2015

RHODES UNIVERSITY

Where leaders learn




Supplementary Data



Chapter 3 - Secondary metabolites from Laurencia glomerata

S$3.1 Compound 3.1

Figure S3.1 '"H NMR spectrum (CDCl3, 600 MHz) of compound 3.1
Figure S3.2 °C NMR spectrum (CDCl3, 150 MHz) of compound 3.1
Figure S3.3 COSY NMR spectrum of compound 3.1

Figure S3.4 HSQC NMR spectrum of compound 3.1

Figure S3.5 HMBC NMR spectrum of compound 3.1

Figure S3.6 NOESYSY NMR spectrum of compound 3.1

Figure S3.7 DEPT-135 NMR spectrum of compound 3.1

Figure S3.8 IR spectrum of compound 3.1

Figure S3.9 Coupled >C NMR spectrum (CDCI3, 150 MHz) of compound 3.1
$3.2 Compound 3.3

Table S3.1 NMR spectroscopic data of compound 3.3

Figure $3.10 'H NMR spectrum (CDCls, 600 MHz) of compound 3.3
Figure S3.11 COSY NMR spectrum of compound 3.3

Figure S3.12 HSQC NMR spectrum of compound 3.3

Figure S3.13 HMBC NMR spectrum of compound 3.3

Figure S3.14 IR spectrum of compound 3.3

$3.3 Compound 3.4

Table S3.2 NMR spectroscopic data of compound 3.4

Figure $3.15 'H NMR spectrum (CDCls, 600 MHz) of compound 3.4

Figure $3.16 '°C NMR spectrum (CDCI3, 150 MHz) of compound 3.4



Figure S3.17 COSY NMR spectrum of compound 3.4

Figure S3.18 HSQC NMR spectrum of compound 3.4

Figure S3.19 HMBC NMR spectrum of compound 3.4

Figure S3.20 IR spectrum of compound 3.4

S$3.4 Compound 3.5

Figure S3.21 '"H NMR spectrum (CDCl3, 600 MHz) of compound 3.5
Figure $3.22 '°C NMR spectrum (CDCl3, 150 MHz) of compound 3.5
Figure S3.23 COSY NMR spectrum of compound 3.5

Figure S3.24 HSQC NMR spectrum of compound 3.5

Figure S3.25 HMBC NMR spectrum of compound 3.5

$3.5 Compound 3.7

Figure $3.26 'H NMR spectrum (CDCls, 600 MHz) of compound 3.7
Figure $3.27 °C NMR spectrum (CDCI3, 150 MHz) of compound 3.7
Figure S3.28 COSY NMR spectrum of compound 3.7

Figure S3.29 HSQC NMR spectrum of compound 3.7

Figure S3.30 HMBC NMR spectrum of compound 3.7

Figure S3.31 NOESYSY NMR spectrum of compound 3.7

Figure S3.32 IR spectrum of compound 3.7

$3.6 Compound 3.9

Figure $3.33 'H NMR spectrum (CDCls, 600 MHz) of compound 3.9
Figure S3.34 HSQC NMR spectrum of compound 3.9

Figure S3.35 HMBC NMR spectrum of compound 3.9

$3.7 Compound 3.15



Figure $3.36 'H NMR spectrum (CDCls, 600 MHz) of compound 3.15
Figure $3.37 °C NMR spectrum (CDCI3, 150 MHz) of compound 3.15
Figure S3.38 COSY NMR spectrum of compound 3.15

Figure S3.39 HSQC NMR spectrum of compound 3.15

Figure S3.40 HMBC NMR spectrum of compound 3.15

Figure S3.41 NOESY NMR spectrum of compound 3.15

$3.8 Compound 3.17

Figure $3.42 'H NMR spectrum (CDCls, 600 MHz) of compound 3.17
Figure $3.43 '°C NMR spectrum (CDCI3, 150 MHz) of compound 3.17
Figure S3.44 COSY NMR spectrum of compound 3.17

Figure S3.45 HSQC NMR spectrum of compound 3.17

Figure S3.46 HMBC NMR spectrum of compound 3.17

Figure S3.47 NOESY NMR spectrum of compound 3.17

Chapter 4 - Secondary metabolites from Laurencia cf. corymbosa

S4.1 Compound 4.1

Figure S4.1 '"H NMR spectrum (CDCI3, 600 MHz) of compound 4.1
Figure S4.2 °C NMR spectrum (CDCI3, 150 MHz) of compound 4.1
Figure S4.3 COSY NMR spectrum of compound 4.1

Figure S4.4 HSQC NMR spectrum of compound 4.1

Figure S4.5 HMBC NMR spectrum of compound 4.1

Figure S4.6 NOESY NMR spectrum of compound 4.1

Figure S4.7 IR spectrum of compound 4.1

Figure S4.8 HREIMS spectrum of compound 4.1



S$4.2 Compound 4.3

Figure S4.9 '"H NMR spectrum (CDCl3, 600 MHz) of compound 4.3
Figure S4.10 °C NMR spectrum (CDCI3, 150 MHz) of compound 4.3
Figure S4.11 COSY NMR spectrum of compound 4.3

Figure S4.12 HSQC NMR spectrum of compound 4.3

Figure S4.13 HMBC NMR spectrum of compound 4.3

Figure S4.14 IR spectrum of compound 4.3

S4.3 Compound 4.4

Figure S4.15 '"H NMR spectrum (CDCl3, 600 MHz) of compound 4.4
Figure S4.16 '°C NMR spectrum (CDCI3, 150 MHz) of compound 4.4
Figure S4.17 COSY NMR spectrum of compound 4.4

Figure S4.18 HSQC NMR spectrum of compound 4.4

Figure S4.19 HMBC NMR spectrum of compound 4.4

Figure S4.20 NOESY NMR spectrum of compound 4.4

Figure S4.21 HRGCEIMS spectrum of compound 4.4

Figure S4.22 IR spectrum of compound 4.4

S4.4 Compound 4.5

Figure S4.23 '"H NMR spectrum (CDCl3, 600 MHz) of compound 4.5
Figure S4.24 COSY NMR spectrum of compound 4.5

Figure S4.25 HSQC NMR spectrum of compound 4.5

Figure S4.26 HMBC NMR spectrum of compound 4.5

S$4.5 Compound 4.6

Figure S4.27 'H NMR spectrum (CDCl3, 600 MHz) of compound 4.6



Figure S4.28 '°C NMR spectrum (CDCI3, 150 MHz) of compound 4.6
Figure S4.29 COSY NMR spectrum of compound 4.6

Figure S4.30 HSQC NMR spectrum of compound 4.6

Figure S4.31 HMBC NMR spectrum of compound 4.6

Figure S4.32 NOESY NMR spectrum of compound 4.6

Figure S4.33 HRESIMS spectrum of compound 4.6

Figure S4.34 IR spectrum of compound 4.6

S4.6 Compound 4.7

Figure S4.35 'H NMR spectrum (CDCls, 600 MHz) of compound 4.7
Figure S4.36 '°C NMR spectrum (CDCI3, 150 MHz) of compound 4.7
Figure S4.37 COSY NMR spectrum of compound 4.7

Figure S4.38 HSQC NMR spectrum of compound 4.7

Figure S4.39 HMBC NMR spectrum of compound 4.7

Figure S4.40 NOESY NMR spectrum of compound 4.7

S.7 Compound 4.8

Figure S4.41 '"H NMR spectrum (CDCl3, 600 MHz) of compound 4.8
Figure S4.42 °C NMR spectrum (CDCl3, 150 MHz) of compound 4.8
Figure S4.43 COSY NMR spectrum of compound 4.8

Figure S4.44 HSQC NMR spectrum of compound 4.8

Figure S4.45 HMBC NMR spectrum of compound 4.8

Chapter 5 - Secondary metabolites from Laurencia natalensis

S5.1 Compound 5.1

Figure $5.1'H NMR spectrum (CDCl3, 600 MHz) of compound 5.1



Figure S5.2 °C NMR spectrum (CDCls, 150 MHz) of compound 5.1
Figure S5.3 COSY NMR spectrum of compound 5.1

Figure S5.4 HSQC NMR spectrum of compound 5.1

Figure S5.5 HMBC NMR spectrum of compound 5.1

S$5.2 Compound 5.5

Figure S5.6 '"H NMR spectrum (CDCl3, 600 MHz) of compound 5.5
Figure S5.7 °C NMR spectrum (CDCl3, 150 MHz) of compound 5.5
Figure S5.8 COSY NMR spectrum of compound 5.5

Figure S5.9 DEPT-135 NMR spectrum of compound 5.5

Figure S5.10 IR spectrum of compound 5.5

$5.3 Compound 5.8

Figure S5.11 'H NMR spectrum (CDCls, 600 MHz) of compound 5.8
Figure S5.12 "°C NMR spectrum (CDCI3, 150 MHz) of compound 5.8
Figure S5.13 COSY NMR spectrum of compound 5.8

Figure S5.14 HSQC NMR spectrum of compound 5.8

Figure S5.15 HMBC NMR spectrum of compound 5.8

Figure S5.16 NOESY NMR spectrum of compound 5.8

S5.4 Compound 5.9

Figure S5.17 '"H NMR spectrum (CDCl3, 600 MHz) of compound 5.9
Figure S5.18 '°C NMR spectrum (CDCl3, 150 MHz) of compound 5.9
Figure S5.19 COSY NMR spectrum of compound 5.9

Figure S5.20 HSQC NMR spectrum of compound 5.9

Figure S5.21 HMBC NMR spectrum of compound 5.9



Figure S5.22 IR spectrum of compound 5.9

Figure S5.23 HRESIMS spectrum of compound 5.9

S5.5 Compound 5.14

Figure S5.24 '"H NMR spectrum (CDCl3, 600 MHz) of compound 5.14
Figure S5.25 °C NMR spectrum (CDCIl3, 150 MHz) of compound 5.14
Figure S5.26 COSY NMR spectrum of compound 5.14

Figure S5.27 HSQC NMR spectrum of compound 5.14

Figure S5.28 HMBC NMR spectrum of compound 5.14

Figure S5.29 NOESY spectrum of compound 5.14

Figure S5.30 HRESIMS spectrum of compound 5.14

Figure S5.31 HRESIMS spectrum of compound 5.14

Chapter 6 - Secondary metabolites from Laurencia complanata

S6.1 Compound 6.1

Figure S6.1: 'H NMR spectrum (CDCl3, 600 MHz) of compound 6.1
Figure S6.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 6.1
Figure S6.3: HSQC NMR spectrum of compound 6.1

Figure S6.4: HMBC NMR spectrum of compound 6.1

Figure S6.5: Expanded NOESY NMR spectrum of compound 6.1
Figure S6.6: HRAPCIMS spectrum of compound 6.1

S6.2 Compound 6.2

Figure S6.7: "H NMR spectrum (CDCls, 600 MHz) of compound 6.2
Figure S6.8: '°C NMR spectrum (CDCI3, 150 MHz) of compound 6.2

Figure S6.9: HRAPCIMS spectrum of compound 6.2



S$6.3 Compound 6.3

Figure S6.10: "H NMR spectrum (CDCI3, 600 MHz) of compound 6.3
Figure S6.11: HSQC NMR spectrum of compound 6.3

Figure S6.12: HMBC NMR spectrum of compound 6.3

Figure S6.13: HRAPCIMS spectrum of compound 6.3

S6.4 Compound 6.4

Figure S6.14: "H NMR spectrum (CDCI3, 600 MHz) of compound 6.4
Figure S6.15: Expanded HSQC NMR spectrum of compound 6.4

Figure S6.16: Expanded HMBC NMR spectrum of compound 6.4 showing
quaternary carbons at 6¢ 126.7 and 6¢ 136.2

Figure S6.17: HRAPCIMS spectrum of compound 6.4

S6.4 Compound 6.5

Figure S6.18: "H NMR spectrum (CDCI3, 600 MHz) of compound 6.5
Figure $6.19: °C NMR spectrum (CDCls, 150 MHz) of compound 6.5
Figure S6.20: HSQC NMR spectrum of compound 6.5

Figure S6.21: HMBC NMR spectrum of compound 6.5

Figure S6.22: HRAPCIMS spectrum of compound 6.5

Table S$6.1: 'H NMR data (CDCI13, 600 MHz) for compounds 6.1-6.5

Table $6.2: '*C NMR data (CDCI3, 150 MHz) for compounds 6.1-6.5

Chapter 7 - Secondary metabolites from Laurencia multiclavata

S7.1 Compound 7.1

Figure S7.1: "H NMR spectrum (CDClz, 600 MHz) of compound 7.1



Figure S7.2: >C NMR spectrum (CDCI3, 150 MHz) of compound 7.1
Figure S7.3: COSY NMR spectrum of compound 7.1

Figure S7.4: HSQC NMR spectrum of compound 7.1

Figure S7.5: HMBC NMR spectrum of compound 7.1

Figure S7.6: NOESY NMR spectrum of compound 7.1

Figure S7.7: IR spectrum of compound 7.1

S§7.2 Compound 7.5

Figure S7.8: "H NMR spectrum (CDCls, 600 MHz) of compound 7.5
Figure S7.9: °C NMR spectrum (CDCI3, 150 MHz) of compound 7.5
Figure S7.10: COSY NMR spectrum of compound 7.5

Figure S7.11: HSQC NMR spectrum of compound 7.5

Figure S7.12: HMBC NMR spectrum of compound 7.5

Figure S7.13: NOESY NMR spectrum of compound 7.5

S§7.3 Compound 7.6

Figure S7.14: '"H NMR spectrum (CDCl3, 600 MHz) of compound 7.6
Figure S7.15: °C NMR spectrum (CDCl3, 150 MHz) of compound 7.6
Figure S7.16: COSY NMR spectrum of compound 7.6

Figure S7.17: HSQC NMR spectrum of compound 7.6

Figure S7.18: HMBC NMR spectrum of compound 7.6

Figure S7.19: NOESY NMR spectrum of compound 7.6

Figure S7.20: HREIMS spectrum of compound 7.6

Chapter 8 - Secondary metabolites from Laurencia flexuosa

S$8.1 Compound 8.1



Figure S8.1: 'H NMR spectrum (CDCl3, 600 MHz) of compound 8.1
Figure S8.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 8.1
Figure S8.3: IR NMR spectrum of compound 8.1

S$8.2 Compound 8.2

Figure S8.4: "H NMR spectrum (CDCls, 600 MHz) of compound 8.2
Figure S8.5: '°C NMR (CDCI3, 150 MHz) spectrum of compound 8.2
Figure S8.6: IR NMR spectrum of compound 8.2

$8.3 Compound 8.5

Figure S8.7: "H NMR spectrum (CDCls, 600 MHz) of compound 8.5
Figure S8.8: '°C NMR spectrum (CDCI3, 150 MHz) of compound 8.5
Figure S8.9: COSY NMR spectrum of compound 8.5

Figure S8.10: HSQC NMR spectrum of compound 8.5

Figure S8.11: HMBC NMR spectrum of compound 8.5

Figure S8.12: IR NMR spectrum of compound 8.5

Chapter 9 - Secondary metabolites from Laurencia sodwaniensis

$9.1 Compound 9.1

Figure S9.1: "H NMR spectrum (CDCI3, 600 MHz) of compound 9.1
Figure S$9.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 9.1
Figure S9.3: COSY NMR spectrum of compound 9.1

Figure S9.4: HSQC NMR spectrum of compound 9.1

Figure S9.5: HMBC NMR spectrum of compound 9.1

Figure S9.6: IR NMR spectrum of compound 9.1

S$9.2 Compound 9.3



Figure $9.7: "H NMR spectrum (CDCl3, 600 MHz) of compound 9.3
Figure S9.8: HSQC NMR spectrum of compound 9.3
Figure S9.9: HMBC NMR spectrum of compound 9.3

Figure S9.10: IR NMR spectrum of compound 9.3

Chapter 10 — Chemotaxonomic significance of isolated metabolites

Figure S10.1: Phylogeny of Laurencia spp. (Key features explained)

Chapter 11 - 'H NMR profiling of crude organic extracts as a

discriminatory tool for the identification of selected Laurencia spp.

S11.1 Additional '"H NMR profiles

S11.1.1 L. flexuosa (KOS130823-2)

Figure S11.1 '"H NMR (CDCls, 600 MHz) profiles of L. flexuosa (KOS130823-2)
S11.1.2 L. flexuosa (KOS130823-4)

Figure S11.2 'H NMR (CDCls, 600 MHz) profiles of L. flexuosa (KOS130823-4)
S11.1.3 L. flexuosa (KOS130823-5)

Figure S11.3 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (KOS130823-5)
S11.1.4 L. flexuosa (KOS130823-6)

Figure S11.4 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (KOS130823-6)
S11.1.5 L. flexuosa (NDK130821-12)

Figure S11.5 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (NDK130821-12)
S11.1.6 L. flexuosa (D1013)

Figure S11.6 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (D1013)

S11.1.7 L. flexuosa (D904)



Figure S11.7 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (D904)

S11.1.8 L. natalensis (D1022)

Figure 11.8: "H NMR (CDCls, 600 MHz) profiles of L. natalensis (D1022)
S11.1.9 L. peninsularis (D900)

Figure S11.9 "H NMR (CDCls, 600 MHz) profiles of L. peninsularis (D900)
S11.1.10 L. peninsularis (GC120901)

Figure S11.10 "H NMR (CDCl3, 600 MHz) profiles of L. peninsularis (GC120901)
S11.1.11 L. multiclavata (D969)

Figure S11.11 "H NMR (CDCl3, 600 MHz) profiles of L. multiclavata (D969)

Appendix 1 — Isolation of laurenyne from Laurenciella marilzae

S.Al.1 Compound A1.9

Figure S.A1.1.1: "H NMR spectrum (CDCls, 600 MHz) of compound A1.9
Figure S.A1.1.2: >C NMR spectrum (CDCls, 150 MHz) of compound A1.9
Figure S.A1.1.3: COSY spectrum of compound A1.9

Figure S.A1.1.4: HSQC spectrum of compound A1.9

Figure S.A1.1.5: HMBC spectrum of compound A1.9

Figure S.A1.1.6: HSQC-TOCSY spectrum of compound A1.9

Figure S.A1.1.7: NOESY spectrum of compound A1.9

Figure S.A1.1.8: ROESY spectrum of compound A1.9

Figure S.A1.1.9: IR spectrum of compound A1.9



Chapter 3

Secondary metabolites from Laurencia glomerata

S3.1 Compound 3.1
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Figure S3.1 '"H NMR spectrum (CDCl3, 600 MHz) of compound 3.1
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Figure S3.2 °C NMR spectrum (CDCls, 150 MHz) of compound 3.1
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Figure S3.4 HSQC NMR spectrum of compound 3.1
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Figure S3.5 HMBC NMR spectrum of compound 3.1
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Figure S3.6 NOESY NMR spectrum of compound 3.1



v Nal o o — <+ — O el
S o Ive < S ~ RS- TN
ol — [ (=3 (=N ol ~ O wn o
O O wy <t [ag} [ag} [o BN oM | (o]

60 55 50 45 40 35 30 25 ppm

Figure S3.7 DEPT-135 NMR spectrum of compound 3.1
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Figure S3.8 IR spectrum of compound 3.1



Figure S3.9 Proton coupled BC NMR spectrum (CDCl3, 150 MHz) of compound 3.1



S3.2 Compound 3.3

15

10 6 Br

3.3

Table S3.1 NMR spectroscopic data of compound 3.3

Carbon No 6¢* 8¢ mult Oy mult, J (Hz) COSY HMBC

la 1.43,dq, 15.0,2.9 H2b -
28.3 CH,
1b 1.71, m H2a -
2a 2.19,td, 14.8,4.1 Hlb -
377 CH,
2b 2.35,dt,14.8,4.1 Hla -
3 718 C - - -
4 597 CH 4.45,dd, 13.3,4.5 H5a, H5b -
Sa 1.98,t,13.3 H4 -
37.1 CH,
5b 2.40,td, 13.3,4.5 H4 -
6 43.1 C - - -
7 44.1 CH 2.90,q,7.8 H14 Co6,C8,C11,C14
8 2015 C - - -
9 123.8 CH 5.82,d, 10.2 H10 -
10 156 CH 6.43,d, 10.2 H9 C8
11 39.1 C - - -
12 254  CH; 1.09, s - Co, C10,C11,C13
13 252 CH;i 1.21,s - Ce6, C10,C11,C12
14 154  CH; 1.30, d, 8.1 H7 C7,C8
15 237 CH; 1.70, s - C2,C3,C4

*Carbons assigned via HMBC



Figure S3.10 'H NMR spectrum (CDCl3, 600 MHz) of compound 3.3



10 Br

ppm

r1.0

r1.5

2.0

2.5

r3.0

3.5
F4.0
e 0 @ 4.5

5.0

=
=
—

5.5

6.0

o o
= B

6.5

—_—
—_—
-
—_—

6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 ppm

Figure S3.11 COSY NMR spectrum of compound 3.3
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Figure S3.13 HMBC NMR spectrum of compound 3.3
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Figure S3.14 IR spectrum of compound 3.3



S3.3 Compound 3.4

15

14
CHO

34

Table S3.2 NMR spectroscopic data of compound 3.4

Carbon No dc¢ ¢ mult Sy, mult, J (Hz) COSY HMBC

1 CH, 273 1.70, m H2a, H2b -
Da 2.32,td, 14.1,4.0 HI1 -
CH, 405
2b 2.42,dt,14.1,4.0 HI1 -
3 C 71.0 - - -
4 CH 60.5 4.56,dd, 13.4,3.6 H5a, H5b -
S5a 1.92,t,14.6 H4 -
CH, 394
5b 2.26,1d, 14.6,3.1 - -
6 C 56.0 - - -
7 C 52.0 - - ;
8a 1.97,dd, 14.1,84 H9 C7,Cl14
CH, 434
8b 2.88,dd, 14.1,84 H8a,H9 (C9,Cl13
9 CH 58.4 4.15,dd, 11.3,8.4 H8a, H8b Cl1
10 C 51.2 - - -
11 CH; 204 0.88, s - C6, C9, C12
12 CH; 226 0.98, s - C6,C9, Cl11
13 CHO 203.5 9.79,s - Co, C8,Cl14
14 CH; 232 1.38, s - C6,C7,C8,C13

15 CH, 237 1.71, s - C2,C3,C4
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Figure S3.15 '"H NMR spectrum (CDCl3, 600 MHz) of compound 3.4
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Figure $3.16 '°C NMR spectrum (CDCI3, 150 MHz) of compound 3.4
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Figure S3.17 COSY NMR spectrum of compound 3.4
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Figure S3.18 HSQC NMR spectrum of compound 3.4
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Figure S3.19 HMBC NMR spectrum of compound 3.4
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S3.4 Compound 3.5
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Figure $3.21 'H NMR spectrum (CDCl3, 600 MHz) of compound 3.5
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Figure S3.22 '°C NMR spectrum (CDCl3, 150 MHz) of compound 3.5
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Figure S3.25 HMBC NMR spectrum of compound 3.5



S3.5 Compound 3.7
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Figure $3.26 'H NMR spectrum (CDCl3, 600 MHz) of compound 3.7
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Figure $3.27 '°C NMR spectrum (CDCI3, 150 MHz) of compound 3.7
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Figure S3.28 COSY NMR spectrum of compound 3.7
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Chapter 4

Secondary metabolites from Laurencia cf. corymbosa
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Infra red showed the emergence of a carbonyl stretch confirming acetyl substitution however OH stretches still present possibly

due to unreacted material
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Compound 4.7 was isolated and elucidated in a mixture with compound 4.6
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Chapter 5

Secondary metabolites from Laurencia natalensis
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Figure $5.1'H NMR spectrum (CDCl3, 600 MHz) of compound 5.1
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Figure S5.13 COSY NMR spectrum of compound 5.8
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Chapter 6

Secondary metabolites from Laurencia complanata
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Figure $6.1: 'H NMR spectrum (CDCls, 600 MHz) of compound 6.1
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Figure $6.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 6.1
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Figure S6.6: HRAPCIMS spectrum of compound 6.1
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Figure S6.7: "H NMR spectrum (CDCl3, 600 MHz) of compound 6.2
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Please note that NOESY correlations for compound 6.2 were obtained by analysis of

NOESY spectrum of 6.1 (Figure S6.5), as the fraction contained a mixture of the two

compounds.
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Figure S6.9: HRAPCIMS spectrum of compound 6.2
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Figure S6.13: HRAPCIMS spectrum of compound 6.3
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Figure $6.18: '"H NMR spectrum (CDClz, 600 MHz) of compound 6.5
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Figure S6.22: HRAPCIMS spectrum of compound 6.5



Supplementary Data

Table S6.1: 'H NMR data (CDCls, 600 MHz) for compounds 6.1-6.5

Proton No 6.1 6.2 6.3 6.4 6.5
4 7.52,d, 8.1 7.36,d, 8.5 7.65,d, 2.1 7.36,d, 8.6 7.717,s
5 7.19,1, 8.3 7.29, m - 7.30,d, 8.6 -
6 7.26, m - 7.33,dd, 8.8, 2.1 - -
7 7.29,d, 8.1 7.45,s 7.16,d, 8.8 747, s 7.61,s
N-CHj 3.81,s 3.76, s 3.79 - -

Table $6.2: '*C NMR data (CDCls, 150 MHz) for compounds 6.1-6.5

Carbon No 6.1 6.2 6.3 6.4 6.5
2 114.9 115.7 116.3 110.6 112.2

3 92.7 93.0 924 93.8 93.8

3a 127.0 125.9 128.6 126.7 128.4

4 118.9 120.2 121.5 120.2 123.4

5 120.8 124.1 114.3 124.7 117.2
122.9 116.7 126.0 117.1 119.0

7 109.6 112.7 111.2 113.6 115.6

Ta 136.4 136.9 135.8 136.2 135.2

N-CH; 323 32.4 29.8 - -
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Chapter 7

Secondary metabolites from Laurencia multiclavata
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Figure $7.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 7.1



Supplementary Data

ppm

r1.0

15

2.0

2.5

3.0

3.5

4.0

r4.5

5.0

5.5

6.0

6.5

6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure S7.3: COSY NMR spectrum of compound 7.1
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Figure S7.6: NOESY NMR spectrum of compound 7.1
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Figure S7.7: IR spectrum of compound 7.1
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Figure $7.8: 'H NMR spectrum (CDCls, 600 MHz) of compound 7.5
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Figure $7.9: °C NMR spectrum (CDClz, 150 MHz) of compound 7.5
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Figure S7.11: HSQC NMR spectrum of compound 7.5
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Figure S7.12: HMBC NMR spectrum of compound 7.5
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Figure S7.13: NOESY NMR spectrum of compound 7.5

Please note that NOESY correlations for compound 7.5 were ascertained within the

pre-purified mixture with its isomer compound 7.6.
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Figure $7.15: °C NMR spectrum (CDCls, 150 MHz) of compound 7.6
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Figure S7.16: COSY NMR spectrum of compound 7.6
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Figure S7.17: HSQC NMR spectrum of compound 7.6
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Figure S7.18: HMBC NMR spectrum of compound 7.6
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Figure S7.19: NOESY NMR spectrum of compound 7.6
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Figure S7.20: HREIMS spectrum of compound 7.6
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Chapter 8

Secondary metabolites from Laurencia flexuosa
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Figure S8.1: "H NMR spectrum (CDCl3, 600 MHz) of compound 8.1
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Figure S8.3: IR NMR spectrum of compound 8.1
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Figure S8.4: 'H NMR spectrum (CDCl3, 600 MHz) of compound 8.2
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Figure $8.5: °C NMR (CDCls, 150 MHz) spectrum of compound 8.2
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Figure S8.6: IR NMR spectrum of compound 8.2



Supplementary Data

S8.3 Compound 8.5
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Figure S8.7: "H NMR spectrum (CDCl3, 600 MHz) of compound 8.5
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Figure $8.8: °C NMR spectrum (CDClz, 150 MHz) of compound 8.5
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Figure S8.10: HSQC NMR spectrum of compound 8.5
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Figure S8.11: HMBC NMR spectrum of compound 8.5
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Chapter 9

Secondary metabolites from Laurencia sodwaniensis
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Figure $9.1: 'H NMR spectrum (CDCls, 600 MHz) of compound 9.1
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Figure $9.2: °C NMR spectrum (CDCI3, 150 MHz) of compound 9.1
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Figure S9.3: COSY NMR spectrum of compound 9.1
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Figure S9.4: HSQC NMR spectrum of compound 9.1
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Figure S9.6: IR NMR spectrum of compound 9.1
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Figure $9.7: "H NMR spectrum (CDCl3, 600 MHz) of compound 9.3
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Figure S9.8: HSQC NMR spectrum of compound 9.3
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Figure S9.9: HMBC NMR spectrum of compound 9.3
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Chapter 10

Chemotaxonomic significance of metabolites isolated

From the rbcL sequence study done by (Francis, 2014)', the Laurencia spp.
phylogeny tree in (Figure S10.1) was produced. Details of the phylogeny tree as

presented by Francis (2014) are as explained below:

The phylogeny tree is based on a 50% majority-rule Bayesian inference of the South
African Laurencia complex as inferred from the plastid rbcLL gene region under a

GTR + I + G model of sequence evolution.

Posterior probabilities (PP) > 0.90 are depicted either adjacent to the relevant node or

indicated by an arrowhead.
‘A’, ‘G-J’: unidentified morphotypes;
‘K-P”: Laurencia cf. corymbosa morphotypes;
#: Laurencia obtusa morphotype.
Species with sequences from or near type locality are underlined.

Country codes
A — Australia, B — Brazil, C — Cuba, F — France, G — Guadalupe, I — Ireland, M —
Mexico, NC — New Caledonia, P — Philippines, RSA — South Africa, S — Spain, USA

— United States of America, T — Taiwan, V — Venezuela

! Francis, C. M. 2014. Systematics of the Laurencia complex (Rhodomelaceae, Rhodophyta) in southern Africa. PhD Thesis.

University of Cape Town, Cape Town, South Africa.
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Figure S10.1: Phylogeny of Laurencia spp.
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Chapter 11

"H NMR profiling of crude organic extracts as a discriminatory tool

for the identification of selected Laurencia spp.
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Figure S11.1 "H NMR (CDCls, 600 MHz) profiles of L. flexuosa (KOS130823-2)
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Figure S11.2 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (KOS130823-4)
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Figure S11.3 'H NMR (CDCI3, 600 MHz) profiles of L. flexuosa (KOS130823-5)
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Figure S11.4 "H NMR (CDCls, 600 MHz) profiles of L. flexuosa (KOS130823-6)
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Figure S11.5 "H NMR (CDCl3, 600 MHz) profiles of L. flexuosa (NDK130821-12)
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Figure S11.6 "H NMR (CDCls, 600 MHz) profiles of L. flexuosa (D1013)
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Figure S11.7 "H NMR (CDCls, 600 MHz) profiles of L. flexuosa (D904)
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S11.1.8 L. natalensis (D1022)
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Figure 11.8: "H NMR (CDCls, 600 MHz) profiles of L. natalensis (D1022)
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Figure S11.9 "H NMR (CDCls, 600 MHz) profiles of L. peninsularis (D900)
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Figure S11.11 "H NMR (CDCl3, 600 MHz) profiles of L. multiclavata (D969)
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Appendix 1

Secondary metabolites from Laurenciella marilzae
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Figure S.A1.1.1: '"H NMR spectrum (CDCls, 600 MHz) of compound A1.9
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Figure S.A1.1.2: >C NMR spectrum (CDCls, 150 MHz) of compound A1.9
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Figure S.A1.1.3: COSY spectrum of compound A1.9
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Figure S.A1.1.4: HSQC spectrum of compound A1.9
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Figure S.A1.1.5: HMBC spectrum of compound A1.9



Supplementary Data

M

3100
3110
2120
2—130

E 140

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure S.A1.1.6: HSQC-TOCSY spectrum of compound A1.9
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Figure S.A1.1.7: NOESY spectrum of compound A1.9
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Figure S.A1.1.8: ROESY spectrum of compound A1.9
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Figure S.A1.1.9: IR spectrum of compound A1.9
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