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Abstract

Alkaloids, which are the most studied secondary metabolites, are structurally diverse and well
known for their biological activity. The aim of the present study is to perform phytochemical
investigations on the alkaloidal composition of two selected plant species, namely, Ficus
schwarzii (Moraceae) and Alstonia scholaris (Apocynaceae). (specimen from the West Coast
of Peninsular Malaysia). The previously unexplored phytochemistry of F. schwarzii and the
phytochemical variation of A. scholaris due to locality have motivated research into the two
species collected from Peninsular Malaysia.

Phytochemical investigation of the leaves of F. schwarzii yielded nine novel alkaloids,
namely, schwarzinicines A—G (1-7), and schwarzificusines A and B (8 and 9). The
schwarzinicine alkaloids represent the first examples of 1,4 diarylbutanoid—phenethylamine
conjugates, while schwarzificusines A and B (8 and 9) represent a pair of new diastereomeric
1-phenyl-3-aminotetralins that are structurally related to the schwarzinicines alkaloids. The
structures of alkaloids 1-9 were elucidated by detailed analysis of their HRMS and NMR data.
Plausible biogenetic pathways that furnish the skeletons of the schwarzinicine and
schwarzifiscusine alkaloids were proposed.

Phytochemical investigation of the leaves, bark and flowers of A. scholaris cultivated
on the West Coast of Peninsular Malaysia provided a total of 17 alkaloids, of which five are
new, namely, alstoscholactine (10), alstolaxepine (11), N-formylyunnanensine (12),
scholaphylline (13), and alstobrogaline (19). Alstoscholactine (10), alstolaxepine (11), and
alstobrogaline (19) were established to contain novel ring systems. Alstoscholactine (10)
represents a rearranged stemmadenine alkaloid with an unprecedented C-6-C-19 connectivity,
while alstolaxepine (11) represents a 6,7-seco-angustilobine B-type alkaloid incorporating a

rare y-lactone-bridged oxepane ring system. On the other hand, alstobrogaline (19) is an
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unusual monoterpenoid indole alkaloid incorporating a third N atom, and possessing an
aldimine as well as a nitrone function. N-Formylyunnanensine (12) is the N-formyl derivative
of the known alkaloid yunnanensine, and it was isolated as a pair of unseparable E/Z-
formamide rotamers. Scholaphylline (13) represents the first member of the
secostemmadenine-secovallesamine-type bisindole alkaloid. The 12 known alkaloids obtained
from Alstonia scholaris are 19,20-E-vallesamine (14), 19,20-Z-vallesamine (15), 19,20-E-
vallesamine N-oxide (16), 6,7-secoangustilobine B (17), and 6,7-seco-19,20a-
epoxyangustilobine B (18), tetrahydroalstonine (20), picrinine (21), 16R-19,20-Z-isositsirikine
(22), 16R-19,20-E-isositsirikine (23), scholaricine (24), N-demethylalstogustine N-oxide (25),

and E/Z-vallesiachotamine (26).
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CHAPTER ONE: INTRODUCTION

1.0 Plant Metabolites

Plants have long been a valuable source of a wide range of natural compounds known as plant
metabolites. Plant metabolites can be classified into primary and secondary metabolites based
on their role in plant growth and development. Since primary metabolites are crucial for the
growth and development of plants, they are widely distributed in nature, occurring in one form
or another in almost all species. Chlorophyll, amino acids, nucleotides, and carbohydrates, are
examples of primary metabolites, which regulate metabolic processes such as photosynthesis,

respiration, and nutrient assimilation.!

Secondary metabolites, on the other hand, are usually derived from primary
metabolites.? They appear to play less apparent roles in plant growth and development, but may
be needed for specific functions such as providing protection from environmental stress,
defence against pathogens and herbivores,? discouraging competing plant species, and
attracting pollinators or symbionts.® Interestingly, humans have used a variety of plant

secondary metabolites as flavourings, fragrances, dyes, pesticides, and pharmaceuticals.*

Another distinguishing feature of secondary metabolites is that they are distributed
differently among plant taxonomic groups.® In terms of chemical structure, plant secondary
metabolites are usually small molecules with molecular weight of less than 1500 amu.® The
production of secondary metabolites is dependent on the developmental process and
physiological condition of a plant, and yields are typically very low, being less than 1% dry
weight.”® Plant secondary metabolites can be divided into five major structural classes, namely,
polyketides, isoprenoids (terpenoids and steroids), alkaloids, phenylpropanoids, and

flavonoids.®



1.1 Alkaloids

Alkaloids are the most widely studied of the five major classes of secondary metabolites, with
more than 27,000 alkaloid structures characterised to date.'® The biosynthesis of a specific class
of alkaloids is often restricted to specific plant families or genera.!'? The German chemist,
Carl Friedrich Wilhelm Meissner, was the first to coin the term alkaloid, which means alkaline-
like, in 1819.%% According to his definition, alkaloids are basic nitrogen-containing compounds
of plant origin. In 1983, Pelletier suggested a more comprehensive description, i.e., “alkaloid
is a cyclic compound containing nitrogen in a negative oxidation state which is of limited
distribution in living organisms”.*® In 2002, Hesse suggested a simplified definition of alkaloid,
i.e., “Alkaloids are nitrogen-containing organic substances of natural origin with a greater or
lesser degree of basic character”. 4

Alkaloids have limited distribution in higher plants and it is estimated that about 25%
of plants contain alkaloids.'® This is because the biosynthesis of alkaloids is often restricted to
specific plant taxa. Alkaloids are primarily found in the flowering plants, also known as the
angiosperms. Furthermore, certain families within the angiosperms, especially those belonging
to the dicotyledons, have been found to produce more alkaloids than others. The major
alkaloid-producing plant families include Apocynaceae, Berberidaceae, Papaveraceae,
Ranunculaceae, Rubiaceae, Solanaceae, and Loganiaceae.’® Alstonia angustiloba Mig.
(Apocynaceae), for example, was reported to have at least 20 alkaloids in all of its organs.t’

To a lesser extent, alkaloids have also been discovered in the lower plants,'® bacteria,
fungi and small animals.® For example, agrocybenine was isolated from the mushroom
Agrocybe cylindracea by researchers from Korea in 1996.%° Besides, a lichen was found to
produce gliotoxin (27), a sulphur-containing alkaloid with antiviral, antifungal, and

antibacterial properties.?* A limited number of alkaloids has also been found in mammals,



amphibians, reptiles, and even arthropods that are capable of biosynthesizing alkaloids without
the biogenetic capabilities of plants.?? For instance, amphibians such as frogs and toads secrete
toxic alkaloids on their skins as defence mechanism. Some species of toads elaborate indole
alkaloids such as tryptamine (28) and bufotenin (29), which cause predators to undergo vivid

hallucination. .2
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Gliotoxin (27) Tryptamine (28) Bufotenin (29)

Lastly, more and more alkaloids have been isolated from marine organisms,
particularly those of the phylum Porifera, commonly known as sea sponges. For example,
ptilomycalin A (30) is a polycyclic guanidine alkaloid previously isolated from the Caribbean
sea sponge (Ptilocaulis spiculifer), which has demonstrated potent cytotoxic and antiviral

activity.?425

Ptilomycalin A (30)



1.3 Medicinal Use of Alkaloids

Alkaloids have a long history of use in human medicine. Although the knowledge of alkaloids
is relatively recent, the use of alkaloid-containing plants like opium poppy dates back to at least
4000 years ago, as evidenced by the Assyrian clay tablets.® Besides, various medicinal plants
from the Apocynaceae family have been exploited by the ancient “Dai” ethnopharmacy to treat
infectious diseases in China.?® In Europe, the infamous deadly nightshade (Atropa belladonna)
has been used for centuries to treat symptoms ranging from headache to peptic ulcers to motion
sickness. Phytochemical research into A. belladonna eventually yielded atropine, which is a
tropane alkaloid drug valued for its anticholinergic activity. Today, A. belladonna is cultivated
on a commercial scale for the pharmaceutical production of atropine and related tropane
alkaloids. Its pharmacological effects include tachycardia, mydriasis, anti-secretion of
salivary, sweat and mucus glands, and hallucinations. In fact, A. belldadonna was used as a
poison, with King Macbeth of Scotland rumoured to have poisoned the Danish army with the
deadly nightshade before ascending to the throne.**

In the modern era, about 50 alkaloids or alkaloid-based drugs are clinically used to treat
a wide range of human diseases. Table 1.0 shows a list of naturally occurring alkaloids that are
investigated or marketed as human medicines.?’ In addition to unaltered natural alkaloids,
many drugs on the market are synthetic derivatives of alkaloids or synthetic compounds
possessing alkaloid-inspired skeleton. Therefore, alkaloids continue to provide an important

source of drug leads for the discovery of lifesaving therapeutic agents.



Table 1.0: Naturally occurring alkaloids marketed as medicines or drugs

Alkaloid Condition / Disease

Aconitine Rheumatism, neuralgia, sciatica

Adenine Antiviral agent, pharmaceutical aid used to extend storage life of
whole blood

Ajmaline Antiarrhythmic agent

Atropine Antispasmodic, anti-Parkinson, cycloplegic drug

Berberine Eye irritations, AIDS, hepatitis

Boldine Cholelithiasis, vomiting, constipation

Caffeine Neonatal apnea, atopic dermatitis

Canescine Antihypertensive agent

Cathine Anorectic drug

Cinchonidine Increases reflexes, epileptiform convulsions

Cocaine Local anaesthetic

Codeine Antitussive, analgesic

Colchicine Amyloidosis treatment, acute gout

Diethanolamine Base used in pharmaceuticals

Emetine Intestinal amoebiasis, expectorant drug

Ephedrine Nasal decongestant, bronchodilator

Ergometrine Postpartum/postabortal haemorrhage

Ergotamine Migraine treatment

Eserine Ophthalmology, antidote/poisoning

Galanthamine Muscle relaxant, Alzheimer’s

Hydrastine Gastrointestinal disorders

Hyoscine Motion sickness

Hyoscyamine Antispasmodic, anti-Parkinson, cycloplegic drug

Lobeline Anti-smoking, asthma, cough

Morphine Pain relief, diarrhoea

N,N-Diallylbisnortoxinerine Short acting muscular relaxant

Narceine Cough suppressant

Nicotine Anti-smoking

Noscapine Cough suppressant

Papaverine Vasodilator, gastrointestinal disorders

Pelletierine Tenia infestations

Pilocarpine Miotic in treatment of glaucoma, leprosy

Quinidine Ventricular and supraventricular arrhythmias, malaria, cramping

Quinine Malaria, babesiosis, myotonic disorders

Raubasine Vascular disorders

Rescinnamine Hypertension

Reserpine Hypertension, psychoses

Rotundine Analgesic, sedative, hypnotic agent

Sanguinarine Antiplaque agent



Sparteine Uterine contractions, cardiac arrhythmias
Strychnine Eye disorders

Synephrine Vasoconstrictor, conjunctival decongestant, weight loss
Taxol Mammary and ovary carcinoma

Theobromine Asthma, diuretic agent

Theophylline Asthma, bronchospasms

Turbocuranine Muscle relaxant

Vinblastine Hodgkin’s disease, testicular cancer, blood disorders
Vincamine Vasodilator

Vincristine Burkitt’s lymphoma

Vindesine Chemotherapy

Yohimbine Aphrodisiac, urinary incontinence

1.4 Classification of Alkaloids

Alkaloids have been classified by several methods in the past, and the most common ones
include structural, taxonomical, and biosynthetic classifications.?® The most widely accepted
way to classify alkaloids is by their chemical structure, whereby alkaloids are categorised based
on their common heterocyclic skeleton, e.g., indole, pyridine and tropane (Figure 1.0). On the
other hand, the taxonomical classification is based on the restricted biogenetic occurrence of
alkaloids across different taxa. For instance, distinctive classes of alkaloids can only be found
in specific families of plants, such as the occurrence of atropine-type tropane alkaloids in the
nightshade family (Solanaceae), and morphine-type isoquinoline alkaloids in the poppy family
(Papaveraceae). To complement the above classification methods, alkaloids can be further
classified according to their amino acid precursor such as ornithine, tyrosine and tryptophan
(Figure 1.0), whereby a specific carbon-nitrogen skeleton of the amino acid is passed on to the

alkaloid structure during alkaloid biosynthesis.?®
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Figure 1.0 Selected examples of alkaloid heterocyclic structures (amino acid precursor stated

in parentheses).



1.5 The Genus Ficus

1.5.1 General

Moraceae, which is commonly known as the mulberry or fig family, is a diverse plant family
that includes over 1000 species. Characteristic features of the Moraceae family include milky
latex, parenchymatous tissues, unisexual flowers, anatropous ovules, and aggregated
achenes.**Moraceae is further divided into five main tribes: Artocarpeae, Castillieae,
Dorstenieae, Ficeae, and Morae.

The genus Ficus, classified under the Ficeae tribe of Moraceae, is one of the most
ubiquitously diverse genera. Over 750 Ficus species exist as trees, shrubs, climbers, and
heimepiphytic stranglers in a wide variety of ecological niches throughout the
tropics.3-32Approximately 100 species of Ficus are endemic to the rainforests of Malaysia.
Various phytochemicals have previously been reported from several Ficus species. Ficus
racemosa for example, was found to contain triterpenes, glycosides, flavonoids, phenolic
compounds, and tannins.®® Ficus religiosa was recorded to elaborate phenolic compounds,
flavonoids, saponins, steroids, wax, terpenoids, cardiac glycosides, and tannins.>* The leaf and
stem-bark extracts of F. capensis contained alkaloids, flavonoids, anthraquinones, tannins,
terpenes, resins, sterols, and saponins.®®

Various Ficus species are valued by Ayurvedic medicine. It was reported that F.
benghalensis is used to treat diarrhoea, dysentery, pain, bruises, and diabetes in India,>®%’
while the fruits, roots, and leaves of F. carica are traditionally used to treat gastrointestinal,
respiratory, and cardiovascular disorders, as well as exhibiting anti-inflammatory and

antispasmodic activities.>® Ficus racemosa is used to treat aphthae, menorrhagia, diarrhoea,



hemorrhoids, diabetes, and dysentery.®” F. carica is used traditionally to treat gastric
disorders, inflammation, liver and spleen disorders, and also cancer.

Recent phytochemical investigation further demonstrated that Ficus religiosa has a
wide spectrum of in vivo and in vitro bioactivities, and it appeared to be a promising herbal
remedy for asthma, diabetes, epilepsy, and sexual disorders.*® Ficus racemosa is used to treat

aphthae, menorrhagia, diarrhoea, hemorrhoids, diabetes, and dysentery. 3’

1.5.2 Alkaloids from the genus Ficus

Out of over 750 species of Ficus, only eight species have been studied for their alkaloidal
content, namely, F. hispida,**~#* F. fistulosa,**' F. fistulosa var. tengerensis,* F. septica,*-
53 F. nota,> F. hirta,> F. pachyrhachis,®® and F. pantoniana.®>” These species predominantly
produce phenanthroindolizidine-type alkaloids, e.g., O-methyltylophorinidine (35),
dehydroantofine (60), dehydrotylophorine (61), and tylophoridicine D (63). The seco-
phenanthroindolizidines are the second most common class of Ficus alkaloids, e.g., hispidine
(33), ficushispidine (40), fistulopsine B (46), and secodehydroantofine (62). The
phenanthroindolizidine alkaloids exhibit prominent cytotoxic activity against a wide panel of
cancer cells in addition to other bioactivities.>®° Table 1.1 summarises the bioactivity of some

of the alkaloids isolated from previously studied Ficus species.



Table 1.1 Biologically active Ficus Alkaloids

Compound

Reported bioactivity

Reference

Hispidacine (32)

Hispiloscine (34)

vasorelaxant activity in rat isolated aorta

antiproliferative effect against MDA- MB-231
and MCF-7, lung carcinoma A549, colon
carcinoma HCT-116 and human lung fibroblast
MRC-5 cell lines

41

41

O-Methyltylophorinidine (35)

antiproliferative effect against human colon
(Col2), Lung (Lul) nasopharyngeal (KB) and
prostate (LNCaP) cell line

43

(-)-13aa-Antofine (43)

antifungal activity against Aspergillus fumigatus
and Candida albicans

45

Fistulopsines A (46) and
B (49)

antiproliferative effect against HCT 116 and
MCF7 cell lines

46

Tengechlorenine (58)

(+)-Tengerensine (59)

antiproliferative effect against MDA-MB-468,
MDA-MB-231, and MCF7

antiproliferative effect against MDA-MB-468
cells

48

Dehydrotylophorine (61),
secodehydroantofine (62) and
tylophoridicine D (63)

antimalarial activity against the 3D7
strain of P. falciparum

49

10S,13aR-Tylocrebrine N-
oxide (87) and
10S,13aR-isotylocrebrine N-
oxide (84)

antiproliferative effect against HONE-1 and
NUGC cell lines

51

Ficusnotins A (102) and
B (103)

antibacterial activity against Bacillus subtilis

54

Even though the Ficus genus contains a large number of species, alkaloidal research on Ficus

is still very limited. Given that alkaloids represent one of the most important classes of

secondary metabolites for drug discovery,® there is a need to discover novel and bioactive

alkaloids from other unexplored Ficus species.

10



The occurrence of alkaloids in Ficus is summarized in Table 1.2 (excluding the

alkaloids isolated and published from the present work). The structures of these alkaloids are

shown in Figure 1.1.

Table 1.2 Occurrence of alkaloids in Ficus

Plant

Plant part Alkaloids

References

F. hispida Linn.

Stem-bark

Leaves

Leaves-
twig

Twigs

(+)-Deoxypergularinine (31)
Hispidacine (32)

Hispidine (33)

Hispiloscine (34)

3,6,7-Trimethoxy-14-
hydroxyphenanthroindolizidine (O-
Methyltylophorinidine) (35)
3,6,7-Trimethoxyphenanthroindolizidine ((-)-
Deoxypergularinine) (36)

O-Methyltylophorinidine (35)

Ficushispimine A (37)
Ficushispimine B (38)
Ficushispimine C (39)
Ficushispidine (40)
1-(4-Hydroxyphenyl)-2-(2-
pyrrolidinyl)ethanone (41)

41

41,42

38

39

F. fistulosa
Reinw. ex
Blume

Stem-bark

Bark

Leaves

Leaves
and stem-
bark

Fistulosine (42)

(-)-13aa-Antofine (13aR-antofine) (43)
(-)-14p-Hydroxyantofine (44)
(-)-13aa-Secoantofine ((—)-Secoantofine) (45)

Fistulopsine A (46)
(+)-Septicine (47)
(+)-Tylocrebrine (48)

Fistulopsine B (49)

(+)-Tylophorine (50)
(-)-3,6-Didemethylisotylocrebrine (51)
Aurantiamide acetate (52)

Indole-3-carboxaldehyde (53)
Palmanine (54)
3,4-Dihydro-6,7-dimethoxyisocarbostyril (55)

45

46

42

45

11



F. fistulosa var.  Leaves
tengerensis
(Mig.) Kuntze

(+)-Antofine (56) 48
(x)-Fistulosine (57)

(-)-Secoantofine (45)

(+)-Tengechlorenine (58)

(+)-Tengerensine (59)

F. septica Burm  Twigs
f.

Leaves

Stem

Dehydroantofine (60) 49
Dehydrotylophorine (61)

Secodehydroantofine (62)

Tylophoridicine D (63)

Antofine (64) 45,46

(+)-Antofine (56)

Dehydrotylophorine (61)

Ficuseptamine A (65)

Ficuseptamine B (66)

Ficuseptamine C (67)

Ficuseptine A (68)

(+)-1sotylocrebrine (69)

Norruspoline (70)

Phyllosterone (71)

Septicine (72)

(—)-Secoantofine (45)

Tylocrebrine (73)

(-)-Tylophorine (13aR-Tylophorine) (74)
(+)-Tylocrebrine (48)

(+)-Tylophorine (50)

(+)-Tylophorine N-oxide (75)
14a-Hydroxyisocrebrine N-oxide (76)
14a-Hydroxyisotylocrebrine N-oxide (77)
14-Hydroxy-2,3,4,6,7-
pentamethoxyphenanthroindolizidine (78)
14-Hydroxy-3,4,6,7-
tetramethoxyphenanthroindolizidine (79)

Dehydrotylophorine (61) 63
Ficuseptine B (80)

Ficuseptine C (81)

Ficuseptine D (82)

(+)-Isotylocrebrine (69)

Tylocrebrine (73)

(-)-Tylophorine (74)
10S,13aR-Antofine N-oxide (83)
10S,13aR-Isotylocrebrine N-oxide (84)
10S,13aS-Isotylocrebrine N-oxide (85)
10R,13aR-Tylocrebrine N-oxide (86)
10S,13aR-Tylocrebrine N-oxide (87)

12



Roots

10R,13aR-Tylophorine N-oxide (88)
10S,13aR-Tylophorine N-oxide (89)

Dehydrotylophorine (61)
Ficuseptine A (68)

Ficuseptine B (80)

Ficuseptine E (90)

Ficuseptine F (91)

Ficuseptine G (92)

Ficuseptine H (93)

Ficuseptine 1 (94)

Ficuseptine J (95)

Ficuseptine K (96)

Ficuseptine L (97)

Ficuseptine M (98)

Ficuseptine N (99)

13aR-Antofine (43)
13aR-Isotylocrebrine (100)
13aR-Tylophorine (74)
13aR-Tylocrebrine (101)
10S,13aR-Isotylocrebrine N-oxide (84)
10S,13aR-Tylocrebrine N-oxide (87)
10R,13aR-Tylophorine N-oxide (88)

48

F. nota (Blanco)
Merr.

Leaves

Ficusnotin A (102)
Ficusnotin B (103)
Ficusnotin F (104)

54

F. hirta VVahl.

Fruits

Methyl 1-methyl-1,2,3,4-tetrahydro-f-
carboline-3-carboxylate (105)
1-Methyl-1,2,3,4-tetrahydro-B-carboline-3-
carboxylic acid (106)

55

F. pachyrhachis
K.Schum. &
Lauterb.

Leaves

(+)-Nor-reticuline (107)
(-)-Reticuline (108)

56

F. pantoniana
King

(Not
specified)

Ficine (109)
Isoficine (110)

57
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Figure 1.1 Alkaloids from Ficus species

1.5.3 Ficus schwarzii Koord.

1.5.3 Ficus schwarzii Koord.

Ficus schwarzii Koord. is one of the 101 different Ficus species that can be found in
Malaysia. It is locally known as ara, engkururoh, kahat ucang, kara, peranak (Dusun),
engkunoh (Iban), or pipin (Bidayuh) in Borneo.% F. schwarzii is a tree that can reach a height
of up to 20 m, and it is distributed around southern Myanmar, Thailand, and Malesia (Sumatra,
Malay Peninsula and Borneo) (Figure 1.2). This species prefers habitats along forest streams
and at altitudes of up to 1200 m.%%:66

Our preliminary small-scale phytochemical investigation of F. schwarzii revealed the
presence of alkaloids in the leaves, while only negligible amount of alkaloids were detected
in the bark and stems. Since F. schwarzii has never been investigated phytochemically and
pharmacologically, this represents a welcoming opportunity for the discovery of novel
alkaloids with potentially beneficial biological activity. Furthermore, the crude alkaloid of F.

schwarzii reported to inhibit the proliferation of HT-29 cells.®” Therefore, the alkaloidal
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composition of the leaves of F. schwarzii was investigated in the present study, along with

exploration of the biological activity of the pure alkaloids obtained.

Figure 1.2 Adult specimen of Ficus schwarzii Koord.: A - foliage; B - figs on tree trunk
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1.6 The Genus Alstonia

1.6.1 General

Alstonia is a genus from the tribe Rauvolfiae, subfamily Plumerioideae of the dogbane family
Apocynaeceae. Alstonia species are widely distributed across tropical Africa, Central America,
subtropical and tropical East and Southeast Asia, and Oceania. Plants of the genus Alstonia are
mostly trees with only a few species being shrubs. The trees can reach up to 60 m and
sometimes have pagoda-like branching. Typical of the Apocynaceae family, Alstonia species
have opposite leaves without stipules, and bodys that exudes milky latex. The leaves are usually
arranged in whorls, and the flowers are small and narrow, with mature buds no longer than 40
mm long. The fruits of Alstonia are usually a pair of follicles containing hairy seeds that are
dispersed by wind. Alstonia species can be found in a wide range of habitats, including
secondary and primary forests, as well as swamps and arid regions, at altitudes ranging from

the sea level to 2870 m.%86°

There are approximately 43 Alstonia species worldwide, %% many of which have been
used traditionally to treat a variety of ailments. For example, A. macrophylla is employed in
ethnopharmacy as a general tonic and antipyretic in Thailand.” A. scholaris has been used in
both codified and non-codified drug systems in India for the treatment of malaria, jaundice,
gastrointestinal problems, cancer, and a variety of other ailments.”® A. boonei, a species
endemic to sub-Saharan Africa, has been found to have powerful analgesic and antipyretic

properties in human.”* Of the 43 Alstonia species, 12 are native to Malaysia, namely:®

e Alstonia actinophylla (A.Cunn.) K.Schum.

¢ Alstonia angustifolia Wall. ex A.DC.
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e Alstonia angustiloba Mig.

e Alstonia iwahigensis Elmer

e Alstonia macrophylla Wall. ex G.Don

e Alstonia neriifolia D.Don

e Alstonia parvifolia Merr.

e Alstonia penangiana Sidiyasa

e Alstonia pneumatophora Baker ex Den Berger
e Alstonia rostrata C.E.C. Fisch.

e Alstonia scholaris (L.) R. Br.

e Alstonia sebusi (Van Heurck & Mull.Arg.) Monach.

Among the Malaysian Alstonia, only eight species were previously investigated,
namely, A. actinophylla, A. angustifolia, A. angustiloba, A. macrophylla, A. pneumatophora,

A. rostrata, Alstonia penangiana, and A. scholaris.
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1.6.2 Alkaloids of the Apocynaceae Family

1.6.2.1 Indole alkaloids

The plant family Apocynaceae, which incorporates the genus Alstonia predominantly
elaborates indole alkaloids. Indole alkaloids are easily distinguished by an indole nucleus or its
derivative. Indole alkaloids represent one of the largest groups of alkaloids. Oxidation,
reduction, and substitution can lead to multiple variation of the indole chromophore. Figure
1.3 outlines the actual structure of an indole chromophore, and those containing its derivatives,
namely, indoline (dihydroindole), indolenine, hydroxyindolenine, o-methylideneindoline,
pseudoindoxyl, and oxindole. Natural tricyclic compounds such as carbazole, B-carboline, and

y-carboline (including their derivatives) are also regarded as indole alkaloids.’®

OH
N N N N
H H
Indole Indoline Indolenine Hydroxyindolenine

(Dihydroindole)

H
a—Methylideneindoline Pseudoindoxyl Oxindole
Iwe J
N
N N N~
H H H
Carbazole B—Carboline y—Carboline

Figure 1.3 Indole and related chromophores
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1.6.2.2 Classification and biogenesis of monoterpenoid indole alkaloids

Indole alkaloids are further divided into two main categories, i.e., simple indole alkaloids and
monoterpenoid indole alkaloids. Generally, the simple indole alkaloids lack structural
uniformity, with the indole nucleus or a direct derivative of it serving as the only common

feature (e.g., harmane).

R CHO =
X H
| | WOGlu
NN N NH; H
H Me H MeOZC
Harmane Tryptamine, R = OH Secologanin

Tryptophan, R = COOH

The monoterpenoid indole alkaloids on the other hand represent the largest class of
indole alkaloids and their biogenesis was extensively studied. Through numerous
experimentation, the biogenesis of the monoterpenoid indole alkaloids was traced back to
strictosidine, which was also established to be derived from the condensation of a
tryptamine/tryptophan moiety and a monoterpene moiety (originated from secologanin) via the
Pictet-Spengler reaction. In other words, strictosidine is the common biogenetic precursor for
all other monoterpenoid indole alkaloids (Scheme 1.0).147 As a result, the biogenetic
numbering system based on the structure of strictosidine was mostly consistently applied to all
the monoterpenoid indole alkaloids reported in the literature. Inspection of the vast number of
monoterpenoid indole alkaloids revealed that modifications to the indole (tryptamine) moiety
are generally slight, with the major changes occurring in the monoterpenoid fragment instead.
Extensive rearrangement of the terpenoid moiety eventually gave rise to many monoterpenoid
indole alkaloids with distinctive structures, which can be broadly categorised into ten main
skeletal types, i.e., vincosan (D), corynanthean (C), vallesiachotaman (V), strychnan (S),
aspidospermatan (A), plumeran (P), capuronan (K), heynean (H), eburnan (E), and tacaman
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(T) (Scheme 1.1).”* Scheme 1.1 presents a general molecular evolution from strictosidine to
the 10 skeletal types, with the differences among them being in the rearranged terpenoid
fragments, as indicated by a bolded fragment in each skeletal structure. Vincosan (D),
corynanthean (C), vallesiachotaman (V), strychnan (S), and aspidospermatan (A) possess a
non-rearranged secologanin skeletal system, while plumeran (P), capuronan (K), heynean (H),
eburnan (E), and tacaman (T) possess a re-arranged terpenoid skeletons as a result of C—C bond

cleavage and C—C bond formation via the intermediacy of secodine (Scheme 1.1).

Me
\
| EEE R =
Me MeOH
Geraniol

COOH
|

Tryptophan

N e e e e e e e e e e e e e e e e e e e e e e e e — = =

Scheme 1.0: Formation of strictosidine
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Strictosidine Vincosan (D) Vallesiachotaman (V)

N(4) + C(21)

C(14) + C(17) 15 C(15)~- C(16)
Heynean (H) [secodine] [stemmadenine] Strychnan (S)
C(21) + C(7) C(3) + C(7)
C(20) + C(17) Cl14) + C(17) )+ o)

5

7
2y
L
Plumeran (P) Capuronan (K) Aspidospermatan (A)
C(21)~-C(7) C(3)~-C(7)
C(2)~-C(16) C(2)~"-C(16)
C(21)+C(2) C(3)+C(2)
N(1) + C(16) N(1) + C(16)

Eburnan (E) Tacaman (T)

Scheme 1.1: Biogenetic inter-relationship between the ten main skeletal types of the

monoterpenoid indole alkaloids
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1.7  Alstonia scholaris (L.) R. Br.

1.7.1 General

Alstonia scholaris (syn. Echites scholaris)” is commonly known as “pulai’ or the devil tree in
Malaysia.®® The genus name Alstonia was coined to commemorate Professor Charles Alston,
a Scottish botanist,’® while the species name scholaris was inspired from the usage of the
plant’s wood to construct school blackboards in Myanmar. A. scholaris occurs in a variety of
habitats, from coastal lowlands to elevations of 1230 m. It is found in India, Sri Lanka, and
from Southern China and Indochina through Malesia to northern Australia and the Pacific
Islands.®® The species is a medium-sized to large tree that can grow to be 50 — 60 m tall. The
leaves form whorls of 4 to 8 and have an elliptic to obovate shape (Figure 1.4). The bark can
be smooth, scaly, or slightly fissured, and produces a large amount of white latex when peeled

off. The flowers are fragrant and come in white, yellow, or cream colour.®

Different parts of the plant are used in traditional medicine to treat a variety of acute
and chronic diseases. The leaves are used to treat beriberi and malaria in Malaysia,”* while in
India, the bark is used as a tonic, which is indicated for fever, skin diseases, chronic diarrhoea
and advanced stages of dysentery. It is also valued as a ‘heat-lowering’ drug, useful to treat
gout and rheumatism, while promoting recovery from exhausting fever.”” In China, the leaf
extract of A. scholaris was available over the counter in pharmacies and hospitals as an
expectorant and antipyretic agent.”® On the island of Luzon, the bark is valued by natives as
the most potent tonic and heat-reducing medicine, which has long been used as a decoction to

treat severe, intermittent, and remittance fevers.’’

27



Figure 1.4 Adult specimen of Alstonia scholaris: A - tree; B — leaves and flowers; C - bark.
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1.7.2 Alkaloids from Alstonia scholaris

A. scholaris is well-known to be a rich source of alkaloids, particularly monoterpenoid indole

alkaloids belonging to the corynanthean and strychnan type of alkaloids. Interestingly, the

alkaloidal composition of A. scholaris differs tremendously with locality.®® For example, Hua

Zhou et al., (2015) isolated three akuammiline-type indole alkaloids from A. scholaris leaves

collected from Xishuangbanna, Yunnan Province, China, whereas in 2010, Xiang et al. isolated

two quinoline-type alkaloids from A. scholaris leaves collected from Simao, Yunnan Province,

China. The observed variation of alkaloid production in A. scholaris supports the findings that

secondary metabolites are significantly influenced by the ecological environment.®” Table 1.3

summarises the various alkaloids that have been isolated from Alstonia scholaris according to

plant part and locality (excluding the alkaloids isolated and published from the present work).

The structures of these alkaloids are shown in Figure 1.5.

Table 1.3: Occurrence of alkaloids in Alstonia scholaris

Locality

Plant part Alkaloid

Reference

Thailand

Leaves

Stem-bark

Root-bark

Alschomine (111)
Isoalschomine (112)
Nareline (113)
Picrinine (114)
Scholaricine (115)
Tubotaiwine (116)
Vallesamine (117)

Echitamine (118)
Hydroxy-19,20-dihydroakuammicine (119)
N(4)-Demethylechitamine (120)

Picrinine (114)

Tubotaiwine (116)

Akuammicine (121)

Akuammincine N(4)-methiodide (122)
Akuammincine N(4)-oxide (123)
Echitamidine (124)

Echitamine (118)
Hydroxy-19,20-dihydroakuammicine (119)

88
88
88
88
88
88
88

89
89
89
89
89

89, 90
90
89, 90
90
89, 90
89, 90
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N(4)-Demethylechitamine (120)

89, 90

Tubotaiwine (116) 89,90
¥-Akuammigine (125) 89
Peninsular Leaves 5-Epi-nareline ethyl ether (126) o
Malaysia Nareline ethyl ether (127) o
Nareline methyl ether (128) o
Picrinine (114) o
Scholaricine (115) o
Scholarine N-oxide (129) o
India Leaves Akuammidine (130) 92
Echitamidine (124) 9
Echitamine (118) 9
Nareline (113) 92
Picralinal (131) 92
Picrinine (114) 92,93
¥-Akuammigine (125) 92
Scholarine (132) %
Fruit pods  Nareline (113) 9
N-Formylscholarine (133) %
Picrinine (114) 9
Striactamine (134) %
Flowers Picrinine (114) [
Strictamine (134) &
Tetrahydroalstonine (135) [
The Leaves 19,20-E-Vallesamine (117) %
Philippines 20(S)-Tubotaiwine (116) 86,88,96
20(S)-Tubotaiwine N-oxide (135) 86,88
6,7-Secoangustilobine B (136) 86,88,9
Angustilobine B acid (137) 86,88
Angustilobine B N-oxide (138) %
Lagunamine (19-hydroxytubotaiwine) (139) 86,88
Losbanine (6,7-seco-nor-angustilobine B) (140) 888
Manilamine (141) %
N(4)-Methylangustilobine B (142) %
Bark 6,7-Secoangustilobine B (136) 8

Acetylechitamine (143)

Echitamine (118)

Losbanine (6,7-seco-nor-angustilobine B) (140)
N(4)-Demethylechitamine (norechitamine) (120)
20(S)-Tubotaiwine (116)

86
86
86
86
86
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Tubotaiwine N-oxide (135)

86

Taiwan

Leaves

19,20-E-Vallesamine (117)
19-Episcolaricine (144)
6,7-Secoangustilobine B (136)
Alschomine (111)
Isoalschomine (112)

Nareline (113)

Picralinal (131)

Picrinine (114)

88
88
88
88,97
88,97
88,97
88,97
88,97

Indonesia

Leaves

Bark

19,20-E-Vallesamine (117)
19,20-E-Vallesamine N-oxide (145)
6,7-Seco-19,20a-epoxyangustilobine B (146)
6,7-Secoangustilobine B (136)
Akuammidine (130)

Akuammidine-N-oxide (147)

Leuconolam (148)

N(1)-Methylburnamine (149)
N(4)-Methylscholoricine (150)

Picraline (151)

Scholaricine (115)

Y-Akuammigine (pseudoakuammigine) (125)
Y-Akuammigine N-oxide (152)

Voacristine (153)

Strictamine (154)

Nicotine (155)

Akuammincine N(4)-Oxide (123)
Akuammiginone (156)

Echitamidine N-oxide (157)
Echitamidine N-oxide 19-O-4-D-
glucopyranoside (158)

Echitaminic acid (159)
N(4)-Demethylalstogustine (160)
N(4)-Demethylalstogustine N-oxide (161)

88
88
88
88
80,88
80
88
88
88
88
88
88
88
98
98
98

99
99
99
99

99
99
99

Pakistan

Leaves

19,20-E-Vallesamine (117)
19,20-Z-Vallesamine (162)
Alstonamine (163)
Rhazimanine (164)

100
100
101
101

China

Leaves

19,20-E-Alstoscholarine (165)
19,20-E-Vallesamine (117)

102
103,104
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19,20-Z-Alstoscholarine (166)
19-Episcolaricine (144)
5-Methoxystrictamine (167)
5-Ox0-17-deacetyl-1,2-dihydroakuammiline
(168)

Akuammidine (130)

Leuconolam (148)

Methyl (24,16R,19E)-4,5-didehydro-1,2-
dihydro-2-hydroxy-16-(hydroxymethyl)-
akummilan-4-ium-17-oate chloride (169)
N(1)-Methoxymethylpicrinine (170)
N(1)-Methylburnamine (141)
N(4)-Demetylechitamine (Norechitamine) (120)
Picralinal (131)

Picrinine (114)

Rhazimanine (164)

Scholsricine (115)

Scholarisine A (171)
17-Formyl-10-demethoxyvincorine N(4)-oxide
(172)

10-Methoxyalstiphyllanine H (173)
10-Demethoxyvincorine N(4)-oxide (174)
Melosline A (175)

Melosline B (176)
1-[2-[2-(Carboxymethyl)indole-3-yl]-3-
ethylpyridinium hydroxide inner salt (177)
Alstorisine A (178)

Scholarisine H (179)

Scholarisine 1 (180)

Scholarisine J (181)

Scholarisine K (182)

Scholarisine L (183)

Scholarisine M (184)

Scholarisine N (185)

Scholarisine O (186)

Scholarisine T (187)

Scholarisine U (188)

Scholarisine V (189)

Scholarisine W (190)

Alstoscholarisine H (191)
Alstoscholarisine 1 (192)
Alstoscholarisine J (193)
Alstoniascholarine A (194)
Alstoniascholarine B (195)
Alstoniascholarine C (196)
Alstoniascholarine D (197)
Alstoniascholarine E (198)
Alstoniascholarine F (199)
Alstoniascholarine G (200)

102
104
103,104
104

104
104
104

103

104

104
103,104
103,104
104
103,104
78

105

105
105
82
82
82

106
107
107
107
107
107
107
107
107
108
108
108
108
109
109
109
83
83
83
83
83
83
83
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Alstoniascholarine H (201) 83

Alstoniascholarine 1 (202) 83
Alstoniascholarine J (203) 83
Alstoniascholarine K (204) 83
Alstoniascholarine L (205) 110
Alstoniascholarine M (206) 110
Alstoniascholarine N (207) 110
Alstoniascholarine O (208) 110
Alstoniascholarine P (209) 110
Alstoniascholarine Q (210) 110
Alstoniascholarine T (211) 11
Alstoniascholarine U (212) 11
Alstolactine A (213) 112
Alstolactine B (214) 112
Alstolactine C (215) 112
Normavacurine-21-one (216) 84
5-hydroxy-19,20-E-alschomine (217) 84
5-hydroxy-19,20-Z-alschomine (218) 84
Alistonitrine A (219) 113
Bark 19,20-E-Vallesamine (117) 114
19-Epi-ajmalicine (220) 114
19-Epischolaricine (167) 114

19Z-16-Formyl-5a-methoxystrictamine (221) 114
20-Epi-19-oxodihydroakuammicine (Alstolucine

F) (222)
3-Epi-dihydrocorymine (223) 114
5-Methoxystrictamine (168) 114
Akuammidine (130) 114
Echitamidine (124) 114
Echitamine (118) 114
Leuconoxine (224) 114
N(4)-Demethylechitamine (120) 114
Nareline (113) 114
Picralinal (131) 114
Picrinine (114) 114
Scholarisine B (225) 114
Scholarisine C (226) 114
Scholarisine D (227) 114
Scholarisine E (228) 114
Scholarisine F (229) 114
Scholarisine G (230) 114

Roots and  Alstonlarsine A (231) 8

bark Alstonlarsine B (232) 8
Alstonlarsine C (233) 8

Alstonlarsine D (234) 85




Twigs

Fruits

Melosline A (175)

Melosline B (176)
1-[2-[2-(Carboxymethyl)indole-3-yl]-3-
ethylpyridinium hydroxide inner salt (177)

Scholarisine Q (235)
Scholarisine R (236)

82
82
82

115
115
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Figure 1.5: Alkaloids from Alstonia scholaris
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Figure 1.5: Alkaloids from Alstonia scholaris
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172 R = CHO
174R =H

176 R = COO"
177 R = CH,-COO"

Figure 1.5: Alkaloids from Alstonia scholaris
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Of the numerous alkaloids isolated from A. scholaris, many were reported to possess

useful biological activity, including central nervous system depressant, antiplasmodial,

anticancer, antibacterial, antifungal, and DRAK?2 inhibitory activities, as summarised in Table

1.4. Therefore, A. scholaris represents a rich source of biologically active metabolites with

potential to serve as lead compounds for drug discovery and development.

Table 1.4 Biologically active A. scholaris alkaloids

Compound Reported bioactivity Reference
Picrinine (114) central nervous system depressant 7
Akuammidine (130) antiplasmodial activity 80

Akuammicine N-oxide (123) and antiplasmodial activity
Nb-demethylalstogustine (160)

81

Melosline A (175) cytotoxicity against MCF-7 cancer cell line

Alstoniascholarines F (199) and  antibacterial activity against Pseudomonas

J (203) aeruginosa

Alstoniascholarines D (197), G antifungal activities against

83

(200) and J (203) Epidermophyton floccosum
Strictamine (134) and antibacterial activity against Enterococcus &
vallesamine Ns-oxide (145) faecalis

Vallesamine (117) and nareline  antibacterial activity against Pseudomonas

(113) aeruginosa
Nareline (113) antibacterial against Klepsiella pneumonia
Alstonlarsine A (231) DRAK?2 inhibitory activity 85
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Many new and structurally intriguing alkaloids are continuously being discovered from
different A. scholaris specimens collected from the different regions in Asia (Table 1.3).
However, with regards to the A. scholaris occurring in Malaysia, there was only one
phytochemical publication based on the leaf sample that was collected from the East Coast of
Peninsular Malaysia (Selangor), which yielded akuammiline-type (126-129) and strychnan-
type (114,115) indole alkaloids .°* With geographical variation in mind, we postulated that A.
scholaris collected from the West Coast of Peninsular Malaysia would yield different and
potentially new alkaloids compared to the East Coast specimens. Therefore, the alkaloidal
composition of the leaves, bark, and flowers of A. scholaris sampled from Selangor (West
Coast of Peninsular Malaysia) were investigated in the present study, along with exploration

of the biological activity of the pure alkaloids obtained.
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1.8 Research Aim

The aim of the present research is to perform detailed phytochemical investigations on the
alkaloidal composition of Ficus schwarzii and Alstonia scholaris with the aim to obtain

alkaloids with new molecular structures and/or possessing useful biological activities.
The specific objectives of the present study are:

1. To obtain the crude alkaloid extracts from the leaves of Ficus schwarzii and the leaves,
bark and flowers of Alstonia scholaris using the acid-base extraction method.

2. To isolate and purify the alkaloidal constituents of the leaves of Ficus schwarzii and
the leaves, bark and flowers of Alstonia scholaris using various chromatographic
methods including column chromatography, centrifugal thin layer chromatography and
high-performance liquid chromatography.

3. To elucidate and characterize the 2D and 3D structures of the pure alkaloids obtained
using various spectroscopic techniques (e.g., NMR, HRMS, UV and IR), chemical
correlation and comparison of ECD spectra with those calculated by TDDFT.

4. To postulate the possible biogenetic pathways for new/ novel compounds.

5. To investigate the anticancer and vasorelaxant activity of the pure alkaloids obtained

through collaborative efforts.
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CHAPTER TWO: ISOLATION AND STRUCTURE
ELUCIDATION OF ALKALODS FROM FICUS SCHWARZII

The alkaloidal content of Ficus schwarzii was investigated for the first time in the present
study. Appreciable presence of alkaloids was only detected in the leaves, but not the bark. A
total of nine novel alkaloids were isolated and characterised from the alkaloid crude mixture
of the leaves of Ficus schwarzii. Seven of these possess the 1,4-diarylbutanoid-
phenylethylamine skeleton and were given the trivial names, schwarzinicines A-G (1-7). The
remaining two alkaloids represent a pair of new diastereomeric 1-phenyl-3-aminotetralins,

named schwarzificusines A and B (8 and 9), that are structurally related to the schwarzinicine

alkaloids.
R, R, R, R, R
R, Schwarzinicine A (1) OMe OMe H H H
Re Schwarzinicine B (2) OMe OMe H H Me

Schwarzinicine C (3) OCH,0 H H H
Schwarzinicine D (4) OCH20 OMe H H
Schwarzinicine E(5) OMe OMe OH H
Schwarzinicine F (6) OMe OMe H OH H

Schwarzinicine G (7) OMe OMe H OH Me

OMe
/\/@ Schwarzificusine A (8)
HN OMe schwarzificusine B (9)

Figure 2.0: Alkaloids from Ficus schwarzii
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2.1 Schwarzinicine A (1)

OMe
OMe

OMe

Figure 2.1: Schwarzinicine A (1)

Schwarzinicine A (1) was isolated as the most abundant alkaloid from the leaves of F.
schwarzii as a light yellowish oil with a small specific optical rotation, i.e., [a] 0 +2 (¢ 1.17,
CHCl3). The UV spectrum showed absorption maxima at 231 and 281 nm, characteristic of
3,4-dimethoxylphenyl chromophore.!®* The HR-DART-MS data revealed a molecular
formula of C3oH3sNOg based on the [M+H] * peak detected at m/z 510.2836. The *C NMR
spectrum of 1 (Table 2.1 and Figure 2.5) gave a total of 30 carbon resonances (three
dioxygenated aryl rings, six methoxy carbons, five methylene carbons, and a methine
carbon) in agreement with the molecular formula. 18 carbon peaks were found in the
downfield region between 6111 and 149 suggesting the presence of three sets of 3,4-
dioxygenated phenyl groups based on their characteristic carbon shifts.*®1” The six aromatic
carbons with the most downfield resonances centred between 6c 147 and 149 were due to
six oxygenated aromatic carbons and were assigned to C-3'/3"/3" and C-4'/4"/4". The three
carbon signals at observed between dc 131 and 135 were readily assignable to the
quaternary carbons at positions C-1'/1"/1". Similarly, the three resonances observed between
dc 120 and 122 were due to C-6'/6"/6", while the remaining six aromatic resonances

observed between 8¢ 111 and 113 were attributed to C-2'/2"/2" and C-5'/5"/5"'. In addition,
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the six carbon resonances between d¢ 55.8 and 55.9 indicated the presence of six methoxy

groups, thus confirming the presence of three sets of 3,4-dimethoxyphenyl moieties.

The *H NMR spectrum of 1 (Table 2.1 and Figure 2.4) showed the presence of nine
aromatic protons, six methoxy groups, 11 aliphatic protons, and an NH group (indicated by
the presence of a broad singlet at o+ 1.98). The splitting patterns observed for the aromatic
protons signals were consistent with the presence of three sets of 1,3,4-trisubstituted aryl
rings, i.e., H-2'/2"/2" (d, J = ~2 Hz, 61 6.622, 6.663, and 6.67), H-5'/5"/5"" (d, J = ~8 Hz, 8n

6.717, 6.722, and 6.77), and H-6/6"/6" (dd, J = ~8 and ~2 Hz, & 6.60, 6.615, and 6.657).

The HSQC and COSY spectra revealed the presence of CH,CHCH>CH> and CH2CH>
partial structures that correspond to the C-1-C-2-C-3-C-4 and C-7"-C-8" fragments in 1,
respectively (Figure 2.2). The HMBC data further confirmed the partial structures identified
by the HSQC and COSY data (Figure 2.2). The three 3,4-dimethoxyphenyl groups were
deduced to be connected to C-1, C-4 and C-7" based on the three-bond correlations from H-
1to C-2'and C-6"; from H-2 to C-1'; from H-2' and H-6' to C-1; from H-2" and H-6" to C-4;
from H-3 to C-1"; from H-7" to C-2"" and C-6""; from H-2"" and H-6"" to C-7""; and from H-
8" to C-1" (Figure 2.2). Additionally, the C-1-C-2-C-3-C-4 and C-7"-C-8" partial
structures were deduced to be linked via the NH group based on the observed HMBC
correlation from H-8" to C-2. The full structure of 1 was thus established as shown in Figure
2.1. It is also worth mentioning that for unknown reasons, the NH absorption band of 1 was
not particularly obvious around 3322 — 3500 cm in the IR spectrum. Therefore, to prove
the existence of this NH group, 1 was N-methylated via a reductive amination method (NH
reacted with formaldehyde and NaBHs:CN in the presence of AcOH) to furnish

schwarzinicine B (2) (vide infra).
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Due to severe overlapping of signals in the *H and '3C spectra, the unambiguous

assignments of some aromatic signals were not possible, and these interchangeable signals are

indicated in Table 2.1. Finally, chiral HPLC analysis indicated schwarzinicine A (1) to be a

scalemic mixture of the (+) and (-) enantiomers in a ratio of 1:4 (Figure 2.3).

OMe

OMe

Figure 2.2: COSY (blue, bold) and selected HMBC (red arrows) correlations of

schwarzinicine A (1)

JEN [P
g {\
5 N
1.4022 Mmuiej. 1.2999 AU _J L‘
1| name Reﬁr}%ﬂ . (uC:::m % Area “(:'3'/“ int Type | Amount |Units | PeakType |Peak Codes
Sample concentration Column Solvent system Flow rate
(injection volume)
2.0 mg/mL, Chiralpak 1A column hexane-EtOH-Et2NH, | 1.0 mL/min
(10.0 ul) (4.6 x 150 mm) 80:20:0.1

Figure 2.3: Chiral HPLC chromatogram of schwarzinicine A (1)
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Table 2.1: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine A (1)

Position on (mult., Jin Hz) dc
1 2.62, m 40.10
274, m
2 2.74, m 58.70
3 1.72, m 35.37
1.79, m
4 2.62, m 31.56
I 131.50
2! 6.622,d (2) 112.25
3! 148.807
4 147.17°
5' 6.722, d (8.1)% 111.10°
6' 6.60, dd (8.1, 2) 121.06
" 134.77
2" 6.67,d (2) 111.64
3n 148.84?
4" 147.44°
5" 6.77,d (8.6) 111.22°
6" 6.657, dd (8.6, 2) 120.07
m 132.13
pAl 6.663, d (1.8) 111.82
3 148.87°
4m 147.45"
5 6.717, d (8.1)% 111.15°
6" 6.615, dd (8.1, 1.8) 120.43
ri 2.67, m 35.75
g 2.77, m 48.36
2.90, m
3'-OMe 3.83,¢° 55.77¢
4'-OMe 3.853, s° 55.77¢
3"-OMe 3.84,¢" 55.81¢
4"-OMe 3.86, s° 55.81¢
3"-OMe 3.82,¢° 55.84¢
4"-OMe 3.854, s° 55.93¢
NH 1.98, brs

=0 Assignments may be interchanged within each column due to overlapping of signals
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Figure 2.5: 3C NMR spectrum of schwarzinicine A (1) (CDCls, 150 MHz)

50



2.2 Schwarzinicine B (2)

4" OMe

Figure 2.6: Schwarzinicine B (2)

Schwarzinicine B (2) was isolated from the leaves of F. schwarzii as a light yellowish oil with
[0]?°0+20 (c 1.01, CHCIs). The UV spectrum showed absorption maxima at 231 and 281 nm,
similar to those of 1. HR-DART-MS data showed a pseudo-molecular ion [M+H]" peak at m/z
524.2996, corresponding to the molecular formula C31H41NOe. The NMR data of 2 were found
to be similar to those of 1, strongly suggesting that they are structurally closely related.
Notably, the NH signal at 64 1.98 present in 1 was absent in 2, replaced instead with an N-
methyl signal observed at on 2.38 and &c 36.84. This suggested that 2 is an N-methyl derivative

of 1.

Other than that, the 'H NMR spectrum (Table 2.2 and Figure 2.9) showed nine
aromatic protons, six aromatic methoxy groups and eleven aliphatic protons as in the case of
1. The presence of three sets of 1,3,4-trisubstituted aryl rings as in the case of 1 were also
supported by the splitting patterns observed for the aromatic proton signals: H-2'/2"/2" (on
6.62, 6.56, and 6.73), H-5'/5"/5" (d, J = ~8 Hz, d1 6.76, 6.73, and 6.79) and H-6'/6"/6" (dd, J
=~8 and ~2 Hz, 1 6.65, 6.57, and 6.74). The *C NMR spectrum (Table 2.2 and Figure 2.10)

indicated the presence of three dioxygenated-aryl rings, six methoxy carbons, an N-Me carbon,
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five methylene carbons, and a methine carbon, in agreement with the molecular formula

deduced from the HR-DART-MS measurements.

The HSQC and COSY data (Figure 2.7) showed the presence of CH.CH. and
CH2CHCH2CHg> partial structures, which corresponded to the C-7"—C-8" and C-1-C-2-C-3—
C-4 fragments, respectively. The HMBC data further confirmed the partial structures identified
by HSQC and COSY. The HMBC data allowed the three aryl rings to be linked to C-1, C-4

and C-7" of the aliphatic backbone (Figure 2.7).

Assignments of some aromatic signals were not possible due to severe overlapping of
signals in the *H and *3C spectra, and these interchangeable signals are indicated in Table 2.2.

Chiral HPLC analysis indicated schwarzinicine B (2) to be a single enantiomer (Figure 2.8).

The structure of 2 was also confirmed by its partial synthesis from 1. The reductive
methylation of 1 with formaldehyde and NaBH3:CN in the presence of AcOH gave
schwarzinicine B (2) in 54% yield. The spectroscopic data (*H, *C NMR, and UV) of the

reaction product were indistinguishable from those of natural 2.

Figure 2.7: COSY (blue, bold) and selected HMBC (red arrows) correlations of

schwarzinicine B (2)
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Figure 2.8: Chiral HPLC chromatogram of schwarzinicine B (2)
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Table 2.2: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine B (2)

Position &n (mult., J in Hz) dc
1 2.34,dd (13.4,9.2) 34.61
2.89, dd (13.4, 4.3)
2 2.73,m 64.50
3 1.59, m 32.49%
1.69, m
4 2.39, m 32.47%
259, m
I 133.39°
2! 6.62, d (1.6) 112.35
3 148.75°
4 147.10¢
5 6.76, d (8.1) 111.06°
6' 6.65, dd (8.1, 1.6) 121.06
" 135.28
2" 6.56, m 111.73
3" 148.68°
4" 147.28¢
5" 6.73, d (8.6) 111.12¢
6" 6.57, dd (8.6, 2) 120.10
i 133.35°
AL 6.73, m 112.18
3m 148.61°
4m 146.90¢
5 6.79, d (7.9) 111.20°
6" 6.74,dd (7.9, 2) 120.59
7 271, m 34.90
g 2.65, m 55.70
277, m
3'-OMe 3.826, s 55.79'
4'-OMe 3.833, s° 55.79'
3"-OMe 3.80, s° 55.82f
4"-OMe 3.85, s 55.85'
3"-OMe 3.87,¢° 55.86'
4"-OMe 3.85, s 55.89'
NMe 2.38, s 36.84

T Assignments may be interchanged within each column due to overlapping of signals
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Figure 2.10: 3C NMR spectrum of schwarzinicine B (2) (CDCls, 150 MHz)
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2.3 Schwarzinicine C (3)

Figure 2.11: Schwarzinicine C (3)

Schwarzinicine C (3) was isolated as a light yellowish oil with [a]*°c -7 (c 0.48, CHCIs). The
HR-DART-MS showed a pseudo-molecular ion [M+H]* peak at m/z 494.2505, corresponding
to the molecular formula C29H3sNOs. The UV spectrum of 3 appeared to be very similar to that

of 1 and 2.

The 'H and *C NMR data of 3 (Table 2.3, Figures 2.14 and 2.15) were generally
similar to those of 1, except that two of the six methoxy groups (3"'-OMe and 4"'-OMe) present
in 1, were absent and replaced instead with a methylenedioxy group in 3 (¢ 100.85, 61 5.91).
This was consistent with the molecular mass of 3, which was 16 mass units lower than that of

1.

The HSQC and COSY data (Figure 2.12) showed the presence of CH,CH, and
CH2CHCH2CHg> partial structures, which corresponded to the C-7"-C-8" and C-1-C-2-C-3-
C-4 fragments, respectively. The attachment of the methylenedioxy group placed at C-3"" and
C-4" in 3 was deduced based on the three-bond correlation observed from the H of the

methylenedioxy group to C-3" and C-4"" in HMBC spectrum (Figure 2.12). Schwarzinicine
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C (3) was found to occur as a single enantiomer as inferred by chiral HPLC analysis (Figure

2.13).
Figure 2.12: COSY (blue, bold) and selected HMBC (red arrows) correlations of
schwarzinicine C (3)
:I 1.20-
J2em

j T T
4 bk 2l
15| Name Reﬁi%“ (u;\x:Zm % Area H(ze')“ Int Type | Amount |Units | Peak Type [Peak Codes
Sample concentration Column Solvent system Flow rate
(injection volume)
1.6 mg/mL Chiralpak 1A column hexane-EtOH-Et2NH, | 1.0 mL/min
(10.0 uL) (4.6 x 150 mm) 90:10:0.1
Figure 2.13: Chiral HPLC chromatogram of schwarzinicine C (3)
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Table 2.3: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine C (3)

Position &n (mult., J in Hz) dc
1 2.61, m 40.06
274, m
2 2.75,m 58.70
3 1.73, m 35.32
1.79, m
4 2.62, m 31.53
I 131.40
2! 6.62, m 112.22
3' 148.82°
4 147.17°
5' 6.74, d (8) 111.17°
6' 6.63, dd (8, 2) 121.06
" 134.74
2" 6.67, m 111.64
30 148.84°
4" 147.62°
5" 6.78, d (8.6) 111.23°
6" 6.68, m 120.07
I 133.25
2" 6.58,d (1.4) 108.79
3 147.47
4 145.89
5 6.66, d (7.9) 108.12
6" 6.53,dd (7.9, 1.4) 121.43
7 2.66, m 35.74
3" 2.72, m 48.35
2.88, dt (11, 6.6)
3'-OMe 3.82, 5% 55.77°
4'-OMe 3.85, 5% 55.81¢
3"-OMe 3.85, s 55.82¢
4"-OMe 3.86, 5% 55.92¢
OCH0 591, s 100.85
NH Not observed

a0 Assignments may be interchanged within each column due to overlapping of signals
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2.4 Schwarzinicine D (4)

OMe

Figure 2.16: Schwarzinicine D (4)

Schwarzinicine D (4) was isolated as a light yellowish oil with [a]o +5 (¢ 0.38, CHCIs). The
UV spectrum showed absorption maxima (230 and 282 nm) as those of alkaloids 1 — 3. HR-
DART-MS measurements revealed the molecular formula C3oHs7NO7 based on the [M+H]*
peak detected at m/z 524.2645. The molecular mass of 4 is therefore 30 units higher compared

to that of 3, suggesting the presence of an additional methoxy substitution in 4.

The 3C NMR spectrum of 4 (Table 2.4 and Figure 2.20) showed a general
resemblance to that of 3, except that seven oxygenated aromatic carbon resonances were
observed in 4, instead of six in 3. Similarly, the *H NMR spectrum of 4 (Table 2.4 and Figure
2.19) was very similar to that of 3, except for the presence of an additional OMe singlet in 4

in placed of the J = 7.9 Hz doublet signal due to H-5" in 3.

As with compounds 1 — 3, the CH.CHCH>CH, and CH>CH: partial structures
corresponding to the C-1-C-2-C-3-C-4 and C-7"-C-8" fragments in 4 respectively, were

obtained from the HSQC and COSY data (Figure 2.17).

The additional OMe group was deduced to be located at C-5" based on the HMBC

correlation observed from MeO-5" (61 3.850) to C-5" (dc 143.38) and the NOESY correlation
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observed between MeO-5" (6 3.850) and H-6" (6 6.29) (Figure 2.17). The pair of distinct
meta-coupled aromatic hydrogens observed at & 6.28 and 6.29 (J = 1.2 Hz) were assigned to
H-2"" and H-6" based on the three-bond correlations observed from H-2"' and H-6" to C-7"
in the HMBC spectrum of 4 (Figure 2.17), which is consistent with a 1,3,4,5-tetrasubstituted
phenyl moiety. These observations were also consistent with the NOEs observed for H-2"'/H-
7" and H-6"/H-7" in the NOESY spectrum. Schwarzinicine D (4) is therefore the 5"'-methoxy
derivative of 3. Finally, chiral HPLC analysis indicated schwarzinicine D (4) was isolated as

a single enantiomer (Figure 2.18).

Figure 2.17: COSY (blue, bold), selected HMBC (red arrows) and NOESY (blue arrow)
correlations of schwarzinicine D (4)
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Figure 2.18: Chiral HPLC chromatogram of schwarzinicine D (4)
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Table 2.4: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine D (4)

Position on (mult., Jin Hz oc
1 257, m 40.28
2.73,m
2 2.73,m 58.72
1.70, m 35.58
1.77, m
4 2.62, m 31.58
I 131.56
2! 6.61, m 112.14
3! 148.77°
4 147.14°
5' 6.78, d (8.6) 111.03°
6' 6.61, m 121.03
" 134.89
2" 6.67, m? 111.64
3" 148.822
4" 147.42°
5" 6.78, d (8.6) 111.22°
6" 6.68, m? 120.05
i 134.29
AL 6.28, d (1.2)° 102.37
3m 148.83?
4m 133.49
5 6.66, d (7.9) 143.38
6" 6.29, d (1.2)° 107.82
7 2.62, m 36.44
g 2.74, m 48.45
2.88, dt (11, 6.5)
3'-OMe 3.820, s° 55.75¢
4'-OMe 3.856, s¢ 55.78¢
3"-OMe 3.846, ° 55.80¢
4"-OMe 3.863, s¢ 55.92¢
5"-OMe 3.850, s 55.48¢
OCH.0 5.93, s 101.27
NH 1.53, brs

a0 Assignments may be interchanged within each column due to overlapping of signals
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2.5 Schwarzinicine E (5)

OMe

Figure 2.21: Schwarzinicine E (5)
Schwarzinicine E (5) was isolated as a light yellowish oil with [o]*b +3 (c 0.54, CHCIs). The
UV spectrum of 5 was essentially similar to that of 1. The HR-DART-MS measurements
showed an [M+H]" peak at m/z 526.2777, which established the molecular formula as
C30H39NO7. The molecular mass of 5 is thus 16 mass units higher than that of 1, suggesting the

presence of an additional hydroxy substitution in 5.

The 3C NMR spectrum of 5 (Table 2.5 and Figure 2.25) showed a general
resemblance to that of 1, except that seven oxygenated aromatic carbon resonances were
observed in 5, instead of six in 1. Similarly, the *H NMR spectrum of 5 (Table 2.5 and Figure
2.24) was very similar to that of 1, except for the absence of the J = 8.1 Hz doublet signal
due to H-5""in 1. The HSQC and COSY data also revealed the CH.CHCH2CH and CH2CH>
partial structures attributed to the C-1-C-2-C-3-C-4 and C-7"-C-8" fragments in 5,

respectively (Figure 2.22).

As in the case of 4, a pair of distinct meta-coupled aromatic protons were observed at
OH 6.24 and 6.38n (J = 1.6 Hz), which were assigned to H-2" and H-6" based on the correlations
from H-2" and H-6"" to C-7"' and from H-7" to C-2""and C-6"" in the HMBC spectrum (Figure

2.22). This observation was consistent with the presence of a 1,3,4,5-tetrasubstituted phenyl
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moiety. The two methoxy groups in this tetrasubstituted phenyl ring were determined to be
attached to C-3"" and C-4"" based on the HMBC correlations from H-2"', H-6"", and 4"'-OMe to
C-4"; and from 3"'-OMe to C-3". The additional hydroxy group must therefore be located at C-
5" which is consistent with the NOEs observed for H-2"'/H-7"', H-6"/H-7", and H-2"'/MeO-
3" in the NOESY spectrum (Figure 2.22). Schwarzinicine E (5) is therefore the 5"-hydroxy
derivative of 1. Finally, chiral HPLC analysis indicated schwarzinicine E (5) to be a single

enantiomer (Figure 2.23).

Figure 2.22: COSY (blue, bold), selected HMBC (red arrows) and NOESY (blue arrow)
correlations of schwarzinicine E (5)
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Figure 2.23: Chiral HPLC chromatogram of schwarzinicine E (5)
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Table 2.5: 'H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine E (5)

Position on (mult., Jin Hz) oc
1 2.62, m 40.22
271, m
2 2.74, m 58.62
3 1.70, m 35.42
1.75, m
4 2.60, m 31.57
1 131.64
2! 6.63, m 112.28
3 148.80°
4 147.15°
5 6.74,d (8.1) 111.15
6' 6.62, m 121.08
" 134.84
2" 6.66, m 111.66
3N 148.84°
4" 147.43°
5" 6.77, d (8.6) 111.25
6" 6.65, m 120.08
m 136.00
2m 6.24, d (1.6) 104.47
3" 152.27
4m 133.99
5m 149.27
6" 6.38,d (1.6) 108.12
7" 2.63,m 36.48
8" 2.76, m 48.17
2.87,dt (11, 7.0)
3'-OMe 3.82, ¢° 55.77°
4'-OMe 3.85, s 55.80°
3"-OMe 3.84,s° 55.80°
4"-OMe 3.85, s 55.80°
3"-OMe 3.85,s 55.82°
4"-OMe 3.86, " 55.93°
NH Not observed

&€ Assignments may be interchanged within each column due to overlapping of signals
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2.6  Schwarzinicine F (6)

Figure 2.26: Schwarzinicine F (6)

Schwarzinicine F (6) was isolated as a light yellowish oil with [a]?°p +25 (c 0.22, CHClI3). The
UV spectrum of 6 was similar to those of 1 — 5, indicating the presence of a similar
chromophore. The HR-DART-MS measurements revealed the [M+H]" peak at m/z 526.2791,
which analyzed for C3H3zgNO7, indicating that 6 and 5 are isomers, i.e., 6 has an additional
hydroxy substitution compared to 1.

The *H NMR spectrum of 6 (Table 2.6 and Figure 2.29) showed the conspicuous
presence of a deshielded methine signal at 6 5.07, which was absent in that of 1. This, coupled
with the observation that the number of aromatic proton signals present in the 'H NMR
spectrum of 6 was the same as that in 1, suggested that the hydroxy substitution in 6 occurred
in the aliphatic backbone of the molecule. Additionally, the **C NMR spectrum (Table 2.6 and
Figure 2.30) showed a deshielded resonance at oc 71.61, which was attributable to an
oxymethine carbon based on the HSQC data. The three-bond correlations from the signal at 6+
5.07 to C-2" and C-6"; from H-2" and H-6" to the resonance at ¢ 71.61; from H-2 to C-4; and
from H-4 to C-2, indicated the benzylic C-4 as the site of hydroxy substitution (Figure 2.27).

This is also consistent with the COSY spectrum, which revealed the presence of the

OCHCH2CH(N)CH: and CH>CH> partial structures corresponding to the C-4-C-3-C-2-C-1
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and C-7"-C-8" fragments in 6, respectively (Figure 2.27). Schwarzinicine F (6) is therefore
the 4-hydroxy derivative of 1 and its planar structure was in full agreement with the HMBC
data (Figure 2.27).

Chiral HPLC analysis of schwarzinicine F (6) established it as a single enantiomer
(Figure 2.28). However, its relative configuration could not be determined via analysis of the
NOESY data as the molecule displays high conformational flexibility. Stereochemical
assignments based on derivatization of 6 was also precluded due to poor isolation yield. It
was observed that 6 was less stable and prone to degradation in solution in comparison to
compounds 1 — 5, likely due to the presence of the relatively more reactive benzyl alcohol

group in 6.

OMe

5ll

Figure 2.27: COSY (blue, bold) and selected HMBC (red arrows) correlations of

schwarzinicine F (6)
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Table 2.6: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine F (6).

Position &n (mult., J in Hz) oc
1 2.72,dd (13.7,6.2) 39.27
2.82, dd (13.7, 7.9)
2 3.00, m 57.64
3 1.69, ddd (14.5, 5.8, 2.8) 38.96
1.96, ddd (14.5, 8.3, 3.2)
4 5.07, dd (8.3, 2.8) 71.61
I 130.55
2! 6.56, d (1.8) 111.97
3! 148.96
4 147.672
5' 6.70,d (8.1)2 111.15°
6' 6.54, dd (8.1, 1.8) 120.92
" 138.01
2" 6.90, brs 108.83
3" 148.83
4" 147.57
5" 6.82, m 110.92
6" 6.82, m 117.41
m 131.58
pAl 6.60, d (1.8) 111.72
3 148.96
4" 147.75°
5 6.74,dd (8.1)2 111.21°
6" 6.60, dd (8.1, 1.8) 120.45
ri 2.65, m 35.68
2.99, m
g 2.78, m 48.41
3.00, m
3'-OMe 3.81,¢° 55.80°
4'-OMe 3.85,¢° 55.81°
3"-OMe 3.87,¢° 55.81¢
4"-OMe 3.87,¢° 55.81°
3"-OMe 3.87,¢° 55.85°
4"-OMe 3.87,¢° 55.93°
NH 1.67, brs

&¢ Assignments may be interchanged within each column due to overlapping of signals
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Figure 2.29: *H NMR spectrum of schwarzinicine F (6) (CDCls, 600 MHz)
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Figure 2.30: 3C NMR spectrum of schwarzinicine F (6) (CDCls, 150 MHz)
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2.7 Schwarzinicine G (7)

Figure 2.31: Schwarzinicine G (7)

Schwarzinicine G (7) was isolated as a light yellowish oil with [0]*p —13 (c 0.35, CHCls).
The UV spectrum of 7 was similar to those of 1 — 6, indicating the presence of a similar
chromophore. The HR-DART-MS measurements revealed the molecular formula C31H41NO7
for 7 based on the [M+H]* peak detected at m/z 540.2966. This indicated that 7 is 14 mass
units higher than 6, suggesting the presence of an additional methyl substitution in 7 when
compared to 6. The HSQC and COSY data (Figure 2.32) showed the presence identical

CH2>CH2 and CH>CHCH.CH: partial structures present in 1 — 6.

OMe

5ll

Figure 2.32: COSY (blue, bold) and selected HMBC (red arrows) correlations of

schwarzinicine G (7)
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The *C and *H NMR spectra of 7 (Table 2.7, Figures 2.34 and 2.35) largely resemble

those of 6, except for the presence of an additional NMe group (¢ 36.48, 61 2.44) in 7.

Schwarzinicine G (7) is therefore the deduced to be the NMe derivative of 6 and its planar

structure was in complete agreement with the HMBC data (Figure 2.32).

Chiral HPLC analysis of schwarzinicine G (7) indicated it as a single enantiomer

(Figure 2.33). As with the case of 6, the stereochemical assignments of 7 could not be

established due to high conformational flexibility, low isolation yield and degradation.
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Figure 2.33: Chiral HPLC chromatogram of schwarzinicine G (7)
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Table 2.7: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzinicine G (7)

Position &n (mult., J in Hz) oc
1 2.25,dd (13.5, 11.5) 32.49
2.83, m
2 2.83,m 62.43
3 1.61, brd (15) 34.56
2.12, ddd (15, 11.3, 4)
4 4.91,t (4) 72.16
' 131.69
2! 6.36, d (1.7) 111.82
3 148.79°
4 147.60°
5' 6.70,d (8.1) 111.13
6' 6.44,dd (8.1, 1.7) 120.94
1" 137.72
2" 6.64, d (1.6) 108.47
3" 148.55%
4" 147.24°
5" 6.74, d (8.6) 110.67
60" 6.60, dd (8.6, 1.6) 117.17
" 132.42
2" 6.73, m 112.07
3m 149.00°
4m 147.28°
5 6.83,d (8.1) 111.40
6" 6.75,dd (8.1, 1.9) 120.57
7 277, m 34.71
8" 2.57, m 55.88
291, m
3'-OMe 3.71,¢% 55.59°
4'-OMe 3.84,¢" 55.92°
3"-OMe 3.73, 5% 55.74°
4"-OMe 3.86, " 55.88°
3"-OMe 3.90, s% 55.88°
4"-OMe 3.87,¢" 55.96°
NMe 244, s 37.48

&¢ Assignments may be interchanged within each column due to overlapping of signals
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2.8  Schwarzificusine A and Schwarzificusine B (8 and 9)

Figure 2.36: Schwarzificusine A (8) and schwarzificusine B (9)

Schwarzificusine A (8) was obtained as a light yellowish oil with [a]p +14 (¢ 0.12, CHCIy).
The UV spectrum showed absorption maxima at 230 and 281 nm, characteristic of a 3,4-
dimethoxyphenyl chromophore. The IR spectrum showed the presence an absorption band
3391 cm?, attributable to OH/NH function. The HR-DART-MS measurements revealed the
[M+H]" peak at m/z 494.2544, which established the molecular formula of 8 as Co9HzsNOe.
The molecular formula also inferred the presence of an additional degree of unsaturation in the

structure of 8 when compared to 1.

The *C NMR spectrum (Table 2.8 and Figure 2.40) gave a total of 29 carbon
resonances comprising five methyl carbons, four methylene carbons, ten methine carbons, six
oxygenated aromatic carbons, and four aromatic quaternary carbons, in agreement with the
molecular formula. Of the 29 resonances, 18 were found in the downfield region between d¢c
110 and 150, consistent with the presence of three aromatic rings in 8. Additionally, the *3C
spectrum also revealed the presence of five methoxy carbon resonances. The *H NMR
spectrum (Table 2.8 and Figure 2.39) showed the presence of eight aromatic proton signals,

six of which were due to two sets of 1,3,4-trisubstituted aryl rings, while the remaining two
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aromatic singlet signals were due to a 1,2,4,5-tetrasubstituted aryl ring (8¢ 6.29 and 6.47). The

!H NMR also revealed the presence of five aromatic OMe groups.

The COSY data (Figure 2.37) revealed the presence of the CH,CHCH,CH and
CH.CH: partial structures corresponding to the C-1-C-2—-C-3-C-4 and C-7"-C-8"' fragments
in 8, suggesting that 8 possesses a similar carbon framework to compounds 1 — 7 with a slight
departure. The attachment of aryl ring A to C-4 was deduced from the three-bond correlations
observed from H-3 to C-1"; from H-4 to C-6" and C-2"; and from H-2" and H-6" to C-4 in the
HMBC spectrum (Figure 2.37). Aryl ring B on the other hand was connected from C-1'to C-
1 based on the three-bond correlations observed from H-1 to C-2' and C-6'; and from H-2' to
C-1 and C-6', while the attachment from C-4 to C-6' was deduced based on the correlations
observed from H-5' to C-1 and C-4. This indicated that aryl ring B is 1,2,4,5-tetrasubstituted,
which is consistent with H-2' and H-5' being observed as singlet signals at o1 6.29 and 6.47,
respectively. As with compounds 1 — 7, the phenethylamine moiety was presumed to be
branched from C-2. The five OMe groups were established to be attached to C-3', C-3", C-5",
C-3", and C-5"" based on the HMBC correlations observed from the OMe groups to the
aromatic carbons they attached to. The remaining oxygenated aromatic C-4' was therefore
deduced to be hydroxy substituted. The location of the hydroxyl group is also in agreement
with the NOESY and 1D NOE difference data, which showed NOEs for 3'-OMe/H-2', H-1/H-
2', 3"-OMe/H-2", 4"-OMe/H-5", 3"-OMe/H-2", and 4"-OMe/H-5". In other words, the
absence of NOE between H-5' and an aromatic methoxy group inferred that C-4' is the site of
hydroxylation in 8. The 2D structure proposed for compound 8 is entirely consistent with the
HMBC data, and 8 is essentially a 4,6'-cyclic analogue of a 4'-O-demethyl derivative of

schwarzinicine A (1).
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Figure 2.37: COSY (blue bold bonds), selected HMBC (red arrows) and selected NOE (blue
arrows) correlations of schwarzificusines A and B (8 and 9)

Schwarzificusine B (9) was isolated as a light yellowish oil with [a]o +22 (¢ 0.21,
CHCl3). The UV spectrum of 9 was similar to those of 1 — 8 indicating the presence of a similar
chromophore. The IR spectrum showed the presence of OH (3421 cm™) and NH (3270 cm™)
functions. The HR-DART-MS measurements established the molecular formula of 9 as
C29H3sNOg based on the [M+H]* peak detected at m/z 494.2528, thus indicating that 9 is
isomeric with 8. Furthermore, the *C and *H NMR spectra of 9 (Table 2.8, Figures 2.41 and
2.42) were largely similar to those of 8, except for the butanoid fragment at CH,-1, CH-2, and

CH2-3.

The COSY data (Figure 2.37) of 9 revealed the presence of identical partial structures
as in the case of 8, i.e., CH,CHCH.CH and CH.CH>. Additionally, detailed analysis of the
HMBC and NOESY data of 9 also established a 2D structure that was identical to that of 8
(Figure 2.37). Since both schwarzifiscusines A and B (8 and 9) do not have identical NMR

spectra, they were deduced to be diastereomeric.

Unfortunately, the relative configuration of both 8 and 9 could not be determined with

certainty via analysis of the NOE data due to overlapping of some key signals. Furthermore,

87



due to low isolation yield and sample degradation, chiral HPLC analysis and stereochemical
assignments based on derivatization were also precluded. Nonetheless, since the *H and 3C
NMR data for CH-4 for both 8 and 9 were remarkably similar (i.e., dn 3.90 dd (J = 12.2, 5.2
Hz), ¢ 45.00 for 8; 61 3.91 dd (J = 12.1, 5.5 Hz), 6c 45.66 for 9), the relative stereochemistry
at C-4 for both compounds was deduced to be identical. The large coupling constant observed
for H-4 (J = 12 Hz) in both compounds indicated that H-4 is trans-diaxial to one of the two
geminal protons at C-3 (Figure 2.38). In other words, the aryl ring A in 8 and 9 must be
equatorially oriented at C-4 since H-4 is axially oriented. Therefore, as far as the relative
stereochemistry is concerned, the point of difference between 8 and 9 is the configuration at
C-2. This deduction is also consistent with the observations that the *H and **C NMR data of
8 and 9 (Table 2.8) are largely similar, except for the signals due to CH>-1, CH-2, and CH,-
3. The two possible 3-D diastereomeric structures for schwarzifiscusines A and B (8 and 9)

are shown in Figure 2.38.

Figure 2.38: Diastereomeric structures proposed for 8 and 9; stereochemistry shown is

relative
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Table 2.8: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of schwarzificusine A (8) and schwarzificusine B (9)

Schwarzificusine A (8) Schwarzificusine B (9)
Position on (mult., J in Hz) dc on (mult., J in Hz) oc
1 3.12, m 32.39 2.72,m 37.17
3.39,m 3.0, m
2 3.54, m 55.23 3.04, m 54.27
2.26, q (12.0) 35.94 1.68, m 40.62
2.73,d (12.0) 2.29,d (11)
4 3.90, dd (12.0, 5.2) (axial) 45.00 3.91, dd (12.1, 5.5) (axial) 45.66
1 - 123.48 - 126.65
2! 6.47,s 110.54 6.56, s 110.70
3 - 144.29 - 145.08
4 - 145.45 - 143.72
5 6.29, s 114.69 6.33, s 114.80
6' - 131.13 - 132.172
" - 136.73 - 138.70
2" 6.60, d (1.5) 111.52 6.62, d (1.9) 111.59
3" - 148.99° - 148.96°
4" - 147.84° - 147.53¢
5" 6.61,d (8.2) 111.39° 6.79,d (8.2) 111.37¢
6" 6.64, dd (8.2, 1.5) 120.58 6.71, dd (8.2, 1.9) 120.74
m - 128.90 - 132.36°
pAl 6.73, m 111.75 6.75, m 111.98
3m - 149.13? - 149.07°
4" - 148.08° - 147.61°
5m 6.76, d (8.1) 111.19° 6.81,d (7.9) 111.21¢
6" 6.72, m 120.72 6.76, m 120.56
7" 3.27,m 32.81 281, m 35.89
8" 3.09, m 46.73 3.00, m 48.22
3.24, m
3'-OMe 3.73,s 55.75¢ 3.85, s 55.84°
3"-OMe | 3.76,s 55.82¢ 3.79, s 55.80°
4"-OMe | 3.77,s 55.96¢ 3.86, s 55.87°
3"-OMe |3.83,s 55.85¢ 3.87,s 55.92¢
4"-OMe | 3.85,s 55.91¢ 3.86, s 55.92°
NH 1.68, brs - 1.57, brs -
OH 5.39, brs - 5.41, brs -

&¢ Assignments may be interchanged due to overlapping of signals
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Figure 2.39: 'H NMR spectrum of schwarzificusine A (8) (CDCls, 600 MHz)
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Figure 2.41: *H NMR spectrum of schwarzificusine B (9) (CDCls, 600 MHz)

92



Feb25-2015 Fsla 5.12.fid
R R R HEEE L gpezznasye 3 s
R¥ILaEne | 8 S9aZ55RS SRS HRHEgY | 8 &
ANERAAG VA b LA S R B
I
c-4
ca c2
m
c-1 | c-7"
|
i
|

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 T
160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20
f1 (ppm)

Figure 2.42: 3C NMR spectrum of schwarzificusine B (9) (CDCls, 150 MHz)




2.9 Proposed Biogenesis of Schwarzinicine and Schwarzificusine
Alkaloids

The schwarzinicine alkaloids 1 — 7 represent the first examples of a 1,4-diarylbutanoid linked
to a phenethylamine unit, and are possibly biosynthetically related to ficusnotins A—F, which
were the first and only other plant-derived 1,4-diarylbutanoids to be reported from Ficus nota.>*
Based on the proposed biogenetic pathway reported previously for the ficusnotin compounds,
the 1,4-diarylbutanoid core structure is possibly derived from p-coumaroyl-CoA, which
following dimerization as well as multiple enzymatic modifications give rise to the 1,4-
diarylbutanone compound, ficusnotin E (Figure 2.43).>* Condensation between ficusnotin E
(or O-demethyl ficusnotin E) and the appropriate arylethylamines via reductive amination
furnishes the basic skeleton of the schwarzinicine alkaloids (Figure 2.43). Subsequent
oxidation at the benzylic C-4 furnishes the reactive p-quinone methide cation intermediate.
Trapping of the cation intermediate by a water molecule leads to the C-4 hydroxylated

schwarzinicine alkaloids, i.e., schwarzinicines F and G (6 and 7).

On the other hand, schwarzificusines A and B (8 and 9) represent the second instance
of naturally occurring compounds incorporating a 1-phenyl-3-aminotetralin core structure, the
first being (x)-aspongamide A, which is an N-acetyldopamine trimer isolated from the insect
Aspongopus chinensis.!® However, based on the basic C-N skeleton present in the
schwarzificusines, they are very likely derived from the schwarzinicine alkaloids. Starting from
the p-quinone methide cation intermediate, intramolecular nucleophilic addition from C-2' to
C-4 (via electrophilic aromatic substitution) will give rise to the tetralin ring system of

schwarzificusines A and B (8 and 9) (Figure 2.43).
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CHAPTER THREE: ISOLATION AND STRUCTURE
ELUCIDATION OF ALKALODS FROM ALSTONIA
SCHOLARIS

Investigation of the alkaloidal content of the leaves, bark and flowers of Alstonia scholaris
cultivated on the West Coast of Peninsular Malaysia provided a total of 17 alkaloids, of which
five are new. These alkaloids can be classified into four main monoterpenoid indole alkaloid
skeletal types, namely aspidospermatan (nine), corynanthean (five), strychnan (two) and

vallesiachotaman (one).

Four of the nine aspidospermatan-type alkaloids isolated possess new or novel
structure, namely alstoscholactine (10), alstolaxepine (11), N-formylyunnanensine (12), and
scholaphylline (13). The five known aspidospermatan-type alkaloids are 19,20-E-vallesamine
(14), 19,20-Z-vallesamine (15), 19,20-E-vallesamine N-oxide (16), 6,7-secoangustilobine B
(17), and 6,7-seco-19,20a.-epoxyangustilobine B (18). One of the six corynanthean-type
alkaloids possesses a novel structure, namely alstobrogaline (19). The four known
corynanthean-type alkaloids include tetrahydroalstonine (20), picrinine (21), 16R-19,20-Z-
isositsirikine (22), and 16R-19,20-E-isositsirikine (23). Finally, scholaricine (24), and N-
demethylalstogustine N-oxide (25) are known strychnan-type alkaloids, while E/Z-

vallesiachotamine (26) is a pair of known vallesiachotaman-type alkaloids.
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Figure 3.1: Alkaloids isolated from Alstonia scholaris
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The bark of A. scholaris produced the highest number of alkaloids, 10 in total. This is
followed by the leaf sample with eight alkaloids and three alkaloids were isolated from the
flowers of A. scholaris. The following table summarises the source and yield of all the

alkaloids isolated.

Table 3.1: Source and yield of alkaloids obtained from A. scholaris.

Source Mass (mg)
Alkaloid Bark Leaves Flowers
Alstoscholactine (10) (new) 8
Alstolaxepine (11) (new) 33
N-Formylyunnanensine (12) (new) 19
Scholaphylline (13) (new) 4
19,20-E-Vallesamine (14) 16 147 90
19,20-Z-Vallesamine (15) 7
19,20-E-Vallesamine N-oxide (16) 8
6,7-Secoangustilobine B (17) 33
6,7-Seco-19,20a-epoxyangustilobine B (18) 7
Alstobrogaline (19) (new) 21
Tetrahydroalstonine (20) 6
Picrinine (21) 32 34
16R-19,20-Z-Isositsirikine (22) 7
16R-19,20-E-Isositsirikine (23) 10
Scholaricine (24) 34
NP-Demethylalstogustine N-oxide (25) 9
E/Z-Vallesiachotamine (26) 8
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3.1 Aspidospermatan-type Alkaloids

3.1.1 Alstoscholactine (10)

Figure 3.2: Alstoscholactine (10)

Alstoscholactine (10) was obtained from the leaf extract of A. scholaris as a light yellowish oil
with [a]?°p +14 (c 1.04, CHCIs). The IR spectrum showed absorption bands due to the presence
of hydroxyl (3403 cm™), y-lactone C=0 (1761 cm™), and carbamate C=0 (1684 cm™)
functions. The UV spectrum showed absorption maxima at 222, 276 (sh), 283, 290 (sh) nm,
which are characteristic of indole chromophore. The HR-DART-MS measurements determined
the molecular formula of 10 as C2:H2aN20s based on the [M+H]* peak detected at m/z

385.17750.

In agreement with the molecular formula of 10, the 3C NMR spectrum (Table 3.2 and
Figure 3.7) showed a total of 21 carbons. The HSQC data subsequently showed that there were
11 aliphatic carbons (two CHg, five CH», two CH, one quaternary and one oxygenated tertiary
carbon), eight aromatic carbons (four CH, two quaternary, and two N-bearing tertiary carbons),
a lactone carbonyl, and a carbamate carbonyl function. Eleven of the 21 carbons were observed
as paired signals due to the presence of the NCO2Me group, displaying the E/Z-carbamate
rotamer equilibrium.'!® The eight aromatic carbon resonances observed were assigned to the
indole moiety on the basis of their characteristic carbon resonances,*?° and were supported by

the HMBC and NOESY data (Figures 3.3 and 3.4). The most deshielded methylene carbon
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shiftat 5c 61.7 (C-17) was characteristic of an oxymethylene, while the methylene carbon shifts
at 6c 41.3 (C-3) and 48.9/49.2 (C-21) were due to two aminomethylene groups associated with
the NCO2Me group. In addition, the pair of deshielded tertiary carbon shifts at 6¢c 87.6/88.6

deduced oxygen substitution at this carbon, which on the basis of the HMBC correlations

observed from H-6 and H-18 to C-20, was assigned to C-20.

Many of the signals in the 'H NMR spectrum of 10 appeared to be broadened as a result
of interconversion of the carbamate rotamers.!'%!2! Furthermore, the signals of H-3a,, H-3p, H-
19, H-21a, H-213, NCOOMe, and NH were observed to be duplicated in a roughly 1:1 ratio.
The '"H NMR spectrum (Table 3.2 and Figure 3.6) along with the HSQC spectrum showed the
presence of four contiguous aromatic hydrogens due to an indole moiety (& 7.10 — 7.48), an
indolic NH (8 9.16), an isolated OCH> (6n 4.19 and 4.43; d, J = 11.5 Hz; dc 61.7), an isolated
NCH: (6n 3.50/3.70 and 3.94/4.05; 6c 48.9/49.2), a CH3 group attaching to a methine carbon

(01 0.94,d,J=6.7 Hz; ¢ 15.7/15.9), and an NCO2Me group (6u 3.73, 6c 53.0; &¢ 156.1/156.2).

The COSY data (Figure 3.3) inferred the presence of the CH.CH>CH and CH2CHCH3
partial structures due to the C-3—C-14-C-15 and C-6—C-19-C-18 fragments, respectively,
present in 10. The COSY data also confirmed the presence of two isolated CH> groups at C-17
(oxymethylene) and C-21 (aminomethylene). The HMBC correlations from H-6 to C-2, C-7,
and C-8 (Figure 3.3) revealed the attachment of the C-6—C-19—C-18 fragment to C-7 of the
indole moiety. Additionally, the HMBC correlations from H-6 and H-18 to C-20 suggested that
C-19 was linked to C-20, which was then connected to the isolated aminomethylene C-21 based
on the HMBC correlations from H-21 to C-19 and C-20. The HMBC correlation from H-21 to
C-15 indicated that the C-3—-C-14-C-15 fragment was attached to C-20. The HMBC
correlations from H-21 to C-3 and C-5; and from H-3 to C-5, deduced that both C-3 and C-21

were connected via the nitrogen atom of the carbamate group. Finally, the HMBC correlations
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from H-15 to C-2, C-16, and C-22, as well as from H-17 to C-2, C-15, C-16, and C-22, were
used to infer the attachments of C-2 (indole), C-15 (tertiary carbon), and C-17 (CH20OH) to C-

16, in which the lactone function is branched from.

Figure 3.3: COSY (blue, bold) and selected HMBC (red arrows) correlations of

alstoscholactine (10)

Figure 3.4: Selected NOESY correlations of alstoscholactine (10)

The planar structure elucidated so far is in good agreement with the NOESY data, which
were useful to assign the relative configurations of all the stereocenters present in 10 (Figure
3.4). The dispositions of both Me-18 and H-15 were inferred to be B based on the NOEs
observed for Me-18/H-6f3, H-9/H-68, and Me-18/H-15. These observations, combined with the

restricted conformation of the structure of alstoscholactine (10), deduced that an a-oriented
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lactone function was the only possibility. Furthermore, the NOEs observed for H-14a/H-21a.
and H-15/H-3p showed that the carbamate-bearing piperidine moiety possesses a boat
conformation. The relative configuration of 10 was thus deduced to be 15R,16S,19R,20S.
Finally, comparison of the of the experimental ECD data with those obtained from time-
dependent density functional theory (TDDFT) calculations (Figure 3.5) established the

absolute configuration of 10 as 15R,16S,19R,20S.

— Experimental for 10
— Calculated for (15R,165,19R,205)-10
— Calculated for (155,16R,195,20R)-10

Ae ¢

340 360 380 400

-10 -

Figure 3.5: Experimental and calculated ECD spectra of alstoscholactine (10)

Alstoscholactine (10) represents the first member of a new class of rearranged
stemmadenine alkaloids presenting an unprecedented C-6—C-19 connectivity among naturally

occurring monoterpenoid indole alkaloids.

In addition, the synthesis of alstoscholactine (10) from 19,20-E-vallesamine (14)
indicate both the alkaloids originated from the same precursor and provides additional sample

for bioactivity.
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Table 3.2: H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of alstoscholactine (10)

Position oH (mult., J in Hz) oc

2 132.9

3a 3.60, m; 3.80 m? 41.3

3p 2.99,t(11); 3.18 brt (11)2

5 156.1, 156.22
6a 3.05, dd (16, 4.4) 25.4,25.78
6p 2.82, dd (16, 3)

7 109.7

8 129.0

9 7.48,d (8) 118.0

10 7.10,t(8) 119.6

11 7.15,t(8) 122.1

12 7.32,d (8) 111.3

13 134.9

140 1.77, m 22.1,22.42
148 1.91, m

15 2.68, m 41.8, 42.22
16 51.0,51.82
17 4.19, brs 61.7

17 4.43,d (11.5)

18 0.94,d (6.7) 15.7, 15.92
18'

19 2.38, m; 2.50 m? 40.2, 40.62
20 87.6, 88.62
210 3.94,d (15); 4.05d (15)? 48.9, 49.22
21B 3.50, d (15); 3.70 m?

22 174.6, 174.8%
NH 9.16, brs; 9.19 br s?

NCOOMe 3.72,s;3.74 §* 52.9
17-OH 3.36, brs

“Duplication of signals due to carbamate rotamers.
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3.1.2 Alstolaxepine (11)

Figure 3.8: Alstolaxepine (11)

Alstolaxepine (11) was initially obtained as a light yellowish oil with [a]*p =12 (¢ 0.67,
CHCI). It was subsequently crystallised as light orange needles with melting point 109-112
°C. The IR spectrum showed bands at 3343 and 1774 cm™! due to OH/NH and y-lactone C=0O
functions. The UV spectrum showed absorption maxima at 217, 271, 279, and 289 nm,
indicating the presence of indole chromophore. HR-DART-MS measurements determined the

molecular formula of 11 as C19H22N204 based on the [M+H]" peak detected at m/z 343.16440.

The 'H NMR spectrum (Table 3.3 and Figure 3.12) revealed four aromatic signals at &
7.10 — 7.55 due to an indole moiety, an NH signal at oy 9.15, an NMe signal at 6y 2.45, and a
relatively shielded aromatic signal at ou 6.38. The signal at 6 6.38 was readily assigned to H-7
on the basis of the correlations observed from H-7 to C-9 and C-13 in the HMBC spectrum.
This suggested that 11 belongs to the 6,7-seco class of monoterpenoid indole alkaloid.
Furthermore, the chemical shifts of the five aromatic hydrogens and the indolic NH (6u 9.15)
are very similar to those of 6,7-secoangustilobine B (17) and its derivative alkaloids.'?!?> The
3C NMR spectrum (Table 3.3 and Figure 3.13) revealed the presence of 19 carbon resonances,
while the HSQC spectrum revealed the presence of 10 aliphatic carbons (one CHs, five CHa,

two CH, one quaternary and one oxygenated tertiary carbon), eight aromatic carbons (five CH,
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one quaternary, and two N-bearing tertiary carbons), and one lactone carbonyl carbon (¢
179.5). The resonances of one tertiary carbon (3¢ 80.5), one CH (8¢ 78.7, du 4.04), and two
CHa> carbons (6¢ 76.1, du 4.10 and 4.24; dc 69.9, du 3.64 and 4.02) suggested oxygenation at

these carbons.

The COSY data (Figure 3.9) revealed the presence of the NCH,CH>CH, NCH,, and
CH>CH partial structures due to the N—-C-3—C-14—C-15, N-C-21, and C-18-C-19 fragments,
respectively, present in 11. The partial structures disclosed so far were linked based on detailed
HMBC data analysis (Figure 3.9). The N-C-3—C-14—C-15 fragment was attached to C-20 on
the basis of the HMBC correlation observed from H-14 to C-20, while the attachment between
C-3 and the isolated methylene C-21 through N-4 was deduced on the basis of the HMBC
correlations observed from H-3 to C-21; from Me-5 to C-3 and C-21; and from H-21 to C-3
and C-5. The piperidine ring was established by connecting C-21 to C-20 on the basis of the
correlations observed from H-21 to C-20 and C-15 in the HMBC spectrum. The C-18-C-19
fragment was attached to C-20 on the basis of the HMBC correlations from H-19 to C-15 and
C-21 and from H-18 to C-20. The connection between C-17 and C-18 through an ether bridge
was deduced based on the correlations observed from H-17 to C-18; and from H-18 to C-17 in
the HMBC spectrum. The oxepane ring was established by connecting C-15 to C-16 and C-16
to C-17, as deduced based on the HMBC correlations observed from H-15 to C-17; and from
H-17 to C-2, C-15, and C-16. The C-22 y-lactone carbonyl carbon was established to be
attached to C-16 on the basis of the correlation from H-17 to C-22 observed in the HMBC
spectrum. Finally, construction of the planar structure of 11 was completed by the HMBC
correlations observed from H-15 and H-17 to C-2, which revealed the linkage between C-2 and

C-16.
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Figure 3.9: COSY (blue, bold) and selected HMBC (red arrows) correlations of alstolaxepine

(11)

The relative configurations at the stereocenters present in 11 were established based on
the NOESY data, as well as the NOE difference data, whereby the signals of H-3p, H-14a, H-
143, H-18a, H-21a, and H-21p were irradiated (Figure 3.10). The H-3a/H-21a, H-3a/H-15,
and H-15/H-21a NOEs suggested a chair conformation for the piperidine ring, with H-3a, H-
15, and H-21a adopting axial orientation. The H-14p/H-17f3 and H-143/H-183 NOEs dictated
that the lactone group was o-oriented, while the C-17-O-C-18-C-19 fragment B-oriented.
Based on these observations, the relative configurations at C-15, C-16, and C-20 were
established as R, S, and R, respectively. On the basis of the clear NOE observed between H-19
and H-21, the relative configuration at C-19 was inferred to be S, where the hydroxyl group

is B-oriented. This inference was consistent with the absence of the H-143/H-19 NOE.

Figure 3.10: Selected NOESY correlations of alstolaxepine (11)
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Since suitable crystals were at hand, the absolute configuration of 11 was confirmed by
X-ray diffraction analysis (Figure 3.11). The X-ray structure also showed the presence of a

hydrogen bond connecting 19-OH (61 7.63 br s) and N-4.

Figure 3.11: X-ray crystal structure of alstolaxepine (11)

Alstolaxepine (11) represents a new 6,7-seco-angustilobine B-type alkaloid
incorporating a y-lactone-bridged oxepane ring (i.e., 3,7-dioxabicyclo[4.2.1]nonan-8-one),

which is unprecedented among natural products.
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Table 3.3: 'H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of alstolaxepine (11)

Position oH (mult., J in Hz) oc

2 134.9
3a 2.34,1d (12, 3) 55.7
3p 3.20, brd (12)

5 2.45, s 45.2
7 6.38, dd (2, 1) 99.3
8 127.7
9 7.55, brd (8) 120.3
10 7.10, td (8, 1) 120.2
11 7.18,td (8, 1) 122.4
12 7.37, brd (8) 111.3
13 135.7
140, 2.18, brd (13) 22.1
14p 3.04, qd (13, 4.3)

15 2.62, dd (13.5, 2.4) 53.9
16 51.4
178 4.10,d (12.3) 76.1
17 o 4.24,d (12.3)

18 a 3.64,dd (14.2,1.2) 69.9
18 B 4.02,dd (14.2,2.4)

19 4.04, m 78.7
20 80.5
210 2.56,d (10.1) 64.3
21p 3.44,d (10.1)

22 179.5
NH 9.15,brs

19-OH 7.63, brs
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Figure 3.12: TH NMR spectrum of alstolaxepine (11) (CDCls, 600 MHz)
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3.1.3 N-Formylyunnanensine (12)

Figure 3.14: N-Formylyunnanensine (12)

N-Formylyunnanensine (12) was obtained from the bark of A. scholaris as a light yellowish oil
with [a]?p +23 (¢ 0.91, CHCIs). The IR spectrum showed absorption bands due to the presence
of OH/NH (3304 and 3408 cm™), ester C=0 (1726 cm™*) and amide C=0 (1647 cm™) functions,
while the UV spectrum showed absorption maxima (218, 281, and 290 nm) characteristic of
indole chromophore. The HR-DART-MS showed a [M+H]* peak at m/z 358.18047, which
deduced the molecular formula of C20H24N204. On first inspection, all the signals present in
the *H and *C NMR spectra of 12 (Figures 3.17 and 3.18) appeared to be duplicated in a ratio
of 1:1. This suggested the presence of two nearly identical molecules equilibrating in a 1:1 ratio

in CDCls solution or a dimeric compound constituting identical monomeric halves.

Detailed analysis of 3C NMR spectrum (Table 3.4 and Figure 3.18) revealed 20 pairs
of carbon resonances. The HSQC data subsequently showed the presence of eight pairs of
aliphatic carbons (two pairs of CHs, four pairs of CH>, one pair of CH, and one pair of
quaternary carbons), eight pairs of aromatic carbons (five pairs of CH, one pair of quaternary,
and two pairs of N-bearing tertiary carbons), two pairs of olefinic carbons (one pair of CH and
one pair of quaternary carbons), a pair of ester carbonyl, and a pair of formyl carbons. When
the 1*C NMR data were considered along with the MS data, 12 was deduced to be a mixture of

two interconvertible isomers that are nearly identical in structures (e.g., rotamers).
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The most deshielded pair of aliphatic methylene carbon resonances at d¢ 66.05/66.57
(C-17) was characteristic of an oxymethylene. The ten pairs aromatic and olefinic carbon
resonances observed in the range of 6¢c 101.84 — 136.24 could be readily assigned to the indole
moiety (C-2, C-7 — C-13) and ethylidene group (C-19, C-20) based on their characteristic
carbon shifts, cf., yunnanensine.'?® The pair of ester carbonyl carbon resonances at Sc 174.25
and 174.31 along with the pair of methoxy resonances at 6¢c 53.03 and 53.04 suggested the
presence of a CO2Me group, which was supported by the three-bond correlations observed
from the methoxy resonances (61 3.86 and 3.88) to the ester carbonyl carbon resonances in the
HMBC spectrum. The pair of formyl carbon resonances observed at 6¢ 160.36 and 160.64 (S
7.73 and 7.80) suggested the presence of a formamide group, thus suggesting that the
duplication of signals observed in the *H and *C NMR was the result of the E/Z-formamide

rotamer equilibrium.

The 'H NMR spectrum (Table 3.4 and Figure 3.17) showed the presence of four pairs
of aromatic signals (0n 7.11 — 7.57) due to the four contiguous hydrogens of the two indole
moiety, a pair isolated aromatic signals at oy 6.44 and 6.48 (H-7), a pair of indolic NH signals
at on 9.97 and 9.91, a pair of duplicated AB doublets of an isolated oxymethylene group (du
4.25—-4.40,J = 11.3 Hz, CH»2-17), a pair of isolated a pair of methoxy signals at dn 3.86 and
3.88 (CO2Me), and a pair of signals due to the ethylidene moiety (du 5.70/5.78, quartet x 2, H-
19; ou 1.63/1.68, doublet x 2, H-18).

The COSY data (Figure 3.15) inferred the presence of the CHCHCHCH, NCH>CH>CH,
and =CHCH3; partial structures due to the C-9—-C-10—-C-11-C-12, N—C-3—C-14-C-15, and C-
19—-C-18 fragments in 12, respectively. The C-9—C-10-C-11-C-12 fragment was connected to
C-8 and C-13 based on the HMBC correlations observed from H-9 to C-13; from H-11 to C-

13; and from H-12 to C-8 (Figure 3.15). Additionally, the C-7—C-2 fragment was connected to
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C-8 and the indolic nitrogen atom based on the HMBC correlations from H-7 to C-2, C-8, and
C-9; and from H-9 to C-7. The presence of the indolic NH was confirmed by the correlations
from NH to C-8 and C-13. The HMBC correlations from H-21 to C15 and C-20 confirmed the
presence of the isolated aminomethylene group at C-20. The H-21 to C-20 correlation in
addition to the H-14 to C-16 correlation also confirmed the attachment of the N—C-3—-C-14—C-
15 fragment to C-16 and C-20. The C-19—C-18 ethylidene fragment was determined to be
attached to C-20 based on the correlations from H-18 to C-20 and from H-19 to C-15 and C-
21. The attachment the quaternary C-16 to the indolic C-2 was supported by the correlation
from H-15 to C-2. Finally, the HMBC correlations from H-17 and H-15 to the ester carbonyl
carbon indicated the attachment of CO2Me group at C-16. The structural features revealed thus
so far are characteristic of those of yunnanensine.'?* Finally, the correlations observed from the
formyl H-5 to C-3 and C-21; and from H-3 and H-21 to the formyl carbonyl carbon (6c 160.36
and 160.64) in the HMBC spectrum established the presence of the N-formyl (formamide)
moiety at the piperidine ring nitrogen atom. The planar structure of 12 was thus established as

shown in Figure 3.14.

Z-Rotamer (a) E-Rotamer (b)
Figure 3.15: COSY (blue, bold) and selected HMBC (red arrows) correlations of N-
formylyunnanensine (12)
The NOESY data further confirmed the presence of the two rotamers of 12 (Figure

3.16). Based on the molecular models, the NOE observed between H-5a (61 7.73) and H-21a'
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(81 3.40, equatorial) indicated the Z-formamide rotamer, in which H-5a was oriented on the
same side and in close proximity with H-21a' (Figure 3.16). On the other hand, the NOE
observed between H-5b (dn 7.80) and H-3b' (6w 3.09, equatorial) indicated the E-formamide
rotamer, in which H-5b was oriented on the same side and in close proximity with H-3b'.
Further inspection of the molecular models revealed that the formyl C=0 group in 12 was in
close proximity with H-3a' (6w 3.51) in the Z-formamide rotamer, but was in close proximity
with H-21b' (dn 4.17) in the E-formamide rotamer (Figure 3.16). These observations are
entirely consistent with H-3a' in the Z-rotamer and H-21b' in the E-rotamer being unusually
deshielded as a result of anisotropic effect of the carbonyl function (Figure 3.16). Alkaloid 12
was therefore established as the N-formy| derivative of yunnanensine, an alkaloid that was first

reported from Ervatamia yunnanensis.?®

5 7.80
anisotropy 5 _723 NOE .-"""x X
. . N A \\ I/ .
deshielding \\\\\ : NOE .\* ”  anisotropy
5351 . §3 0 53.00 = deshielding
’ 04.17

Z-Rotamer (a) E-Rotamer (b)

Figure 3.16: Selected NOESY correlations of N-formylyunnanensine (12) rotamers
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Table 3.4: 'H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of N-formylyunnanensine (12)

Position Z-Rotamer (a) E-Rotamer (b)

o (mult,, JinHz)  éc Position  &n (mult., Jin Hz) éc
2a - 134.72 2b - 134.47
3a (ax) 2.85,ddd (13.3,9.6,3.8) 37.24 3b (ax) 2.92,ddd (13.2,9.4,35) 42.23
3a' (eq) 351, m 3b' (eq) 3.09,m
5a 7.73,s 160.64 5b 7.80,s 160.36
7a 6.44, dd (1.9, 0.6) 101.84 7b 6.48, dd (1.9, 0.6) 102.03
8a - 127.46 8b - 127.55
9%a 7.57,d (8) 120.37 9 7.57,d (8) 120.50
10a 7.11,1(8)? 120.30 10b 7.12,1(8)? 120.30
11a 7.19,t(8)° 122.35¢ 11b 7.20,t(8)° 122.42¢
12a 7.40, d (8)¢ 111.34 12b 7.42,d (8)¢ 111.52
13a - 136.18° 13b - 136.24¢
14a 1.69, m 26.00 14b 1.73,m 27.75
14a’ 1.87,m 14b' 1.92,m
15a 3.43,m 40.20 15b 3.49,m 40.28
16a - 58.48 16b - 58.16
17a 4.25,d (11.3) 66.57 17b 4.25,d (11.3) 66.05
17a’ 4.39,d (11.3) 17b' 4.40,d (11.3)
18a 1.68, dd (7, 1.3) 14.16 18b 1.63,dd (7, 1.6) 14.05
19a 5.70,q (7) 128.16 19b 5.78,q (7) 129.33
20a - 132.16 20b - 130.69
21a (ax) 3.14,d (14) 51.69 21b (ax) 3.05,d (14) 47.14
21a' (eq) 3.40, d (14) 21b' (eq) 4.17,d (14)
CO;Me (a) | 3.86, s 53.039 CO:Me (b)  3.88,s 53.049
COMe (a) | - 174.31" CO,Me (b) - 174.35"
NH (a) 9.97,brs - NH (b) 9.91, brs -
OH (a) 2.33,brs - OH (b) 2.33,brs -

&h Signals are interchangeable within each row (between the two rotamers)
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Figure 3.17: *H NMR spectrum of N-formylyunnanensine (12) (CDCls, 600 MHz)
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3.1.4 Scholaphylline (13)

Figure 3.19: Scholaphylline (13)

Scholaphylline (13) was isolated as a light yellowish oil from bark of A. scholaris with [a]*°o
-39 (c 0.51, CHCIs). The UV spectrum showed absorption maxima characteristic of indole
chromophore (219 and 283 nm), while the IR spectrum indicated the presence of OH/NH (3403
cm™) and ester C=0 (1718 cm™) functions. The HR-ESI-MS showed an [M+H]" peak at m/z
683.3821, establishing the molecular formula of 13 as C40HsoN4+Oe. The MS data suggested 13
to be a dimeric monoterpenoid indole alkaloid, although its *H and 3C NMR spectra (Table
3.5, Figures 3.22 and 3.23) resembled those of 12 and yunnanensine, providing an early
indication that 13 was composed of yunnnanensine-like monomeric units.

The ¥C NMR spectrum of 13 (Table 3.5 and Figure 3.23) showed a total of 40 carbon
resonances in agreement with the molecular formula. The HSQC data subsequently revealed
that there were five methyl, nine methylene, thirteen methine, eleven quaternary, and two
carbonyl carbons. There were eighteen carbon resonances observed between ¢ 100 and 140,
which could be readily assigned to two indole moieties (C-2, C-7-C13, C-2', C-7-C-13") and
two ethylidene groups (C-19, C-20, C-19', and C-20"). Additionally, the two CHs carbon
resonances (C-18 and C-18") were observed at 6c 14.08 and 14.22, while the two CO.Me
resonances were observed at ¢ 175.95, 174.77, 52.95, and 52.87. Detailed inspection of the
13C NMR spectrum revealed that the N-methyl and isolated aminomethylene groups observed
at observed at dc 45.63 (61 1.85) and oc 52.92 (6w 2.90, 3.71), respectively, were the only

groups that did not appear in pairs in the structure of 13.
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The *H NMR spectrum of 13 (Table 3.5 and Figure 3.22) showed the presence of eight
aromatic hydrogen signals in the range of oy 6.70 — 7.52, which were attributed to two
unsubstituted indole moieties. Additionally, a broad singlet was observed at on 6.51, which is
characteristic of the indolic H-7 (cf., H-7 of 12). Broad singlets due to the two indolic NH
groups were also observed at o 10.28 and 10.00. The presence of two CO2Me groups were
observed at o 3.81 and 3.83, while the two ethylidene side chains were indicated by the signals
observed at 64 5.56, 5.72, 1.68, and 1.61.

The COSY data readily revealed two sets of partial structures characteristic of
yunnanensine structure, i.e.,, 2 x CHCHCHCH, 2 x CH2CH2CH, and 2 x C=CHCHz3
(ethylidene) (Figure 3.20). These fragments, along with 2 x CO,Me, 2 x CH>OH, and 2 x
CH:2N, were deduced to constitute two units of yunnanensine-like structures based on the
HMBC data (Figure 3.20). The lone N-methyl group (6¢c 45.63; o 1.85) was deduced to be
part of the piperidine moiety in monomer | based on the three-bond correlations observed form
H-5 to C-3 and C-21. Finally, the lone aminomethylene group (8¢ 52.92; &n 2.90, 3.71) was
established as the bridge that connects C-7 and N-4' from the two yunnanensine-like monomers
(I'and I1) based on the HMBC correlations observed from H-6 to C-2, C-7, C-8, C-3', and C-
21'. The structure proposed for 13 is also entirely consistent with the NOESY data (Figure
3.21). For instance, the NOE observed between H-6 and H-9 further confirmed that CH2>-6 is
the point of connection between the two monomeric units.

Based on the structures of the monomeric units, scholaphylline (13) can be classified
under the Strychnos-Strychnos class of bisindoles, and represents the first member of the

secostemmadenine—secovallesamine-type bisindole 2412
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monomer II monomer |
6

Figure 3.20: COSY (blue, bold) and selected HMBC (red arrows) of scholaphylline (13)

monomer I

21 A
monomer |
19

Figure 3.21: Selected NOESY correlations of scholaphylline (13)
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Table 3.5: 'H (700 MHz) and *C (175 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of scholaphylline (13)

Position | 61 (mult., Jin Hz)  éc Position 6n (mult., Jin Hz)  &c
2 - 132.67 2' - 135.07
3 1.60, m 52.07 3 1.16, m 47.37
2.44,d (11.0) 2.27,d (11.9)
5(Me) |1.85,s 45.63
6 2.90, m 52.92
3.71, d (13.5)
7 - 108.19 A 6.51, brs 102.13
8 - 129.53 8' - 127.52
9 6.70, br d (8) 11768 |9 7.65, d (8) 120.31
10 6.97,t(7.5) 119.49 | 10' 7.19,t (7.5) 120.20
11 7.12,t(7.5) 121.69 |11 7.32,1(7.5) 122.32
12 7.31,d (8) 110.94 12' 7.52,d (8) 111.45
13 - 134.34 13' - 136.22
14 1.71, m 27.54 14 1.69, m 27.20
1.71, m 1.43, m
15 3.15, brd (5) 39.15 15' 3.21,d (6.5) 38.95
16 - 60.97 16' - 57.92
17 4.23,d (12.3) 64.74 17" 4.25,d (11.4) 66.20
4.33,d (12.4) 4.37,d (11.4)
18 1.61,dd (6.9, 1.2) 14.22 18' 1.68, dd (6.9, 1.5) 14.08
19 5.56, q (6.9) 126.46 |19 5.72, q (6.9) 126.76
20 - 134.34 20' - 133.11
21 187, m 62.03 21' 2.67,d (11.4)2 61.49
2.68,d (11.1)? 2.95,d (11.9)
CO:Me |3.81,s 52.87" CO,Me' 3.83,s 52.95°
CO,Me | - 175.95 CO,Me' - 174,77
NH 10.28, brs - NH' 10.00, brs -

&b Assignments may be interchanged within each row due to partial overlapping of signals
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3.1.5 19,20-E-Vallesamine (14), 19,20-Z-vallesamine (15), 19,20-E
vallesamine N-oxide (16), 6,7-secoangustilobine B (17), and 6,7-seco-
19,20a-epoxyangustilobine B (18)

Five known aspidospermatan-type alkaloids, viz., 19,20-E-vallesamine (14),'®° 19,20-Z-
vallesamine (15),1%° 19,20-E-vallesamine N-oxide (16),28 6,7-secoangustilobine B (17),2¢#8 and
6,7-seco-19,200.-epoxyangustilobine B (18)% were also isolated. The *H and *C NMR spectra
of these compounds are shown in Figures 3.24 — 3.33, and while the NMR spectroscopic data

are summarized in Tables 3.6 — 3.8. Other data are given in Chapter 4 (Experimental).

Table 3.6: H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of 19,20-E-vallesamine (14)

Position oH (mult., J in Hz) oc

2 - 133.5

3 2.86, m 47.5
2.86, m

6 4.78,d (17.1) 50.9
4.07,d (17.1)

7 - 108.7

8 - 128.2

9 7.48,d (8.0) 118.3

10 7.07, brt (8.0) 119.0

11 7.17,1d (8.0, 0.8) 122.2

12 7.30,d (8.0) 110.7

13 - 135.3

14 2.32, m 24.1
1.86, td (13, 4)

15 3.62,dd (11.8, 4) 36.3

16 - 58.7

17 4.19,d (11) 70.3
3.79,d (11)

18 1.73,d (6.9) 14.1

19 5.53,q(6.9) 124.2

20 - 133.0

21 3.59, m 52.9
3.7, m

NH 9.57,brs -

CO:Me 3.74,s 53.9

CO:Me - 175.3
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Table 3.7: *H (700 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of 19,20-Z-vallesamine (15) and 19,20-E-vallesamine N-oxide (16)

Position 15 16
oH (mult., J in Hz) dc oH (mult., J in Hz) oc

2 - 134.74 - 133.8

3 3.01,m 47.30 3.50, m 64.5
2.90, m 3.45,m

6 4.95,d (17) 48.25 4.88, d (16) 69.8
4.08,d (17) 5.30, d (16)

7 101.40 - 104.6

8 130.59 - 127.4

9 7.48,d (8) 117.78 7.55,d (7) 118.0

10 7.09, t (8) 120.29 7.07,t(7) 120.1

11 7.19,t(8) 123.21 7.18,1(7) 123.1

12 7.31,d (8) 111.23 7.27,d (7) 111.0

13 134.81 - 134.6

14 2.28, m 20.44 2.19, m 23.4
2.04,1d (12.5,7.2) 2.32,m

15 3.67,m 34.60 3.66, dd (12, 3) 335

16 58.44 - 58.4

17 3.85, d (10.6) 69.93 3.87,d (10) 69.8
4.23, d (10.6) 4.28, d (10)

18 1.74,d (7) 14.32 1.72, m 14.3

19 5.58,q (7) 124.60 5.55, m 129.2

20 127.20 - 127.4

21 3.67,m 51.45 3.84, d (16) 72.2
3.63, m 4.59, d (16)

NH 9.93,brs - 10.53, brs -

CO:2Me 3.75, s 53.37 3.73, s 53.2

CO2Me - 173.18 - 173.3
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Table 3.8: *H (700 MHz) and 3C (175 MHz) NMR spectroscopic data (in CDCls with TMS
as internal reference) of 6,7-secoangustilobine B (17) and 6,7-seco-19,20c.-
epoxyangustilobine B (18)

Position 17 18
on (mult., J in Hz) oc on (mult., J in Hz) oc
2 - 135.88 | - 134.0
3 2.08, td (12, 3) 56.63 1.96, td (12, 2.9) 56.2
2.77,d (12.0) 2.86, br d (12)
7 6.26, s 100.47 | 6.19,dd (2.2,0.9) 100.6
8 12785 |- 127.8
9 7.55,d (8) 120.53 | 7.54,d (8) 120.5
10 7.10,t (8) 120.10 | 7.10,td (8, 1) 120.2
11 7.15,1(8) 122.19 | 7.18,td (8, 1) 122.5
12 7.32,d (8) 111.08 | 7.34,d (8) 111.0
13 - 136.04 | - 135.7
14 1.00, dd (12, 3) 29.05 1.17, m 26.6
1.48, qd (12, 3) 1.60, m
15 3.22,d (12) 46.65 3.16,d (12.9) 46.0
16 56.66 - 53.2
17 4.10, d (11.8) 70.82 3.73,d (12.4) 70.3
4.78,d (11.8) 4.75, dd (12.4, 1.6)
18 4.22,d (17) 69.32 3.96,d (14.4) 67.2
4.33,dd (17, 3) 4.37,dd (14.4, 3.3)
19 5.55,1(3) 123.65 |2.97,d(3.3) 63.0
20 - 137.67 |- 63.0
21 2.80,d (11) 67.15 2.34,dd (10.7, 1.6) 66.0
3.16, d (11) 2.60, d (10.7)
NH 8.80, s 8.33,brs
CO:Me 3.70, s 52.88 3.79, s 53.2
CO:2Me 173.82 173.1
N-Me 2.25,s 45.54 2.28,s 45.7
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Figure 3.30: 3C NMR spectrum of 19,20-Z-vallesamine (15) (CDCls, 150 MHz)
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Figure 3.31: 3C NMR spectrum of 19,20-E-vallesamine N-oxide (16) (CDCls, 150 MHz)
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Figure 3.32: 3C NMR spectrum of 6,7-secoangustilobine B (17) (CDCls, 150 MHz)
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Figure 3.33: C NMR spectrum of 6,7-seco-19,20a-epoxyangustilobine B (18) (CDCls, 150 MHz)



3.2 Corynanthean-type Alkaloids

3.2.1 Alstobrogaline (19)

Figure 3.34: Structure of alstobrogaline (19)

Alstobrogaline (19) was obtained as a light yellowish oil and then crystallized from CHCIs to
form light orange block crystals, mp 187 °C (decomposed), [a]*°o +93 (¢ 0.10, CHCIs3). The
IR spectrum revealed NH (3249 cm1) and ester carbonyl (1739 cm) absorption bands, while
the UV spectrum revealed absorption maxima (235 and 290 nm) characteristic of dihydroindole
chromophore. The HR-DART-MS measurements established the molecular formula of 19 as
C2o0H21N303 based on the [M+H]" peak detected at m/z 352.1674. Notably, the molecular
formula revealed 12 degrees of unsaturation and the existence of a third nitrogen atom, which
is uncommon among the monoterpenoid indole alkaloids.

The *H NMR spectrum (Table 3.9 and Figure 3.38) showed the presence of signals
due to four aromatic hydrogens (3w 6.73—7.10), an ester methyl at 54 3.73 (s), an indolic NH at
on 4.92 (br s), and an ethylidene side chain (dn 1.75, d, 3H; o1 5.84, q, 2H; J = 7.5 Hz).
Additionally, two unusually deshielded signals at 6n 7.29 (br s) and 7.69 (s) were also observed.
Consistent with the molecular formula established by HRMS measurements, the *C NMR
spectrum (Table 3.9 and Figure 3.39) showed 20 carbon resonances, while the HSQC data
indicated 11 downfield resonances (seven sp? CH, one N-bearing sp? tertiary carbon, two sp?
quaternary carbons, and one ester C=0) and nine upfield resonances (two CHs, two sp CHa,
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three sp® CH, one sp® quaternary carbon, and one significantly deshielded non-H-bearing sp®

carbon at &c 98.8). The downfield resonances corresponding to the indolic benzene ring (oc
111.3, 120.5, 123.0, 129.0, 136.3, and 145.7) and ethylidene side chain (éc 130.0, 132.3, and
14.4) were readily assigned based on comparison with other indole alkaloids with a
dihydroindole chromophore and an ethylidene unit, and these assignments were corroborated

by the HMBC and NOESY data (Figures 3.35 and 3.36).

Figure 3.35: COSY (blue, bold) and selected HMBC (red arrows) correlations of

alstobrogaline (19)

The COSY data revealed the presence of the CHCHCHCH, NCHCH,CHCH, and
=CHCHj3 partial structures corresponding to the C-9-C-10-C-11-C-12, N-C-3-C-14-C-15-
C-16, and C-18-C-19 fragments in 19, respectively (Figure 3.35). The C-9-C-10-C-11-C-12
fragment was attributed to the four contiguous aromatic hydrogens of the unsubstituted
dihydroindole moiety. This was confirmed by the HMBC data which showed correlations from
H-9 to C-7 and C-13; from H-12 to C-8; and from NH to C-7 and C-8. The N-C-3-C-14-C-
15-C-16 fragment was linked to C-2 and C-7 on the basis of the correlations observed from H-
3 to C-7; from H-14 to C-2; and from H-16 to C-2, C-6, and C-8 in the HMBC spectrum

(Figure 3.35). Construction of the six-membered ring D in 19 is thus completed. Additionally,
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the CO2Me moiety and its connection to C-16 was revealed by the correlations observed from

H-16 and OMe (& 3.73) to the carbonyl carbon at ¢ 171.9 in the HMBC spectrum.

The C-18-C-19 fragment was assigned to the ethylidene side chain by the three-bond
correlation observed from H-18 to C-20 in the HMBC spectrum. The attachments of C-15 and
C-21 (8¢ 138.1) to C-20 were indicated by the correlations observed from H-19 to C-15 and C-
21; and from H-21 (on 7.29) to C-15, C-19, and C-20 in the HMBC spectrum. On the other
hand, C-21 was linked to C-3 via N-4 based on the HMBC correlation observed from H-21 to
C-3. Construction of the six-membered ring E in 19 is thus completed. The presence of the
nitrone moiety at the N-4—C-21 fragment was consistent with the unusually deshielded
chemical shifts observed for CH-21, i.e., 5c 138.1 and 5 7.29.%" The five-membered ring C in
19 was finally assembled by connecting C-2 to C-5 via an N atom, and C-6 to C-7, based on
the correlations observed from H-6 to C-2, C-5, C-8, and C-16; and from H-5 to C-2, C-6, and
C-7 in the HMBC spectrum. The unusually deshielded chemical shifts observed for CH-5 (6¢
167.9 and 61 7.69) is consistent with the presence of the aldimine group (CH-5=N). On the
other hand, C-2 has a chemical shift (6c 98.8) that was indicative of an aminal carbon. The

planar structure proposed for 19 is in complete agreement with the HMBC data (Figure 3.35).

Figure 3.36: Selected NOESY correlations of alstobrogaline (19)

141



The relative configurations at the various stereocenters were deduced from the NOESY
data (Figure 3.36). The NOE observed for H-16/H-14" indicated a 1,3-diaxial relationship for
H-16 and H-14', whereas the NOEs observed for H-3/NH and H-15/H-16 indicated that both
H-3 and H-15 are equatorially oriented. These observations also inferred that ring D adopted a
chair conformation, while the C-3—N-4 and C-15—C-20 bonds are axial. Furthermore, the NOE
observed for H-6/H-21 required ring C and the N-4—C-21-C-20 fragment to be located on the
same face of ring D. Taken together, the configurations at C-2, C-3, C-7, C-15, and C-16 were
determined to be rel-(2S,3S,7R,15R,16R). Finally, the geometry of the C-19—C-20 double bond
was deduced to be E based on the NOE observed for H-19/H-21. Since suitable crystals of 19
were obtained, X-ray diffraction analysis was carried out, which confirmed the absolute
configurations at all stereocenters as 2S,3S,7R,15R,16R (Figure 3.37).

Alstobrogaline (19) represents a novel and unusual monoterpenoid indole alkaloid
incorporating a third N atom, and possessing an aldimine as well as a nitrone function. To the
best of knowledge, following the isolation of two 4,5-seco-picrinine-type alkaloids (i.e.,
alschomine and isoalschomine) [6], compound 19 represents the third instance in which a

monoterpenoid indole alkaloid incorporates a nitrone function.

Figure 3.37: X-ray crystal structure of alstobrogaline (19) [Flack parameter, x = —-0.02(2)].
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Table 3.9: *H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDClz with TMS

as internal reference) of alstobrogaline (19)

Position on (mult., J in Hz) oc
2 98.8
3 4.55, t (3) (equatorial) 69.2
5 7.69, brs 167.9
6 3.25,m 47.4
3.25,m
7 50.6
8 136.3
9 6.99, d (7.5) 123.0
10 6.75, t (7.5) 120.5
11 7.10, t (7.5) 129.0
12 6.73,d (7.5) 111.3
13 145.7
14 2.24, dt (13.6, 3) (equatorial) 28.8
14' 2.46, dt (13.6, 3) (axial)
15 3.34, m (equatorial) 27.5
16 2.81, d (3.6) (axial) 52.6
18 1.75,d (7.5) 14.4
19 5.84,q(7.5) 132.3
20 130.0
21 7.29,s 138.1
CO:Me 171.9
CO:Me 3.73,s 51.9
NH 4.92, brs
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Figure 3.38: 'H NMR spectrum of alstobrogaline (19) (CDCl3z, 600 MHz)
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Figure 3.39: 3C NMR spectrum of alstobrogaline (19) (CDCls, 150 MHz)
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3.2.2 Tetrahydroalstonine (20), picrinine (21), 16R-19,20-Z-isositsirikine
(22) and 16R-19,20-E-isositsirikine (23)

Five known corynanthean-type alkaloids, viz., tetrahydroalstonine (20),”® picrinine (21),2%%

16R-19,20-Z-isositsirikine (22)!?° and 16R-19,20-E-isositsirikine (23),1% were also isolated.

The 'H and *C NMR spectra of these compounds are shown in Figures 3.40 — 3.47, while the

NMR spectroscopic data are summarized in Tables 3.10 — 3.11. Other data are given in Chapter

4 (Experimental).

Table 3.10: H (600 MHz) and *C (150 MHz) NMR spectroscopic data (in CDCls with TMS

as internal reference) of tetrahydroalstonine (20) and picrinine (21)

Position 20 21
on (mult., JinHz) &c &n (mult., Jin Hz) dc
2 - 134.52 - 106.30
3 3.35,d (12) 59.81 3.60, d (4.6) 51.75
5 2.56, m 53.54 4.83,d (2.1) 87.31
2.96, m
6 2.71, m 21.74 3.42,d (13.7) 40.47
2.93, m 2.26, dd (13.6, 2.5)
7 - 108.08 51.14
8 - 127.18 135.12
9 7.28,d (8) 118.02 7.14,d (7.5) 125.05
10 7.07,t(8) 119.37 6.79,1(7.5) 120.74
11 7.12,1(8) 121.36 7.08,1(7.5) 127.94
12 7.45,d (8) 110.77 6.75, d (7.5) 110.57
13 - 135.98 - 147.54
14 2.50, dt (12, 3.4) 34.24 2.14,dt (14.1, 14.0) 25.94
1.54, q (12) 1.87, d (14.0)
15 2.76, m 31.36 3.28,s 31.02
16 - 109.51 2.44,d (3.4) 51.96
17 7.56,s 155.72 - 172.42
18 1.40, d (6.2) 18.50 1.4