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Summary

Summary

History has shown that plants have always been one of the most important sources for medicinal
applications for humankind. Even today, plants remain one of the most promising sources for the discovery
of new (bioactive) compounds, thanks to an immense reservoir of yet unknown natural products. However,
this resource is at risk due to species extinction driven by climate change and the global decline in
biodiversity. The focus of the present thesis was the explorative investigation of secondary metabolites
from three yet briefly studied medicinal plants from the Combretaceae and Zingiberaceae families, native
to the Middle East and Southeast Asia. The aim was to connect potential bioactivity with the medicinal
applications described in the literature, as well as to perform a most complete characterization of the
secondary metabolites, including isolation and structure elucidation, with a particular emphasis on the

identification of new compounds.

Roots of the mangrove species Lumnitzera littorea and Lumnitzera racemosa from 31 various Indonesian
regions were investigated to discover new anti-infective compounds. Phytochemical analysis revealed a
unique diversity of sulfated ellagic acid derivatives, with 3,3’,4’-tri-O-methyl-ellagic acid-4-sulfate (2-15)
being the most abundant one. Targeted isolation yielded six pure compounds, of which five were described
for the first time within the species and three contained a sulfate moiety. Phylogenetic data corroborated
samples with specific phytochemical patterns to form well-supported clades in the ITS tree, showing
evolutionary insights. Antibacterial activity was observed for both species but not all sampled specimen.

Instead, activity was connected to certain locations, hinting to environmental influence.

Further, the discovery, isolation and characterization of the novel natural product, lumnitzeralactone (3-1),
derived from L. racemosa was achieved (Chapter 3). Its structure was elucidated by using advanced NMR
experiments (1,1-ADEQUATE, 1-n-ADEQUATE), partly deuterated solvents (MeOH-d;), computational
methods (CASE, DFT), and eventually confirmed by a total synthesis. However, lumnitzeralactone was
exclusively found in extracts with antibacterial effects, but did not show activity when tested as pure
compound, suggesting that the observed activity may be due to synergistic effects. Additionally, a

biosynthetic pathway involving associated microorganisms was suggested.

The phytochemical investigation of Terminalia dhofarica (Chapter 4) revealed simple phenolics and
polyphenols, such as flavonoids and tannins, particularly galloyl and chebulic acid derivatives, as the major
secondary metabolites. An isolation approach yielded 20 compounds. Eight compounds were described for
the first time within the species. Additionally, 1-O-galloyl-6-O-coumaroyl-f-D-glucose (4-1) was isolated
for the first time and unequivocally characterized by a complete NMR dataset. Noteworthy, seven isolated
compounds contained methylations and therefore led to critical examination of the dataset for possible
artefact generation. Antimicrobial effects of the crude extract were attributed to the combined effects of

various compounds with nonspecific activity.

Moreover, the first comprehensive phytochemical analysis of the leaves of Hornstedtia scyphifera was
conducted (Chapter 5). Major compound classes are terpenoids, flavonoids, and phenolics. Isolation yielded
two new sesquiterpenoids, mustak-14-oic acid (5-1) and 6-hydroxy-anhuienosol (5-2), along with 24 known
compounds of which 21 were reported for the first time from this species. Moreover, the crystal structure
of the flavonoid kumatakenin (5-13) was described for the first time, and its fragmentation pathway was
established by MS" analysis. Reported bioactivities for isolated compounds were collected from literature

and explain the observed antimicrobial effect of H. scyphifera crude extract.



Summary

In conclusion, this work has significantly expanded the knowledge of the chemical diversity of the three
plant species studied and provided new insights into their secondary metabolite profile. The findings have
been published in three peer-reviewed journals, with a fourth publication under preparation. A total of 53
substances were isolated and characterized using various methods (HRMS, MS?™, 1D and 2D NMR, CD,
X-ray), leading to the structural identification of these compounds, three of which were previously unknown

to science.
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Zusammenfassung

Die Geschichte hat gezeigt, dass Pflanzen seit jeher eine der wichtigsten Quellen fiir medizinische
Anwendungen waren. Auch heute noch gelten Pflanzen als eine der vielversprechendsten Quellen zur
Entdeckung neuer (bioaktiver) Verbindungen, da sie iiber ein enormes Reservoir bisher unbekannter
Naturstoffe verfiigen. Diese Ressource ist jedoch durch Artensterben und den durch den klimawandel-
bedingten globalen Riickgang der Biodiversitét, gefahrdet. Im Fokus der vorliegenden Dissertation stand
die explorative Untersuchung der Sekunddrmetaboliten von drei bisher kaum erforschten Heilpflanzen aus
den Familien Combretaceae und Zingiberaceae, die im Nahen Osten und Siidostasien beheimatet sind. Ziel
war es, eine mogliche Bioaktivitit mit den in der Literatur beschriebenen medizinischen Anwendungen zu
verkniipfen sowie eine moglichst vollstdndige Charakterisierung der Sekundérmetaboliten, einschlieBlich
Isolierung und Strukturaufkldrung, mit besonderem Schwerpunkt auf der Identifizierung neuer
Verbindungen durchzufiihren.

Kapitel 2 befasst sich mit der Untersuchung der Mangrovenarten Lumnitzera littorea und Lumnitzera
racemosa. Aus den Wurzeln dieser beiden Spezies, welche an 31 verschiedenen indonesischen Standorten
gesammelt wurden, sollten neue antimikrobielle Verbindungen identifizieren werden. Die phytochemische
Analyse zeigte eine einzigartige Vielfalt sulfatierter Ellagséurederivate, wobei 3,3’,4’-Tri-O-methyl-
ellagsdure-4-sulfat (2-15) das mengenméaBig bedeutsamste Derivat darstellt. Die gezielte Isolierung aus L.
racemosa lieferte sechs Reinsubstanzen, von denen finf erstmals fiir diese Art beschrieben wurden,
darunter drei sulfatierte Verbindungen. Phylogenetische Daten zeigten das Clustern von Proben mit
dhnlichem phytochemischen Profil im, ITS-Baum, was evolutionidre Einblicke ermoglichte. Die
antibakterielle Aktivitdt wurde fiir beide Arten nachgewiesen, jedoch nicht fiir alle Individuen. Stattdessen

war die Aktivitdt standortspezifisch, was auf einen Umwelteinfluss hinweist.

Kapitel 3 umfasst die Identifizierung, Isolierung und Charakterisierung des neuartigen Naturstoffes
Lumnitzeralacton (3-1) aus L. racemosa. Die Struktur konnte durch eine Kombination aus speziellen 2D
NMR-Experimenten (1,1-ADEQUATE, 1-n-ADEQUATE), Nutzung teildeuterierter Ldsungsmittel
(MeOH-ds), computergestiitzten Methoden (CASE, DFT) und der Entwicklung einer Totalsynthese
aufgeklart werden. Interessanterweise wurde Lumnitzeralacton ausschlieBlich in Extrakten mit
antibakterieller Wirkung gefunden, zeigte jedoch als reine Verbindung keine derartige Aktivitit. Dies
deutet auf synergistische Effekte hin. Dariiber hinaus wurde eine mogliche Biosynthese unter Einbeziehung

assoziierter Mikroorganismen vorgeschlagen.

Die phytochemische Untersuchung von Terminalia dhofarica in Kapitel 4 offenbarte als
Hauptverbindungsklassen einfache Phenole und Polyphenole wie Flavonoide und Tannine, insbesondere
Galloyl- und Chebulinsdurederivate. Insgesamt konnten 20 Verbindungen isoliert und ihre Struktur
aufgeklért werden. Acht Verbindungen wurden erstmals innerhalb der Art beschrieben. Zudem konnte
erstmalig die Verbindung 1-O-Galloyl-6-O-cumaryl-#-D-glucose (4-1) isoliert und mittels NMR
charakterisiert werden. Sieben der isolierten Verbindungen zeigten Methylierungen auf, was eine kritische
Priifung der Datensitze auf mogliche Artefaktbildung erforderlich machte. Die antimikrobielle Wirkung
des Rohextrakts wurde den kombinierten Effekten verschiedener Verbindungen mit unspezifischer

Aktivitdt zugeschrieben.

Die erste umfassende phytochemische Analyse der Blitter von Hornstedtia scyphifera wird in Kapitel 5

beschrieben. Die Hauptverbindungsklassen sind Terpenoide, Flavonoide und Phenole. Es konnten
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insgesamt 26 Substanzen isoliert werden, darunter zwei neue Sesquiterpenoide, Mustak-14-oinsédure (5-1)
und 6-Hydroxy-Anhuienosol (5-2). 21 Verbindungen wurden erstmals fiir diese Art beschrieben. Zudem
wurde die Kristallstruktur des Flavonoids Kumatakenin (5-13) erstmals beschrieben, und dessen
Fragmentierungmuster durch MS"-Analyse geklart. Die in der Literatur beschriebenen Aktivitdten der
isolierten Verbindungen erkldren die beobachtete antimikrobielle Wirkung des Rohextrakts von H.

scyphifera hinreichend.

Zusammenfassend hat diese Dissertation das Wissen iiber die chemische Vielfalt der drei untersuchten
Pflanzenarten erheblich erweitert und neue Einblicke in ihr sekundires Metabolitenprofil geliefert. Die
Ergebnisse wurden in drei Peer-Review-Zeitschriften verdffentlicht, und eine vierte Publikation befindet
sich in Vorbereitung. Insgesamt wurden 53 Substanzen isoliert und mittels verschiedener Methoden
(HRMS, MS?", 1D- und 2D-NMR, CD, Réntgenstrukturanalyse) charakterisiert, was zur strukturellen

Identifizierung dieser Verbindungen fiihrte, von denen drei der Wissenschaft bisher unbekannt waren.
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1 General Introduction

1.1  Natural products — origin, structure, activities

Plants are an essential part of life on Earth. They not only serve as producers of oxygen and sequester
carbon dioxide but also provide a primary source of food for both animals and humans. Additionally, they
have played a pivotal role in traditional medicine. From treating infections and digestive issues to
functioning as pain relievers, ancient plant formulations such as powders, tinctures, teas, inhalations, and
other herbal preparations form the foundation of modern medicine [1,2]. However, knowledge of traditional
medicinal uses is disappearing along with plant biodiversity, largely due to climate change and the current
pace of globalization. This puts much valuable information at risk of being lost forever [3]. A rough estimate
suggests that less than 10% of the world’s biodiversity has been evaluated for potential biological activity
[4]. Moreover, according to previous estimates, only 6% of the described plant species have been
systematically investigated pharmacologically, and only around 15% have been examined phytochemically
[1,5]. The remaining potential for the vast number of yet unexplored species is therefore immense! Each
year, new species are described. In 2020 over 8600 plant species were added to the list that counts now
approximately 377,000 accepted species [6]. But there are estimated around 100,000 species of vascular

plants still to be described as new to science [7].

All plant-derived substances are broadly classified into primary and secondary natural products (NPs).
Primary NPs, such as amino acids, lipids, and carbohydrates, primarily serve the essential life-sustaining
functions of the organism. In contrast, secondary NPs have a more specialized definition and serve specific
functions that enhance a plant's survival. For instance, fragrances and pigments attract pollinators, bitter
compounds such as alkaloids and terpenes protect the plant from herbivores, while antibiotic compound
shield from microbial infection [8,9]. All of these substances are a result of constant evolutionary adaptation
pressure[10]. This wide range of functions is achieved through a vast chemical diversity, which gives rise
to the broad spectrum of biological activities, including antimicrobial [11,12], antioxidative [13], anti-
inflammatory [13,14], anthelminthic [15], antifungal [16], anticancer [17,18], analgesic [14], and neuro-
protective activity [19], just to mention some. These examples demonstrate the immense pharmacological

potential of secondary metabolites.

The review by Newman and Cragg [20] on natural products as sources of new drugs provides a
comprehensive statistical overview of drugs entering the global market from January 1981 to September
2019. Throughout this period, 1394 new drugs were approved, of which 1188 were small molecules. Among
these small molecules, 53% were identified as natural products, natural product derivatives, or synthetics
with a natural product pharmacophore. This statistic clearly underlines the significant impact of natural
products on pharmaceutical innovation, resulting from the potential mentioned above. However, it is
noteworthy that there are therapeutic classes with synthetic drugs only, such as antihistamines, diuretics,

and hypnotics [20].

The beginning of rational drug discovery using pure compounds, as opposed to crude materials, occurred
over 200 years ago with the work of the German pharmacist’s apprentice Friedrich Sertiirner, who isolated
morphine, the active compound of the narcotic plant Papaver somniferum, commonly known as the opium
poppy, in the form of a water-insoluble crystal [1,21]. A notable example of a modern medication derived

from plant-based natural products is metformin, an antidiabetic drug whose origins can be traced back to
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Fig 1-1 Representative bioactive natural products from plant origin, microbial origin, and natural product derivatives [20]

the medieval use of the herbal remedy Goat's Rue (Galega officinalis) [22]. Traditionally, this plant species

was employed to treat various ailments, including plague, worms, snakebites, miasma, and dysuria, as well

as symptoms now associated with type 2 diabetes [23]. Subsequent investigations revealed that Goat's Rue

contains high levels of guanidines, which were found to exhibit hypoglycemic effects in the early 20th

century [24]. However, their significant toxicity necessitated further chemical modification. This resulted

in the development of biguanides, including dimethylbiguanide (metformin) in 1929 [25,26]. While other

biguanides displayed undesirable side effects, such as hypoglycemia and weight gain, metformin effectively

lowers blood sugar without inducing these adverse effects [27]. Furthermore, metformin offers unique

benefits, particularly in addressing insulin resistance, reducing cardiovascular mortality, and improving
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survival rates in overweight and obese patients with type 2 diabetes when administered in the early stages
of the disease [28,29].

While plants are, as mentioned above, a highly valuable source of bioactive compounds, they are not always
the true producers of these compounds. Ecosystems are characterized by interactions among various
organisms. For the benefit of both parties, plants often engage in synergistic relationships with associated
microorganisms such as fungi, algae, and bacteria. These microorganisms possess a different enzymatic
range and can facilitate reactions that plants cannot perform on their own. The microorganisms contribute
to plant growth, health, and stress resistance through various mechanisms, including improved nutrient
uptake, enhanced resistance to diseases, and the production of beneficial compounds that promote plant
growth and protect against pathogens [30-35]. Since microorganisms have received considerable attention,
it has become clear that a significant number of natural product drugs are, in fact, produced by microbes or
through microbial interactions with the host plant species from which the compounds were isolated [20]. A
similar phenomenon is discussed in chapter 3. Moreover, microorganisms themselves represent a valuable
source of bioactive natural products. With advancements in microbiology, their applications have expanded
to include enzymes, biological control agents, antibiotics, and other pharmacologically active products.
Undoubtedly, one of the most famous natural product discoveries derived from a microorganism is the
antibiotic penicillin, which was isolated from the fungus Penicillium notatum by Alexander Fleming in
1928 [4].

However, natural product-based drug discovery is associated with several intrinsic challenges pushing the
pharmaceutical industry to shift its primary focus toward synthetic compound libraries. The results obtained
from this approach, however, have not always met expectations. The declining number of new drugs
reaching the market, due to rising admission costs and requirements, has revitalized interest in natural
product-based drug discovery. Despite their often inherent complexity and high costs, natural products still
represent one of the best options for identifying novel agents [20]. When developed in cooperation with
specialists from synthetic chemistry and biology, these natural products offer the potential to discover
innovative structures and new modes of action that can lead to effective treatments for a variety of human
diseases [1,20].

1.2  Objectives

The general objective of the present thesis was thus the explorative investigation of secondary metabolites
of promising medical plants for the identification of new bioactive compounds. In particular, the thesis

covered the following aspects:

e Investigation of the medicinal plant families Combretaceae and Zingiberaceae as sources for new

bioactives

e Isolation, characterization, and structure elucidation of secondary metabolites from the species

Lumnitzera racemosa, Terminalia dhofarica and Hornstedtia scyphifera

e Application of sophisticated methods including ADEQUATE NMR experiments and modern
Computer-Assisted Structure Elucidation (CASE) systems for structure elucidation of proton

deficient natural products

e Bioactivity screening of extracts and of isolated compounds to evaluate their potential as new

bioactive natural product templates.
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1.3 The Combretaceae family
The family Combretaceae belongs to the flowering plants (Angiosperms) and is first described in 1810 by

botanist Robert Brown in Prodromus Florae Novae Hollandiae et Insulae Van Diemen, with focus on the
Australian flora [36]. Today, the family comprises approximately 12-23 genera, due to a matter of
controversy, with over 500 species [37—40] and is classified into two subfamilies, Combretoideae, and
Strephonematoideae. The latter consists of a single genus, Strephonema, which includes only three species
of trees native to western tropical Africa. Strephonematoideae are distinguished from Combretoideae by

having a semi-inferior ovary, while all members of Combretoideae possess an inferior ovary [39,40].

Fig 1-2 Worldwide distribution of Combretaceae family [41]

The family predominantly inhabits tropical and subtropical regions, with a broad distribution across Africa,
Central and South America, Southern Asia, and Northern Australia [39,40]. These species exhibit
remarkable ecological adaptability, occupying a wide range of habitats, including forests, woodlands, and
savannahs [39,40]. Members of the family include a variety of growth forms, like lianas, shrubs, trees,
mangroves, and rarely creepers [39,40]. Notably, mangrove species from the genus Laguncularia and
Conocarpus are found along the coasts of the Americas, Australia, and Africa, whereas species from

Lumnitzera, alongside with Terminalia, is distributed across Asia and Africa [39,40].

Leaves of the Combretaceae family are simple, entire, and often exhibit stalked glands or glandular scales
[37,39,40]. They are generally opposite, verticillate, spiral, or alternate, and are petiolate (rarely sessile)
[39,40]. The flowers are typically small. The ovary is inferior or semi-inferior, and the hypanthium (floral
cup) is divided into a lower part that surrounds the ovary and an upper part that forms a tube, terminating
in calyx lobes [37,39,40].

Members of the family are useful crops for humanity by producing partially edible fruits and kernels,
serving as important commercial sources of gum, and are recognized as valuable timber trees in Europe,
America, and Africa. Additionally, various parts of these plants, including the tannin-rich bark, but also
fruit, leaves, and timber, have been utilized in traditional medicine in Asia and Africa for approximately

over 90 medical indications, many of them related to treating infections [37,40,42].

1.3.1 Genus Lumnitzera

The genus Lumnitzera consists of two species of true mangroves distributed from eastern tropical Africa to
Australia, including India and some islands in the Indian and Pacific Oceans, namely Lumnitzera littorea
and Lumnitzera racemosa [39]. The genus was named in honor of the Hungarian botanist, Istvan Lumnitzer
(1750-1806), a pioneer in systematic description of European plants, who worked also in the German cities
Jena and Halle. [43—46]. Usually, the distribution areas of the two species do not overlap, but are adjacent
to each other, so that isolated exchanges of individuals can still take place. Rarely, this results in an

apparently sterile hybrid of mixed characteristics, Lumnitzera x roseea [44,47-49].
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Fig 1-3 A Diversity of mangrove species worldwide, Colors indicate the potential number of species, adapted from Spalding et al.
[50]; B Tree, C Flower; D Fruit , and leaf (B, C, D) of L. racemosa, adapted from Manurung [51]; E Worlwide distribution of L.

racemosa, adapted from Duke et al.[44]

1.3.2 Species Lumnitzera racemosa

Lumnitzera racemosa appears as scattered sparse shrubs or as slender trees in small forests, depending on
the growing conditions. Shrubs predominantly appear in arid landward upland margins of mangrove forests,
bordering to exposed saltpans with high salinity levels and nearly dry sediments. In wetter habitats, L.
racemosa grows in its tree form, typically in association with other mangroves, like Avicennia marina (grey
mangrove), Excoecaria agallocha (blind-your-eye mangrove), or Ceriops australis (yellow mangrove)
[44]. L. racemosa is an evergreen plant, exhibiting in both growing forms often multiple stems. The white
self-compatible flowers attract a variety of day-active pollinators, like wasps, bees, butterflies, or moths
and is the easiest feature to distinguish between L. racemosa and its close relative, the red flowered L.
littorea. After successful fertilization, the resulting fruits are 1-1.5 cm long, 1-seeded hard drupes that have

an elliptic shape, a fibrous epicarp, and the useful ability to float [44,49,51].

Due to its widespread distribution (Figure 2 E), L. racemosa is used in traditional medicine in many
countries to treat health conditions. The sap from old bark, juice from young twigs, and fruits have been
found particularly effective in treating skin disorders, herpes, scabies, itching (pruritus), wounds, and thrush
caused by fungal infections in countries such as India, Sri Lanka, China, Malaysia, Singapore, Thailand,
Taiwan, the Maldives, and the Philippines [49,52—55]. In parts of India, local tribes use this plant to treat
snakebites and as a blood purifier. Preparations from L. racemosa have also been employed to treat sores,
asthma, leprosy, and as an antifertility agent to prevent pregnancy [49,56,57]. In China, the trunk's juice is
used to treat mouth or tongue ulcers (aphtha), while the bark is utilized for managing diabetes and treating
kidney stones [49,58—60].

L. racemosa was already subject of many studies to report the phytochemical classes present. Nevertheless,

many of them focused on qualitative test for compound classes [61-65] or analysis of volatile compounds
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via GC-MS [63,65], instead of isolating pure compounds, followed by full characterization and structure
elucidation. However, the major compound classes of secondary metabolites reported from extracts of L.
racemosa are tannins [66—68], flavonoids [66,67,69—71], alkaloids [72], terpenes [66,67,72], and phenols
[66,67,70,72].

1.3.3 Genus Anogeissus (syn. Terminalia)

The genus Anogeissus (Combretaceae) consists of eight species: A. acuminata, A. bentii, A. dhofarica, A.
latifolia, A. leiocarpus, A. pendula, A. rivularis, and A. sericea [73]. These species are primarily native in
Southern Asia, the Arabian Peninsula and West Africa. [40,73].

Most species of Anogeissus are growing either as trees or shrubs, characterized by their distinct foliage and
notable flowers. The leaves are alternate or opposite, and they are typically short-petiolate with entire
margins. When young, the leaves are often pubescent, giving them a fine, soft texture due to small hairs on
their surface. The flowers of Anogeissus species are notable for their dense, globose heads, which are borne
on short, axillary or terminal peduncles. These flower heads can be either solitary or arranged in racemes,
contributing to the plant's unique floral architecture [73,74]. The fruits of Anogeissus are particularly
distinctive. They are small, numerous, and typically either two-winged or four-ribbed, which aids in wind
dispersal. These fruits are tightly packed into dense, cone-like clusters, further enhancing the plant's
reproductive efficiency. This compact arrangement of fruits and the winged or ribbed structures are
morphological traits shared with the genus Terminalia, reflecting their evolutionary relationship [73,74].
Connection between these genera became even more apparent as recent research reported convincing
molecular reconstructions and phylogenetic analysis that led to the transfer of the genus Anogeissus into

the genus Terminalia, including formal taxonomic name changes for certain species [39,75,76].

Commonly referred to by names such as ghatti tree, button tree, axlewood tree, and chewing stick tree,
these plants hold significant ethnomedicinal value among indigenous communities [77—80]. Various parts
of former Anogeissus species are used to treat ailments ranging from gastric disorders, skin diseases, and
diabetes to wound healing and coughs [77,78,80,81]. For instance, Terminalia phillyreifolia (Basionym:
Anogeissus acuminata [76]) is known for its antidiabetic properties in Thailand [81], while Terminalia
dhofarica (Basionym: Anogeissus dhofarica [76,82]) is used in Oman for wound healing and as an

antiseptic [78].

The phytochemistry of Anogeissus reveals a wealth of bioactive compounds, including alkaloids,
flavonoids, terpenoids, generally polyphenols and tannins, which underpin the pharmacological activities
of these species [83,84]. Most of the so far isolated compounds are phenolics. Especially gallic acid and
derivatives were abundant, such as ellagic acid, glycosides of ellagic and flavellagic acid such as 3,3’-di-
O-methyl ellagic acid-4’-f-D-xyloside and 3,4,3’-tri-O-methylflavellagic acid-4’-f-D-glucoside. But also
flavonoids like quercetin, rutin, castalagin, and other compounds such as anolignan A, B, C, anogeissinin
are well described [74,85-89].

Modern pharmacological evaluations were carried out of crude extracts and of isolated compounds.
Screenings revealed that extracts from species such as T. phillyreifolia, T. anogeissiana (Basionym:
A. latifolia [76]), and T. schimperi (Basionym: A. leiocarpus [76]) have antioxidant, antimicrobial,
antiparasitic, wound healing, and antidiabetic properties [74,78,83,90-93]. Despite the rich medicinal and
pharmacological applications of former Anogeissus species, certain species such as 7. schimperi
(Basionym: A. bentii [76]) and T. dhofarica are threatened due to overexploitation as wood, habitat loss,
and climate change, with the latter being classified as vulnerable by the IUCN [74,94]. This calls for

10



General Introduction

increased conservation efforts and further research into the phytochemistry and therapeutic potential of

these underexplored species.

1.3.4 Species Terminalia dhofarica

Terminalia dhofarica (A.J. Scott) (Basionym: Anogeissus dhofarica) is a member of the Combretaceae
family, and former member of the genus Anogeissus [75,76]. The species is a significant endemic tree
found along a coastal strip approximately 300 km long in southeastern Yemen and the Dhofar region of
southwestern Oman, representing the largest forested areas in both countries [95]. It is commonly referred
to as "Gabhtti," and is the only representative of its genus in these regions, thriving in the unique monsoon
fog oasis ecosystems. It is capable of growing up to 12 meters in height, although often reduced to a shrub
by browsing and chopping [96]. The leaves of T. dhofarica are initially bright green, often shifting to a
bluish-green hue, and they fall off at the onset of the dry season in November and December. New leaves
emerge 7 to 8 months later, just before the arrival of the monsoon season (kareef), and are commonly
utilized as fodder for dromedary herds in Oman. The small, yellowish flowers are grouped into globose

clusters, attracting bees and subsequently developing into cone-shaped fruit heads [95].

Historically, T. dhofarica has been integral to local communities, where its useful properties have been
exploited since millennials. The foliage is widely used as fodder and believed to boost milk production in
livestock. Bark is used to color the coarse, unbleached cotton cloth [74,97]. Dhofari women use water
infused with dried leaves for personal hygiene and antibacterial purposes [95]. Additionally, leaves are
applied as a paste around infected wounds to treat sores and prevent infection [78,98]. Despite its extensive
use in traditional medicine as a wound healer and an antiseptic, the phytochemical and pharmacological
profile of T. dhofarica has been largely overlooked, especially when compared to other members of its
genus, such as 7. anogeissiana (Basionym: 4. latifolia) and T. schimperi (Basionym: 4. leiocarpus), which
have been studied extensively [74,99].

Previous research has demonstrated that aqueous and alcoholic extracts of 7. dhofarica exert significant
antioxidant activity in a DPPH radical scavenging assay, [78]. together with a high phenolic content of 551
mg/g in gallic acid equivalents [78]. In terms of antibacterial effects, 7. dhofarica exhibited inhibitory
activity against Staphylococcus aureus (Gram-positive) at a concentration of 250 pg/ml and against
Pseudomonas aeruginosa (Gram-negative) at 500 pug/ml [78,100]. Furthermore, the plant has antifungal
properties, showing inhibition against Candida albicans at concentrations of 500 pg/ml [78].

Fig 1-4 A T. dhofarica tree [101]; B Dried leaves [102]; C Leave powder and dried crude extract
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This indicates, that 7. dhofarica must contain bioactive compounds, most certainly of the same major

classes found in other species of the genus, which means tannins, phenolics, flavonoids, and terpenes [74].

Recent studies of Magsood et al., and Abuarqoub et al. [97,103] show, that the plant's potential goes beyond
antioxidant, antifungal and antimicrobial activity and underline activities for the first time assigning
chemical structures from LC-MS analysis of diverse extracts. Both verified the high phenolic content and
could show a high content of flavonoids which is strongly connected to the observed anti-oxidative and
radical scavenging effects. Additionally, they annotated preliminarily 28 compounds, most of them
flavonoids and phenolic acids, all known to the genus. Testing of diverse extracts suggested that
T. dhofarica may also have anticancer and antidiabetic properties, making it a promising candidate for the
development of novel therapeutic agents [97,103]. Further, Abuarqoub et al revealed significant anti-
inflammatory properties. The extracts notably increased the secretion of pro-inflammatory cytokines such
as IL-1, IL-6, and TNF-a, which are crucial for macrophage activation and differentiation into the M1
subtype. This subtype is involved in pathogen defense and tissue repair [97]. Additionally, IL-12p70
secretion was upregulated indicating the promotion of an immune response. Next to that, the wound healing
capabilities already described in traditional medicine were verified in a standard scratch test assay, showing
enhanced fibroblast migration and wound healing promotion. The findings of both tests suggest that
T. dhofarica could play a valuable role in managing inflammation and aiding tissue regeneration. Although
T. dhofarica has been extensively used in traditional medicine, its phytochemical and pharmacological
properties remain largely unexplored. Current research indicates that this species holds significant promise
as a source of a broad range of agents, and further studies are needed to fully understand its therapeutic

potential.

1.4 The Zingiberaceae family

The Zingiberaceae family, better known as the ginger family, is the largest within the eight families of
Zingiberales order, consisting of 53 genera and more than 1,200 species. The still accepted classification
categorizes the Zingiberaceae into four main tribes: Alpinieae, Globbeae, Hedychieae, and Zingibereae.
While several morphological features, such as ovary structure, leaf distichy, and staminode presence have
been employed to differentiate the four tribes, the defining characteristics are often neither unique to a
specific tribe nor consistently present across all taxa within [104]. Therefore, a new classification through
DNA sequencing of nuclear internal transcribed spacer (ITS) and plastid matK regions might change the
old order. Generally, plants of the family are perennial and have an aromatic fleshy, sometimes tuberous
rhizome. The stem is usually short and sometimes replaced by pseudostems formed from leaves. The

inflorescence is usually terminal on the pseudostems or on short shoots arising from the rhizomes. They

Fig 1-5 Worldwide distribution of Zingiberaceae family [105]
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can have many or just a few bisexual flowers but often with conspicuous colored bracts [106]. The fruit is
a capsule, which may be either fleshy or dry, and can be dehiscent or indehiscent, occasionally resembling
a berry [106]. However, members of the family are distributed in tropical regions, including India, SE Asia,
Africa, and Australia [104—106]. The most well-known species of the family is the common ginger,
Zingiber officinale, famous for the typical thick fleshy rhizome full of aromatic and flavor compounds like
mono- and sesquiterpenoids, and especially for the pungent gingerols and shogaols. Many other species of
this family are traditionally used as spices, perfumes or ornamental plants, but also cultivated for their
showy flowers and much more for their medicinal properties due to the presence of abundant bioactive
compounds [107-109]. Extracts and isolates from various Zingiberaceae species have demonstrated
antioxidative [110-113], antimicrobial [112], anti-inflammatory [111,113], or anticancer [112,113]
properties, as well as neuroprotective effects [114]. In our days, they gained more attention due to their

anti-aging, anticancer, anti-Alzheimer effects as well as a variety of other medicinal applications [110,115].

1.4.1 Genus Hornstedtia

The genus Hornstedtia contains approximately 43 species that are distributed across tropical Southeast
Asia, from the Malay Peninsula to the Himalayas [116,117]. It features radical inflorescences that are
encased in a rigid involucre made up of sterile bracts. These inflorescences are typically elevated above the
ground on stilt roots. The flowers usually emerge gradually, with only their tips visible at a time [118].
Species of the genus are known to be used in traditional medicine for the treatment of various ailments,
such as stomach issues, diarrhea, fever, and chills [115,119,120]. Surprisingly, although a relevant potential
for medical uses of the plants is unquestionable, much less research was performed on the phytochemical
composition of the genus, except the analysis of essential oils and volatile fraction of diverse organs
(table 1-1).

1.4.2 Species Hornstedtia scyphifera

One yet briefly researched member of this genus is Hornstedtia scyphifera, which is also known under the
synonyms Amomum scyphiferum, Cardamomum scyphiferum, Greenwaya scyphifer, or Greenwaya
scyphiferus [121].

Fig 1-6 Hornstedtia scyphifera A Plant growing in Greenhouse of IPB; B Flower [122] C Fresh planted rhizome ; D Fresh leaf;
E Dried leaves
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Table 1-1 Volatiles of different species of the genus Hornstedtia, adapted from the diploma thesis of Klara Pieplow [126]

Compound Formula Exact Plant organ* Bioactivity
mass
[g/mol] Rhizome Flower Leaf Stem
1,8-Cineol CioHis0 154.1358  H.scy.[123]  H.scy.[123]  H.scy.[123]  H.scy.[123]  anti-inflammatory[130,131],

H.bel.[127]  H.hav.[128] H.bel.[127]  H.leo.[129]  antidepressive [130],
antioxidative [130,132],
antimicrobial[132,133],

antifungal[133],
AChE inhibitor[134]

Isoborneol CioH;50 154.1358 H.hav.[128] H.scy.[123]  antibacterial[135],
antiviral[136],

- antioxidative[137],

.'E neuroprotektive[137]

£ Borneol CyoH;50 154.1358  H.scy.[123]  H.scy.[123]  Hscy.[123]  H.scy.[123]  antibacterial[138]

2 H.hav.[128]  H.hav.[128]

2 H.bel [127]

= Terpineol CyoH;50 154.1358  H.san.[139]  H.scy.[123]  H.san[139]  H.san.[139]  antibacterial[140],

§ H.scy[123]  Hhav[128] H.scy.[123]  H.scy.[123]  antifungal[141]
H.hav.[128] H.bel [127]
H.bel [127]

Camphor CioH;60 152.237 H.san.[139]  Hhav.[128] H.san.[139] insecticide[142],

Hhav.[128]  H.scy.[123]  H.scy.[123] antibacterial[143],
H.scy.[123] ACHhE inhibitor[134]
H.bel [127]

Myrtenal CoH140 150.1045 H.scy.[123]  H.scy.[123] ACHhE inhibitor [134],
anticancer[144],
antioxidative[144]

S-Cubeben CisHos 204.1878  H.hav.[128] H.hav.[128] antioxidative[145]

a-Copaen CisHos 204.1878  H.bel.[127] H.scy.[123]  H.scy.[123]  antioxidative[146]

H.bel [127]
S-Elemen CisHos 204.1878  H.san.[139] H.hav.[128] H.scy.[123] H.san.[139] anticancer[147,148],
H.hav.[128] H.bel.[127]  H.scy.[123]  antifungal[149]
" H.bel [127]
2 o-Humulen CisHos 204.1878  H.san.[139] H.hav.[128] Husan.[139] H.san.[139] anti-inflammatory[150],
2 H.scy.[123] H.bel.[127]  H.scy.[123] anticancer[151]
= H.hav.[128]
= H.bel.[127]
T p-Caryophyllen  C;sHxs 204.1878  H.san.[139]  H.scy.[123]  Hsan.[139] H.san.[139] antioxidative[112,152],
3 H.scy.[123]  H.hav.[128] H.scy.[123]  H.scy.[123] antibacterial[112],
H.hav.[128] H.bel [127] anti-inflammatory[151]
H.bel [127] H.bel.[127]
Germacren D CisHos 204.1878  H.scy.[123]  H.scy.[123] H.san.[139]  H.san.[139] insecticide[153],
H.hav.[128] Hhav.[128] H.scy.[123]  H.scy.[123]  antibacterial[154]
H.bel [127] H.bel [127]
[S-Bisabolen CisHas 204.1878  H.hav.[128] H.hav.[128] H.san.[139] anticancer[155]
p-Selinen CisHos 204.1878  H.scy.[123]  H.scy.[123]  H.scy.[123]  H.scy.[123]  AChE inhibitor [156],
L8 H.hav.[128] insecticide[156]
= H.bel [127]
$ 2 y-Cadinen CisHas 204.1878  H.san.[139] H.scy.[123] H.san.[139] H.san.[139] antioxidative[157]
w3 Hhav.[128] H.hav.[128] H.scy.[123]  H.scy.[123]
H.leo.[129] H.bel.[127]
a-Cadinol Ci5sHy0 222.1984  H.scy.[123] Hhav.[128] H.san.[139] H.san.[139]  antifungal[158],
H.hav.[128] H.scy.[123]  H.scy.[123]  antibacterial[158],
- H.leo.[129] H.bel[127]  H.eo.[129] insecticide[159]
= H.bel [127]
g. g Humulen- Cy5H240 220.1827  H.scy.[123]  H.scy.[123]  H.bel.[127] -
$ &, Epoxide H.bel [127]
« § a-Bisabolol C1sHy0 222.1984  H.scy.[123] H.scy.[123]  H.scy.[123]  antioxidative[160],
H.hav.[128] anti-inflammatory[161],
antibacterial[162],
anticancer[163]
Eugenol CioH20,  164.0837  H.leo.[129] H.leo.[129]  H.leo.[129]  antioxidative[164,165],
- antibacterial[164],
= anti-inflammatory[164,166]
2 € Methyleugenol CiHis0,  178.0994  H.leo.[129] H.leo.[129]  H.leo.[129]  antioxidative[167],
2 g_ anti-inflammatory[167],
&~ 2 anesthetic[168]
= Methylchavicol ~ C;H;,0 148.0888  H.san.[139] H.san.[139]  H.san.[139] antioxidative[169],
H.leo.[129] antifungal[170]
* Abbrevitions of Hornstedtia species
Hornstedtia scyphifera H. scy. Hornstedtia leonurus H.leo Hornstedltia bella H. bel.
Hornstedtia havilandii H. hav. Hornstedtia sanhan H.san
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Morphologically, H. scyphifera is characterized by a robust rhizome located just below or at the soil surface
and large leaf shoots that can reach heights of 2 to 5 meters, featuring green leaves that are sheathed at the
base (fig 1-6). This species produces short inflorescences, which are surrounded by a series of scales
encasing the floral bracts. The red flowers bloom individually for one day and give rise to smooth, elongated
fruits. Notably, H. scyphifera is the most prevalent species of its genus in Malaysia [117], where it has been
traditionally employed as a spice and insect repellent [117,123]. The essential oils extracted from various
plant parts have been well studied and predominantly consist of mono- and sesquiterpenes, as well as
terpenoids, including camphor, germacrene D, borneol, and S-selinene (table 1-1). However, research on
non-volatile compounds is limited, with only two brief reports documenting the isolation of four flavonoids,
two phytosterols, and a fatty acid from the leaves of H. scyphifera [122,124]. In the same studies, extracts
derived from the leaves exhibit promising antibacterial and antioxidative activities [122], but also anti-
inflammatory and neuroprotective effects [ 125]. These properties may be attributed to a high concentration

of sesquiterpenes, which have been associated with antidepressant and neuroprotective activities [114].

1.5 Identification and isolation of bioactive natural products

When starting a bioactivity driven isolation attempt, the first step comprises the screening of crude plant
extracts for various bioactivities [171]. To ensure reproducibility, it is important to ensure documentation
of the plant material's identity and processing. The choice of extraction method and solvent significantly
impacts the chemical composition and biological activity of the extract. If the bioactive compounds are
unknown, broad-spectrum extraction with solvents like 80% aqueous methanol for dried material or pure
methanol for fresh material is commonly employed. Alternatively, sequential extraction with solvents of
increasing polarity following the eluotropic series (e.g., n-hexane, dichloromethane, methanol) may be used
to produce multiple crude extracts [172]. After successful detection of biological activity, bioactivity-
guided fractionation is used to isolate the pure active compounds. This process involves iterative
fractionation, testing, and further separation, employing techniques such as liquid—liquid extraction and
several chromatographic techniques [1]. With each cycle, the concentration of active constituents increases
until pure compounds are obtained, which are then identified using spectroscopic methods such as nuclear
magnetic resonance spectroscopy (NMR) and high-resolution mass spectrometry (HRMS) [172]. Although
traditional bioactivity-guided isolation is effective in identifying novel bioactive compounds, it is time-
consuming, and costly [173]. Additionally, this method might lead to the reisolation of already known

compounds instead of new bioactives (replication) [1,174].

Since plant extracts are complex mixtures containing a variety of active, partially active, and inactive
components, interactions between these constituents might occur. High activity in crude extracts may result
from the additive or synergistic effects of multiple weakly active compounds [175]. However, fractionation
can disrupt these interactions and by this potentially reduces the extract’s overall activity. Additionally,
bioactive compounds might be present in low concentrations within crude extracts, leading to overlooked
bioactivity, or they may be masked by more abundant substances. For example, compounds like chlorophyll
and polyphenols (e.g., tannins) can interfere with assays. Chlorophyll has been shown to interact with fatty
acids and exhibits antioxidant activity [176], while tannins form complexes with polysaccharides, proteins,
and metals, influencing cell-based assays and also showing antioxidant properties [177,178]. From the
mentioned issues, especially synergism is highly challenging for bioactivity-guided isolation. When
synergism exists between multiple compounds in the crude extract, isolating individual components reduces
or eliminates the overall activity. To address this issue, a synergy-directed fractionation strategy has been

developed [175] . This approach combines bioactivity testing of the generated fractions for synergistic
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interactions with MS profiling and natural product isolation, aiming to identify interactions that would
otherwise be missed using traditional fractionation techniques. Next to synergism, another problem while
isolating pure compounds is substance stability. If bioactive compounds degrade when in pure form but are
more stable within the extract or have better bioavailability, crude extracts might offer greater therapeutic
efficacy compared to isolated pure compounds [1,172]. Nevertheless, for unambiguous characterization,

the isolation of the compound is usually necessary.

1.6 Structure elucidation

Until around 50 years ago, elucidating the structures of natural products was a challenging and time-
consuming process that involved numerous synthetic and degradation reactions. These reactions provided
essential pieces of information that, when put together, enabled the determination of a compound's
structure. However, advancements in spectroscopic instrumentation have significantly transformed the field
of natural product structure elucidation over time [179]. Today, after a successful isolation, the full
characterization of natural products is classically performed by a combination of analytical techniques,
including high-resolution mass spectrometry (HRMS), nuclear magnetic resonance spectroscopy (NMR),
and chiroptical methods such as circular dichroism (CD), to determine both their relative structure and
absolute configuration. A newly discovered structure of a natural product often requires verification. This
is traditionally achieved by chemical synthesis [180,181]. However, computational methods, such as

computer-assisted structure elucidation (CASE) systems, are gaining increasing attention for this purpose.

1.6.1 High-resolution mass spectrometry (HRMS)

High-resolution mass spectrometry (HRMS) has become a fundamental pillar in structure elucidation,
particularly for small molecules. Its high sensitivity and speed have made it the method of choice for the
rapid determination of natural products, even in complex mixtures and at low concentrations [182].
Instruments with mass analyzers like quadrupole-time-of-flight (QTOF) and Orbitrap are commonly used
and favored for their ease of use compared to earlier Fourier transform ion cyclotron resonance
spectrometers [183]. Modern HRMS systems offer exceptional resolving power and highly accurate
elemental formula determination, with typical accuracies in the sub-ppm range, corresponding to mass
deviations as low as sub-millidaltons (mDa). Despite this precision, high mass accuracy alone may not
always be sufficient to guarantee the correctness of the elemental composition, especially if the elemental
composition is complex [184]. Therefore, other parameters, such as isotope cluster ratios, the number of
rings and double bonds (RDB), double bond equivalents (DBE), and the nitrogen rule, must also be
considered [ 184]. While exact mass measurements are essential, they are only part of the full identification
process for unknown compounds. Advances in fragmentation techniques and MS/MS data acquisition are
equally important. Modern spectrometers enable next to classical targeted MS? analysis diverse untargeted
MS? strategies. One example is the data-dependent acquisition (DDA), where a product ion scan is
automatically triggered when a precursor ion reaches a specific intensity during an initial LC-MS run [185].
Such automatic MS? operation modes are useful for extract screening during bioactivity- or synergism-
guided isolation. For follow-up structural identification, measured fragmentation spectra are compared with
MS? reference spectra from libraries such as MassBank [186], and GNPS [187] or with spectra from
computational fragmentation tools such as MetFrag [188] and MSFinder [189]. Another experiment is the
multistage fragmentation (MS®) analysis. This experiment provides insights into the structural origin of ions
by reconstructing fragmentation pathways and can reveal clues about precursors and (sub)structures [183].
The interested reader will find an example for this technique in chapters 3 and 5. One of the major
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drawbacks of MS remains the differential ionization propensity of the analytes as well as matrix effects and

other effects that can efficiently reduce or hinder ionization.

1.6.2 Nuclear Magnetic Resonance (NMR)
Over the past 28 years there have been several thousand publications describing the use of 2D NMR to

identify and characterize natural products. During this time period, the amount of sample needed for this
purpose has decreased from the 20-50 mg range to under 1 mg [179]. Next to the 1D experiments for 'H
proton and *C carbon NMR, the introduction of two-dimensional (2D) NMR [190] was a crucial step to
establish NMR as the powerful tool, we know today. Although NMR will probably never hit the sensitivity
of mass spectrometers, even low concentrated compounds might be detectable by increasing the number of
scans, applying a longer measurement time, and by employing higher magnetic fields [179,191]. Compared
to a moderate 600 MHz machine, the state of the art 1,2 GHz machines increase sensitivity by a factor of
2.8 [191]. Other hardware improvements can increase the sensitivity as well. A cryogenically cooled probe
head can provide a signal to noise ratio (SNR) improvement by a factor of 3 to 4 [191]. A major advantage
of NMR compared to HRMS is its non-destructive character which allows to perform several experiments
on the very same sample and to recover the whole sample afterwards. The typical 2D experiments used in
natural product structure elucidation includes COSY (Correlation Spectroscopy) for 'H-'H interactions, and
HSQC (Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple Bond
Correlation) for 'H-"*C interactions. COSY identifies correlations between protons in the same spin system
typically through scalar Jun couplings, typically over two or three bonds. The experiment is homonuclear,
focusing on 'H-'H couplings, and provides a simple yet effective method for small molecule structure
elucidation. To explore wider coupling ranges, the related TOCSY (Total Correlation Spectroscopy)
experiment can be performed. Unlike COSY, TOCSY propagates magnetization across an entire proton
network, detecting both direct and long-range couplings, thus offering insights into more complex spin
systems. HSQC is heteronuclear and correlates 'H-*C couplings over one bond. With the *C- and 'H-
spectra displayed on separate axes, the cross peaks mark corresponding proton/carbon signals. HMBC
detects long-range 'H-'3C couplings over two or three bonds, crucial for mapping connections between non-
adjacent carbon atoms and providing detailed structural information [179,191]. Beside these basic
experiments, NMR offers tools like 2D NOESY (Nuclear Overhauser Enhancement Spectroscopy) and
ROESY (Rotating-Frame Overhauser Effect Spectroscopy) for stereochemical determination. Both
measure spatial proximity between protons, even if separated by many bonds. NOESY is typically used for
small molecules (up to ~700 Da), while ROESY is also suitable for larger molecules (700—1500 Da). These
spectra can provide qualitative molecular geometry information in a single experiment [179]. For 3C-13C
correlations, the INADEQUATE (Incredible Natural Abundance Double Quantum Transfer Experiment)
experiment is a powerful tool, revealing carbon skeletons through correlations between neighboring
carbons by 'Jee coupling. Despite sensitivity challenges due to the low natural abundance of *C, recent
advancements like cryogenic probes have improved its utility. However, INADEQUATE still requires
significant sample amounts and long acquisition times. An alternative, the 1,1-ADEQUATE (Adequate
Sensitivity Double-Quantum Spectroscopy) and 1,n-ADEQUATE experiment, combines a HSQC like 'Jcn
coupling with a ""Jcc coupling, which increases the intensity of the measured correlation by a factor of 64
and therefore enables faster and more efficient structure determination with smaller sample sizes [192,193].
This additional information, in turn, facilitates quicker analysis through Computer-Assisted Structure
Elucidation (CASE) software [179].
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1.6.3 CASE (Computer-Assisted Structure Elucidation) systems
The beginning of Computer-Assisted Structure Elucidation (CASE) started 55 years ago [194]. Since then,

substantial advancements have been made. Today, several commercial CASE systems are available,
including NMRSAMS (Spectrum Research), CMCse (Bruker), and Mestrelab (MNova). In addition,
various research groups have developed alternative CASE programs, often available online and free-to-use,
such as COCON [195], LSD (Logic for Structure Determination) [196], and SENECA [197]. These systems
have been widely employed in recent studies for the structural confirmation of new natural products [198—
200] and have proven useful in challenging cases, such as the proton-deficient chlorodepsidones [201].
Each system utilizes distinct mathematical algorithms and interfaces, characterized by varying levels of
service and user-friendliness. The ability of a CASE program to efficiently determine the minimum number
of possible structures depends significantly on the type of input data. However, all programs are designed
to handle at least 'H, 3C, COSY, 'HSQC, HMBC spectra [194]. Of special interest are data from 1,1-
ADEQUATE spectra [179]. These spectra typically display only 2Jcu correlations [193]. By clarifying
which HMBC correlations are due to 2-bond interactions and which arise from longer-range correlations,
1,1-ADEQUATE data can significantly reduce the time required for CASE structure generation and
decrease the number of consistent structures [202]. One widely used system that has been validated in peer-
reviewed literature and was utilized for the elucidation of lumnitzeralacton in chapter 3 is the ACD-
Structure Elucidator (ACD-SE) [194,202,203]. Established in 2002, it has been regularly updated, and since
2011, its website features a “Structure of the Month,” primarily highlighting natural products elucidated
with ACD-SE [202]. The minimum required data includes the molecular formula from HRMS, a list of '3C
signals, preferably alongside the number of attached protons from HSQC, and HMBC spectra data. The
program provides a replication option that checks '*C shifts against the ACD Labs database for exact
matches. COSY is optional but recommended. Other 2D NMR data, as well as '*N, °F, and *'P spectra can
also be included. 2D correlations can be manually entered in tabular form or by peak picking in the
processed 1D and 2D raw data, which turns out to be much more user friendly. ACD-SE can process data
from Bruker, JEOL, and Agilent NMR machines. If wanted, functional groups or molecular fragments can
be added or excluded for the following process of finding structure matches. During the structure
elucidation process, the program typically provides a list of possible structures consistent with the given
correlations in the data set, ranking them according to the best agreement between calculated and observed
chemical shifts. If long-range correlations are present, the ACD-SE first presents a Molecular Connectivity
Diagram (MCD), flagging non-standard correlations for better clarity. The maximal correlation range may
need to be extended from the usual three bonds to four or more if deemed appropriate. If the program fails
to generate senseful structures, this may indicate that detected correlations are longer-range than
anticipated. In such cases, the “Fuzzy Structure Generator” can be employed to extend all correlations to
six bonds. The probability of suggested structures is evaluated using the ACD/NMR Predictor program,
which is integrated into the ACD-SE. This program offers three methods for calculating chemical shifts:
incremental, by a neural network, and by hierarchical organization of spherical environments (HOSE) code
[194,202]. The most reliable, but time-consuming, method is the HOSE code [202]. Although the ACD
database is extensive, errors may be more pronounced for compounds with unusual structures that lack
close analogues in the database. Consequently, there are plans to incorporate DFT (Density functional
theory) chemical shift calculations [204]. It is important to recognize that a single, conclusive answer may
not be attainable in every instance, as the identified structure might align with the data without being
definitively accurate [194]. Therefore, critical validation of structure suggestions from CASE systems by

an experienced analytical chemist is still needed.
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Abstract

Lumnitzera littorea and Lumnitzera racemosa are mangrove species distributed widely along the
Indonesian coasts. Besides their ecological importance, both are of interest owing to their wealth of natural
products, some of which constitute potential sources for medicinal applications. We aimed to discover and
characterize new anti-infective compounds, based on population-level sampling of both species from across
the Indonesian Archipelago. Root metabolites were investigated by TLC, hyphenated LC-MS/MS and
isolation, the internal transcribed spacer (ITS) region of rDNA was used for genetic characterization.
Phytochemical characterization of both species revealed an unusual diversity in sulfated constituents with
3,3’.,4’-tri-O-methyl-ellagic acid 4-sulfate representing the major compound in most samples. None of these
compounds was previously reported for mangroves. Chemophenetic comparison of L. racemosa
populations from different localities provided evolutionary information, as supported by molecular
phylogenetic evidence. Samples of both species from particular locations exhibited anti-bacterial potential
(Southern Nias Island and East Java against Gram-negative bacteria, Halmahera and Ternate Island against
Gram-positive bacteria). In conclusion, Lumnitzera roots from natural mangrove stands represent a
promising source for sulfated ellagic acid derivatives and further sulfur containing plant metabolites with

potential human health benefits.
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Abstract: Lumnitzera littoren and Lummitzera racemosn are mangrove species distributed widely along
the Indonesian coasts. Besides their ecological importance, both are of interest owing to their wealth
of natural products, some of which constitute potential sources for medicinal applications. We aimed
to discover and characterize new anti-infective compounds, based on population-level sampling
of both species from across the Indonesian Archipelago. Root metabolites were investigated by
TLC, hyphenated LC-MS/MS and isolation, the internal transcribed spacer (ITS) region of tDNA
was used for genetic characterization. Phytochemical characterization of both species revealed an
unusual diversity in sulfated constituents with 3,3",4’-tri-O-methyl-ellagic acid 4-sulfate representing
the major compound in most samples. None of these compounds was previously reported for
mangroves. Chemophenetic comparison of L. racemosa populations from different localities provided
evolutionary information, as supported by molecular phylogenetic evidence. Samples of both species
from particular locations exhibited anti-bacterial potential (Southern Nias Island and East Java
against Gram-negative bacteria, Halmahera and Ternate Island against Gram-positive bacteria).
In conclusion, Lummnitzera roots from natural mangrove stands represent a promising source for
sulfated ellagic acid derivatives and further sulfur containing plant metabolites with potential human
health benefits.

Keywords:

sulfated natural products; ellagic acid; Lumnitzera; Combretaceae; mangrove;

anti-infectives; phylogenetic analysis; metabolite profiling

1. Introduction

Mangrove forests represent a unique habitat that comprises salt-tolerant plant species
(mostly trees), predominantly bordering tropical and subtropical coastlines [1]. Besides their
ecological significance, mangrove plant species have a wide variety of economic uses, such
as construction material, fodder or textiles [2,3]. In addition, many mangrove plant species
possess medicinal value and have been used traditionally in several regions of the world [4-7].
Due to the tidal influence, mangrove soils contain high levels of sulfate which is connected to
the occurrence of sulfate-reducing microbial communities [8]. Nevertheless, the investigation
of bicactive natural sulfur compounds in mangrove species was so far completely neglected.
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The most diverse mangrove systems on earth can be found in Southeast Asian seas [9].
Comprising five main and more than 17,500 smaller islands, Indonesian mangroves cover
around 30% of the total mangrove area of the world [10]. Lumnitzera littorea (Jack) Voigt and
L. racemosa Willd., two true mangrove species belonging to the plant family Combretaceae (Myr-
tales), are distributed widely across the Indonesian coastline. In Africa, where L. racemosa also
naturally occurs at the eastern coast, other members of Combretaceae (Combretumn, Terminalia)
are widely used for medicinal purposes due to their anti-microbial [11-16], anti-fungal [17,18],
antioxidant and anti-inflammatory activities [16]. In Asia, L. racemosa from Taiwan was reported
to contain antihypertensive tannins [19]. Furthermore, hepatoprotective, antioxidant [20-23],
antibacterial [24,25], anti-angiogenic, anti-inflammatory [26], anti-cancer [23,27], and anti-
coagulant effects [23] were described in L. racenosa from different parts of Asia. In leaves
and twigs of L. racemosa mainly flavonoids and triterpenes [22,28] as well as phenolic acids
and their derivatives, such as gallic acid and related compounds—galloyl sugars, ellagic acid,
3,3 4-tri-O-methylellagic acid, neolignans and tannic acid—were found [22,26]. The extract
of L. littorea leaves from Malaysia was reported to possess anti-microbial potential [29]. The
leaf n-hexane extract of this species yielded triterpenes and sterols [30] whereas the twigs
of L. littorea were described to contain macrocyclic lactones (represented by corniculatolide
derivatives) and 6,7-dimethoxycoumarin [31].

Medicinally active compounds from mangroves are not always produced by the plant
itself, but often by associated microorganisms such as endophytic fungi [32-34]. For ex-
ample, the extracts of endophytic fungi isolated from leaves of ten mangrove species from
Thailand, including L. littorea, showed some cytotoxic activity against cancer cell lines [35].
In line with the agenda of discovering new anti-infective and neuroactive constituents
while at the same time promoting the protection and sustainable development of mangrove
ecosystems, our work was focused on two mangrove species, namely Lumnitzera littorea
and L. racemosa. Qur aim was to (1) investigate the diversity of natural products present
in the roots of L. littorea and L. racenosa from Indonesia, (2) evaluate selected biological
effects, and (3) investigate the phylogenetic relationships of the two species as well as the
chemophenetic patterns of their natural products across Indonesia. Therefore, we combined
a molecular phylogeny of Lumnitzera based on the internal transcribed spacer (ITS) region
with phytochemical analyses by hyphenated chromatographic and tandem mass spectro-
metric techniques. Chromatographic separation using reversed phase HPLC connected
to high resolution ESI-MS that allow the determination of accurate mass and elemental
composition represents a suitable technique to identify sulfur containing metabolites [36].
For the calculation of the molecular composition of sulfur-containing compounds, the small
negative mass defect of sulfur isotopes and the isotopic pattern of sulfur distinct from that
of carbon, nitrogen and hydrogen can be applied [36]. Since sulfur in addition to the most
abundant isotope 325 (95%) possesses a 3tg isotope (4.2%), also the larger as usual M+2
peak contributes to the determination of sulfur in compounds or fragments. Nevertheless,
for complete structure elucidation, compounds have to be isolated and characterized by
NMR. Phylogenetic approaches can be useful for identifying plant lineages with potential
medicinal properties [37,38], the interpretation of chemical profiles [39], and might be
a powerful tool for discovering novel compounds or novel compound variants [40-42],
including antibiotic sources [43,44].

2. Materials and Methods
2.1. Plant Material

Leaf and root material of Lumnitzera littorea (Jack) Voigt and Lummitzera racemosa Willd.
was collected from 27 locations across the Indonesian archipelago (Table 1). Voucher
specimens of the plants are deposited at Herbarium Bogoriense (BO), Indonesian Institute of
Sciences (LIPI). Root samples for phytochemical analyses were cleaned and air-shadow-
dried in the field, then kept in resealable zipper storage bags until being used for further
treatment. For phylogenetic analyses, fresh leaves from the same plants were collected and
dried in silica gel in resealable zipper storage bags.
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2.2. Root Sample Extraction

Air-dried samples (root bark and fine roots) were ground using a ball mill (Retsch,
MM400) for two minutes. In extraction experiments with n-hexane, ethyl acetate and
methanol, the highest extract amount could be obtained with methanol. Therefore, 100 mg
of each sample were vortexed with 5 mL methanol in Eppendorf tubes before sonication
for an hour. All samples were centrifuged for fifteen minutes using a Megafuge 1.0R
(Unity Lab Services) to gain pure solutions. The extracts were aliquoted for analytical
investigations and bioassay screening. The crude extracts were directly used for TLC and
low-resolution ESI-MS analyses. For LCMS measurements, 250 pL. of each extract were
purified by an SPE cartridge (RP18, Chromabond, Macherey-Nagel, Diiren, Germany),
using methanol as eluent, and the concentration was afterwards adjusted to 1 mg/mL.

2.3. General Experimental Procedures

Thin layer chromatography (TLC) analyses were done with silica gel 60 Fy54 (Merck,
Darmstadt, Germany) using the solvent system CHCl3:MeOH 6:4. Compound spots were
visualized using long-wavelength UV light (366 nm), short-wavelength UV light (254 nm)
and spraying with vanillin-H,504 reagent, followed by heating. As sample LR15 in TLC
displayed stronger spots compared to the others, preparative TLC (thickness 0.5 mm) was
performed using the same conditions. The major bands were scraped off and extracted to
verify the compound identity by MS investigations.

Low-resolution ESI-MS spectra were obtained from a Sciex API-3200 instrument
(Applied Biosystems, Concord, ON, Canada) combined with an HTC-XT autosampler
(CTC Analyvtics, Zwingen, Switzerland).

'H and '*C NMR spectra were recorded on an Agilent DD2 400 NMR spectrometer at
399.917 and 100.570 MHz, respectively. Chemical shifts are reported relative to TMS ("H
NMR) or peaks of solvent (13C, CDD30D 49.0 ppm and DMSO-dg 39.5 ppm). For samples
with low concentration, 'H and 13C NMR spectra were recorded on a Bruker Avance Neo
500 NMR spectrometer at 500.234 and 125.797 MHz, respectively, using a 5 mm prodigy
probe with the TopSpin 4.0.7 spectrometer software. 2D NMR spectra were recorded on
an Agilent VNMRS 600 MHz NMR spectrometer using standard CHEMPACK 8.1 pulse
sequences ('H, 13C gHSQCAD and TH, 13C gHMBCAD) implemented in Varian VNMR]
4.2 spectrometer software.

Preparative HPLC was performed using an Agilent 1260/1290 system equipped with
a quaternary pump and a diode array (DAD) detector (Agilent, VL+). Chromatographic
separation was performed using a Macherey-Nagel Chromcart C18ec column (ID 4.6 mm,
length 150 mumn, particle size 5 um) using bidest. water (TKA ultrapure water system) and
methanol (Roth, Rotisolv HPLC Gradient Grade) as eluents.

2.4. UHPLC-ESI-QgTOF-MS and MS/MS

Samples (2 uL) were loaded on an EC 150/2 Nucleoshell RP 18 column (Cig-phase,
ID 2 mm, length 150 mm, particle size 2.7 um, Macherey Nagel, Diiren, Germany) under
isocratic conditions (5% eluent B, 2 min), and separated using a linear gradient from 5% to
95% eluent B in 17 min. Separation was performed on an ACQUITY UPLC I-Class UHPLC
System (Waters GmbH, Eschborn, Germany) with a flow rate of 0.4 mL/min and 40 °C
column temperature. Eluents A and B were 0.3 mmol/L aq. ammonium formate and
acetonitrile, respectively. The column effluent was introduced on-line into a TripleTOF 6600
QqTOF mass spectrometer equipped with a DuoSpray ESI/APCI ion source, operating
in negative ion SWATH (Sequential Windowed Acquisition of All Theoretical Fragment
Ion Mass Spectra) mode and controlled by the Analyst TF 1.7.1 software (AB Sciex Gmbl],
Darmstadt, Germany). The TOF scans (MS experiments) were acquired in the m/z range
of 65 to 1250 (accumulation time 100 ms) with an ion spray voltage of —4.5 kV and 450 °C
source temperature. For precursor selection, totally 38 SWATH windows (total m/z range
of 65-1250) of 26 m/z were used. Nebulizer and drying gases were set to 60 and 70 psi,
respectively, whereas the curtain gas was set to 55 psi. Declustering (DP) and collision (CE})
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potentials were —35 and —10V, respectively. The product ion spectra (tandem mass spectra,
MS/MS) were acquired in the high sensitivity mode (accumulation time 20 ms) in the m/z
range of 65-1250 using unit Q1 resolution with mass resolution above 30,000. Collision
potential (CE) was set to —35 V, whereas collision energy spread (CES) was 15 V. The data
were evaluated by Peak View 1.2.0.3 software (AB Sciex GmbH, Darmstadt, Germany).

2.5. RP-UHPLC-ESI-LIT-Orbitrap-MS

Samples (2 uL) were loaded on an ACQUITY UPLC reversed-phase BEH column (Cyg-
phase, ID 1 mm, length 50 mm, particle size 1.7 pm, Waters GmbH, Eschborn, Germany)
under isocratic conditions (95% A + 5% eluent B, 2 min), and separated using a linear
gradient from 5% to 95% eluent B in 10 min using water and acetonitrile (both containing
0.1% o/ tormic acid) as eluents A and B, respectively. The separations were performed
with a Dionex Ultimate 3000 UHPLC System (Thermo Fisher Scientific, Bremen, Germany)
at the flow rate of 400 pL/min and column temperature of 40 °C. The column effluents
were transferred on-line into a hybrid LTQ-Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany), equipped with a heated electrospray ionization (HESI)
source at 300 °C and operated in the negative ion mode. The analysis was performed under
ion spray (IS) voltage of 3.8 kV, with nebulizer and auxiliary gases set to 10 and 5 psig,
respectively. The capillary temperature was set to 325 °C. The spectra were acquired at
the mass to charge ratio (m/z) range of 120-2000 and resolution of 30,000. Tandem mass
spectra were acquired with isolation width of 0.5-2 m/z and collision induced dissociation
mode (30-35% normalized intensity), activation time 10 ms and activation frequency 250.
Spectra evaluation was performed in Xcalibur 2.2 software (Thermo Fisher Scientific).

2.6. Extraction and Isolation

62.58 g roots of LR7 were exhaustively extracted with methanol to give 3.86 g of crude
extract after evaporation of the solvent.

1.5 g crude extract was separated on a silica gel column with an increasing polar
gradient, started with pure chloroform, followed by 2.5%, 5%, 10% and 50% methanolic
chloroform and a final elution with pure methanol (volume of each step: 250 mL). Based
on the TLC profilcs, the fractions were combined into 21 main fractions. Fraction 5, eluted
with 2.5% MeOH, could be identified as 3,3'4'-tri-O-methylellagic acid (16) (12 mg, Rf = 0.92
in CHCl3 /MeOH (3:1, #/v) on SG60). Fraction 18 (252.6 mg) eluted with 50% MeOH was
further separated on a Sephadex LH20 column eluted with MeOH followed by repeated
CC on a reverse phase column (C18) using H,O:MeOH (60:40, v/v) as eluents to give
3,3'4"-tri-O-methylellagic acid 4-sulfate (15} (3.9 mg, Rf = 0.33 in MeOH/H,0 (2:3, v/v)
on RP18) and mixtures of compounds 2, 3 and 4. Final purification was performed by
preparative HPLC. Compound 2 (0.6 mg, Rf = 0.70 in MeOH/H,O (2:3, v/v) on RP18) was
purified using a water (A)/methanol (B) gradient system (0-1.5 min, 20% B; 1.5-14 min,
20-50% B, 14-16 min 50-100% B (isocratic for 8 min)) and a flow rate of 0.8 mL/min at
25 °C, absorbance detection at 210 to 254 nm (Rt = 6.605 min). Compound 3 (3.2 mg,
Rf = 0.15 in MeOH/H,O (2:3, v/v) on RP18) was obtained using the following gradient:
0-18 min, 40% B; 18-20 min, 40-100% B (isocratic for 10 min), and a flow rate of 0.6 mL/min
at 15 °C, absorbance detection at 210 to 254 nm (Rt = 15.41 min).

1.35 g crude extract were partitioned by liquid-liquid-extraction between water and
ethyl acetate. The ethyl acetate phase (419.8 mg) was further separated using a Sephadex
LH20 column eluting with MeOH (h: 37.5 em, d: 2.5 cm). Based on TLC profiles seven main
fractions were combined. Fraction 6 could be identified as ellagic acid (6) (7.5 mg, Rf = 0.08
in HoO/MeOH (3:2, v/v + 1% formic acid) on RP18). Rechromatography of fraction 5
(16.2 mg) on Sephadex LH20 with MeOH (h: 76 cm, d: 2.5 ¢cm) resulted in the isolation of
3,4-di-O-methylellagic acid (13) (4.7 mg, Rf = 0.02 in H;O/MeOH (3:2, v/v + 1% formic
acid) on RP18).

4-(4-Hydroxyphenyl)-2-butanol 2-sulfate (2): white amorphous compound; 'H NMR
(400 MHz, methanol-d4) & 7.03 (d-like, ] = 8.4 Hz, 2H, H-2'/6"), 6.67 (d-like, ] = 8.4 He,
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2H, H-3'/5'), 4.46 (m, 1H, H-2), 2.55-2.70 (m, 2H, H-4), 1.89 (m, 1H, H-3a), 1.75 (m, 1H,
H-3b), 1.33 (d, ] = 6.3 Hz, 3H, H-1). *C NMR (5 determined from cross peaks in H5QC
and *HMBC experiments, methanol-d4) § 156.4* (C-4"), 134.6* (C-1"), 130.3 (C-2'/6’), 116.1
(C-3'/5'), 76.8 (C-2), 40.5 (C-3), 31.8 (C-4), 21.2 (C-1). 2D-NMR see Table 52.; HRESIMS m/z
245.0484 [M-HJ" (calcd for C;oH;350s, 245.0489).

4-(4-Sulfoxy-3-methoxyphenyl)-butan-2-one (3): yellow oily compound; IH NMR
(400 MHz, methanol-d4) & 6.77 (d, ] = 2.0 Hz, 1H, H-2"), 6.68 (d, ] = 8.0 Hz, 1H, H-5"), 6.61
(dd,J=8.0,2.0Hz, 1H, H-6"), 3.82 (s, 3H, 3-OMe), 2.76 (s, 4H, H-3'/4'), 2.11 (s, 3H, H-1).
13C NMR (126 MHz, methanol-d4) § 211.5 (C-2), 149.0 (3"), 145.8 (C-4"), 134.0 (C-1"), 121.7
(C-6"), 116.2 (C-5"), 113.1 (C-2"), 56.4 (3-OMe), 46.3 (C-3), 30.5 (C-4), 30.1 (C-1). 2D-NMR
see Table 53.; HRESIMS m/z 273.0435 [M-H] (calcd for Cy1H 3504 273.0438).

Ellagic acid (6): "H NMR (400 MHz, DMSO-d;) 5 7.46 (s, 2H, H5/H5'), HRESIMS m/z
300.9996 [M-H]  (calcd for C14HzOg 300.9990).

3,4-0-Dimethylellagic acid (13): yellowish amorphous compound, 'H NMR (600 MHz,
DMSO-dg) & 7.53 (s, 1H, H5), 7.09 (s, 1H, H5'), 3.99 (s, 4H, 3-OMe), 3.96 (s, 3H, 4-OMe). 13C
NMR from HMBC (600/150 MHz, DMSO-d;) & 160.22 (C-7), 159.15 (C-7"), 156.46 (C-4"),
152.73 (C-4), 151.92 (C-3°), 141.79 (C-2), 140.04 (C-3), 13451 (C-2), 115.00 (C-1), 114.97
(C-1, 113.09 (C-6"), 112.95 (Co). 105.83 (C-5), 104.63 (C-5"), 60.83 (3-OMe), 56.32 (4-OMe).
2D-NMR see Table 54. HRESIMS m/z 329.0370 [M-H] (calcd for C15H1pOg 329.0303).

3,3'4"-Tri-O-methylellagic acid 4-sulfate (15): white yellowish amorphous compound;
TH NMR (400 MHz, DMSO-d;) § 8.24 (s, 1H, H-5), 7.66 (s, 1H, H-5'), 4.12 (s, 3H, 3-OMe),
4.06 (s, 3H, 3'-OMe), 4.02 (s, 3H, 4'-OMe). '3C NMR (126 MHz, DMSO-d6) & 158.46 (C-7'),
158.31 (C-7), 154.37 (C-4), 147.64 (C-4), 143.32 (C-3), 141.34 (C-3'), 140.89 (C-2"), 140.86
(C-2), 117.61 (C-5), 114.13 (C-17), 112.96 (C-1), 112.83 (C-6"), 111.52 (C-6), 107.50 (C-5'), 61.47
(3-OMe), 61.32 (3’-OMe), 56.75 (4'-OMe). 2D-NMR see Table S5; HRESIMS m/z 423.0024
[M-H]~ (caled for C17H71150q1 423.0028)

3,3’ 4-Tri-O-methylellagic acid (16): white yellowish amorphous compound. TH NMR
(400 MHz, DMSO-d,,) 6 7.61 (s, 1H, H-5"), 7.52 (s, 1H, H-5), 4.06 (s, 3H, 3-OMe), 4.04 (s, 3H,
3'-OMe), 4.00 (s, 3H, 4-OMe); 13C NMR (126 MHz, DMSO-d6) 5 158.44 (C-7"), 158.24 (C-7),
153.62 (C-4'), 152.96 (C-4), 141.37 (C-2'), 140.85 (C-3), 140.67 (C-2), 140.18 (C-3), 113.33
(C-6"),112.39 (C-6), 111.74 (C-1"), 111.67 (C-5), 110.80 (C-1), 107.33 (C-5'), 61.19 (3'-OMe),
60.83 (3-OMe), 56.60 (C-4'). 2D NMR see Table S6; ESI-HRMS m /z 343.0423 [M-H]" (calcd
for C'|7H'] 1 Og 34304:59)

2.7. DNA Extraction, Polymerase Chain Reaction, and Sequencing

Genomic DNA was isolated from leaf samples using the Nucleo S5pin Plant II Kit
(Macherey-Nagel GmbH & Co. KG, Dueren, Germany), with minor modifications, using
buffer PL2 and adding 20 uL. RNAse, 30 pL mercaptoethanol and PVP (2%). The yield of
DNA extraction was measured using a Qubit® 3.0 Fluorometer (Thermo Fischer Scientific,
Waltham, MA, USA) and DNA bands were visualized with SYBR® Safe DNA gel stain
{Thermo Fisher Scientific) on 1% agarose gels (1x TAE buffer solution) using a GenoPlex
VWR® gel documentation system with GenoCapture version 7.12.07.0 (Synoptics Ltd.,
Cambridge, UK). We performed polymerase chain reaction (PCR) of the ITS region, which
comprises the ITS1 spacer, 5.85 rRNA gene, and IT52 spacer using primers 175E_m (5'-
CGGTGAAGTGTTCGGATCG- 3") and 265E_m (5'-CGCTCGCCGTTACTAGGG-3') [45],
with reaction volumes of 25 uL, including 2 pL of genomic DNA, 0.3 uL. of each primer,
0.5 uL BSA, 1uL DMSO and 20.9 pL, and 1 x Dream TaqGreen Master Mix, on a Labcycler
Gradient PCR machine (SensoQuest GmbH, Germany). The initial denaturation step was
set at 95 "C for 2 min, followed by 35 cycles of denaturation at 95 °C for 1 min, primer
annealing at 53 °C for 1 min, extension at 72 °C for 2 min, followed by final extension at
72 °C for 10 min. PCR products were purified using a Nucleo Spin Gel and PCR clean-up
kit (Macherey-Nagel GmbH & Co. KG, Dueren, Germany). The purified DNA samples
were then measured using an Eppendorf Biophotometer to adjust the DNA concentration
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before Sanger sequencing at LGC Genomics GmbH, Berlin, Germany, using the same
primers as mentioned above.

2.8. Phylogenetic Analyses

All sequences were aligned using the MUSCLE algorithm as implemented in Geneious
6.1.8 [46] and corrected by hand. Phylogenetic analyses were done using Maximum
Likelihood (ML) with RAXML [47,48], and Bayesian inference with MrBayes v3.2.7 [49].
We used the GTR + T substitution model in all analyses to ensure comparability between
the Maximum Likelihood and Bayesian analyses. Tn RaxML, we inferred the maximum
likelihood tree with 100 non-parametric bootstrap replicates. In MrBayes, we ran the
inference for 5 million generations (sampling every 5000 generations) with four runs and
four chains each. The appropriateness of sampling (all Effective Sample Sizes (ESS) >200)
was checked in Tracer v1.7.1 [50], before building a majority-rule consensus tree (with
2 million generations excluded as burn-in). In both analyses, Laguncularia racemose (L.)
C.EGaertn. was set as outgroup.

2.9. Anti-infective Bioassays

Crude extracts (50 and 500 ng/mL) were tested in triplicate for antibacterial activity
against the Gram-negative Aliivibrio fischeri and the Gram-positive Bacillus subtilis following
the procedure described by dos Santos et al. [51]. Chloramphenicol (100 uM) was used as
positive control and induced the complete inhibition of bacterial growth. The results are
presented as relative values (% inhibition) in comparison to the negative control (bacterial
growth in medium containing 1% DMSO without test compound = 0% inhibition). Negative
values indicate an increase of bacterial growth, which is common with testing extracts
containing further nutrients by nature.

The anthelmintic bioassay for all extracts (500 ug/mL) was performed in triplicate
according to the method developed by Thomson and coworkers [52] using the model
organism Caenorhabditis elegans (Bristol N2 wild-type strain) that previously was shown to
correlate with anthelmintic activity against parasitic trematodes. The solvent DMSO (2%)
and the standard anthelmintic drug ivermectin (10 ng/mL, 100% dead worms after 30 min
incubation) were used as negative and positive controls, respectively. The number of dead
and living nematodes in each sample was counted using the microscope Olympus CKX41.
Results are given as percentage of dead worms.

The cytotoxic activity of selected samples (LL3, LL11, LR5, LR15) was evaluated at
the concentrations of 0.05 and 50 mg/mL against the human prostate cancer cell line PC3
and the colon adenocarcinoma cell line HT-29 by determining cell viability in MTT and CV
assays as described previously [51]. Digitonin (125 g/mL) was used as positive control.
The results are given as percentage of control values without treatment (=100%).

3. Results and Discussion
3.1. Phytochemcial Analyses

The metabolite profiles of roots from 12 accessions of Lumnifzera litforea and 19 acces-
sions of L. racemosa collected across Indonesia were investigated by TLC (Figure 1) and
liquid chromatography, coupled on-line to mass spectrometry (LC-MS) or tandem mass
spectrometry (LC-MS/MS). For structure verification, selected compounds were isolated
and investigated by nuclear magnetic resonance spectroscopy (NMR).
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L. littorea L. racemosa

Figure 1. TLC profiles of root extracts from Lumnitzera littorea and L. racemosa showing the occurrence of dimethylellagic
acid sulfate (9), 3,4-dimethylellagic acid (13), 3,3’ 4’-trimethylellagic acid 4-sulfate (15) and 3,3’ ,4’-trimethylellagic acid
(16): (A) Detection of bands at 366 nm (fluorescence), (B) Detection of bands at 254 nm (fluorescence quench). The red box
highlights the samples LR1, LR2, LR3, LR4 and LR8 forming “Clade 2” in the phylogenetic analysis (Figure 4).

Quadrupole-time of flight mass spectrometry (QqTOF-MS) allowed annotation of
21 individual metabolites in the total ion current chromatograms (TICs) of L. littorea (LL11)
and L. racemosa (LR15) root extracts (Table 2, Figure 2). The majority of the analytes
could be detected in both species, while compound 17 could only be found in L. [ittorea,
and constituents 7 and 10 are predominantly occurring in L. racemosa (Figure 2). These
compounds were successfully cross-annotated in the root extracts obtained from other
accessions by ultra-high-performance liquid chromatography — quadrupole mass spec-
trometry (RP-UHPLC-Q-MS) with detection in UV and visible (UV-VIS) spectra (Table S1,
Figure S2).
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Figure 2. Overlay of the total ion chromatograms (TICs), acquired for the methanolic extracts obtained from Lumnitzera
fittorea (red, LL11) and L. racemosa (blue, LR15) roots (A} and tandem mass spectrum, acquired for the m/z 423.0 correspond-
ing to 3,3 4"-tri-O-methylellagic acid 4-sulfate (15} (B). The insert in A represent the chromatogram section in the tg range
3.0-6.8 min. The individual annotated metabolites are numbered with rising retention time according to Table 2.

The major metabolites detected in samples from both species were ellagic acid deriva-
tives (Figures 1-3, Table 2), mostly O-methylated at different positions. Commonly, ellagic
acid derivatives, including ellagitannins, are widespread in Combretaceae: Ellagic acid
and several methylated derivatives were previously detected in leaves and twigs of L. race-
mitosi [26,30] and in related species such as, e.g., in Terminalin species which are widely used
in traditional medicine [53], in Pteleopsis hylodendron Mildbr. [54] and in Combretuns alfredii
Hance [55]. In our samples, the broad bands in TLCs along with multiple signals in specific
extracted ion chromatograms (XICs) acquired in RP-UHPLC-QqTOF-MS experiments, indi-
cate the presence of several positional isomers, i.e., compounds characterized by the same
molecular weight, but featured with different substitution patterns. Such O-methylated
species can be assigned by characteristic losses of 15 u, accompanying formation of an odd
[M-H-15]" ion [53]. The corresponding signals are characteristic for methyl substitution
both in cyclic [56] and aromatic (often in combination with a carbonyl loss) systems [57].
High intensities of such signals in tandem mass spectra of phenolic compounds typically
indicate methylation as part of a methoxy group (OCHj3) [58].

41



Chapter 2

Separations 2021, 8, 82

13 of 21

HO

= 2x H, 1x Me, 1x SO3H

9 R=1xH, 2x Me, 1x SOzH
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Figure 3. Ellagic acid derivatives and phenylbutanoides detected in root samples from Lummnitzera litforea and L. racenosa.

The location of methyl and sulfate residues in compounds 7, 9 and 14 is not determined. Compound numbers refer to peak

numbers shown in Figure 2/Table 1.

Surprisingly, most of the O-methylated ellagic acid derivatives contain a sulfate moiety
(Figure 3). This moiety can be easily identified by a characteristic loss of 80 u from the
deprotonated ions, corresponding to the cleavage of sulfur trioxide (SO3) under CID con-
ditions resulting in the formation of characteristic [M—H—-503]~ fragments (for example
m/z 315.0140 and 329.0296 for 7 and 9, respectively, Table 2, Supplementary Figure 51).
This neutral loss is well-known for sulfated phenolic compounds [59] which not only
occur naturally in plants (reviewed by Correira de Silva and co-workers [60]), and marine
organism [61,62] but are also quite typical as an important group of polyphenol metabolites
dedicated for kidney-clearance from human plasma [63]. In addition to the characteristic
loss of 80 u, the tandem mass spectra of sulfated compounds tfeature diagnostic signals
in the low m/z range, which can be attributed to 5037 (m/z 79.9567) and H504™ (m/z
96.9594) (Table 2 and Supplementary Figure 51). However, to the best of our knowledge,
sulfated ellagic acid derivatives were not reported in mangrove species before.

Remarkably, further sulfur containing compounds could be detected (compounds 1-5,
8,11, 18-21, Table 1, Figure S1). In compounds 20 and 21 the sulfur appears to be integrated
in another form than as sulfate, based on the molecular formula and the MS/MS spectra.
However, the exact structures of these compounds could not be assigned based on the ac-
quired SWATH tandem mass spectra. Compounds 8 (m/z 487.0179) and 10 (m/z 551.1027)
share common fragments with ellagic acid (6) and trimethylellagic acid (16), respectively,
suggesting a structural relationship. Indeed, the mass difference of 208 u between 10 and
16 is, most likely, due to moieties localized outside the aromatic core. Its elemental composi-
tion (C7H;207) might indicate a probable presence of a sugar acid (hexahydroxyheptanoic
acid) or a substituted sugar in the structure (Supplementary Figure S1-11).

The most prominent compound 15 present in both species was isolated and identified
as 3,3",4'-tri-O-methylellagic acid 4-sulfate by 1D and 2D NMR measurements (Table S5)
and comparison to published data [64]. Compound 16 (Table S6) was verified as the
corresponding 3,3",4-tri-O-methylellagic acid without sulfation [65]. During separation,
the sulfation of this compound is reflected in a clear enhancement of polarity visible by
lower Rf value on normal phase TLC (Figure 1) and reduced retention time on reversed
phase column (Figure 2). 1D and 2D NMR allowed the elucidation of compound 13 as
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3,4-di-O-methylellagic acid (Table 54). The substitution pattern was established by HMBC
correlations and a ROESY correlation between 4-OMe and H-5. According to its chro-
matographic behavior compound 9 can be assigned as the derived sulfate. Compound 6
was verified as ellagic acid by "TH NMR and comparison of MS data to a reference stan-
dard. Furthermore, we could obtain several sulfated phenylbutane derivatives including
4-(4-hydroxyphenyl)-2-butanol 2-sulfate (2, Table 52) previously isolated from roots of
Rheum maximowiczii [66]. The downfield shift of H-2 and C-2 compared to the aglycon
indicates sulfation at this position. However, due to the low amount of isolated compound
we could not determine the configuration at C-2. Compound 3 was identified as the
previously undescribed 4-(4-sulfoxy-3-methoxy phenyl)-butan-2-one (zingerone sulfate).
NMR data (Table S3) are in good agreement with data published for the basic skeleton
4-(4-hydroxy- 3-methoxyphenyl)-butan-2-one [67]. Compound 4 represents according to
the MS fragmentation pattern most likely the corresponding zingerol sulfate.

Sulfated phenolics are rare natural preducts in plants and were not described before
for Combretaceae. There are only a few reports about the occurrence of sulfated ellagic
acid derivatives in plants, e.g., 3-O-methylellagic acid 4-sulfate and 3,3’-di—O-mcthylcllagic
acid 4-sulfate were detected previously in Jaboticaba wood from Myrciaria cauliffora (Mart.)
O. Berg (Myrtaceae) [68]. The first compound was found to exhibit antioxidant and anti-
inflammatory activities in cigarette smoke extract-exposed small airway epithelial cells
and may be useful for the treatment of COPD [68]. The major metabolite 3,3',4"-tri-O-
methylellagic acid 4-sulfate (15) found in this study in most of the Lummitzern samples was
reported to occur in rhizomes of Geum rivale L, [64] and roots of Potentilla candidans Humb.
& Bonpl. Ex Nestl. [69], both members of the Rosaceae family.

So far, the biological function of sulfated secondary phenolics in plants is unknown.
The presence of a sulfate moiety enhances the water solubility of compounds and increases
ion strength in the containing tissue. The accumulation of sulfates may be organ-specific.
In case of the investigated Lummnitzera species, they are found in the roots, which normally
are in contact with sea water, while they were not reported from studies on leaves and
twigs [26,29-31]. In this study, both species showed similar patterns of sulfated metabolites
despite L. littorea is predominantly occurring at well-drained sites with less salinity, and
typically growing as a tree, while L. racerosa is more resistant to saline conditions and
occurs at the margin of bare salt pans [70] often growing as a shrub. It was postulated
before that the occurrence of sulfated flavonoids in plants is an ecological trait rather than
a systematic feature [64,71] and that these compounds might play a role in adaptation to
water-stress in salty soils. Furthermore, natural products with a sulfated scaffold have
emerged as antifouling agents with low or nontoxic effects to the environment [72] Thus, a
similar function can be assumed for the detected sulfated compounds in Lumnitzera roots.

In general, marine organisms contain a significant number of phenoclic metabolites
which occur in sulfated form [61,62,73]. Given the high concentration of sulfate in sea
water, mangrove soils contain high levels of sulfate and thus, sulfate is easily available
for plants. Sulfate-reducing bacteria influence iron, phosphorus and sulfur availability in
anoxic mangrove sediments and mangrove species zonation across the intertidal zone [74].
Anaerobic sulfate reducing microbial communities are involved in sulfur cycling in these
soils and in the decomposition of mangrove-derived soil organic matter [8,75].

3.2. Phylogenetic Analyses

The variation of the metabolite pattern across different populations could be supported
by molecular phylogenetic evidence. As Bayesian and ML analyses yielded topologically
identical trees, we here only show the results from the Bayesian analysis (with support
values from both; Figure 4).
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Figure 4. Bayesian majority-rule consensus tree based on the ITS tDNA region of Lummnifzera littorea
and L. racemmosa samples collected from various locations in Indonesia. Numbers above branches
show Bayesian posterior probability values and corresponding bootstrap support values from the
maximum likelihood analysis. Grey: highly supported clade, forming a different chemotype.

Both species form well-supported monophyletic groups. Notably, within L. racemosa,
samples from populations LR1, LR2, LR3, LR4 and LR8 form a well-supported clade
(Clade 2, Figure 4), which is characterized by sharing the same TLC and mass spectrometry
metabolic profile, thus suggesting a different chemotype. These samples completely lacked
sulfated and nonsulfated trimethylellagic acids, but were dominated by dimethylellagic
acid and its sulfate. In contrast, the phylogenetic tree does not show a geographical pattern,
at least not on the level where we have appropriate resolution. In order to confirm these
results, we sequenced a second individual from each of these specific populations, except
for LR2 (for which only one plant had been found at the location). On the one hand,
the infraspecific, interpopulational variation in metabolic profiles calls for caution when
selecting cultivated mangrove plants for the purpose of metabolic profiling for medicinal
purposes (compare to [76]). On the other hand, the nuclear ITS region seems to constitute a
useful guide for selecting individuals for cultivation, at least for Lummitzera and some other
mangrove plant species (this study, and [76]).

3.3. Evaluation of Anti-Infective Properties

To evaluate the anti-infective potential of the Lumnitzera root extracts, the antibacterial
and anthelmintic activities were determined using nonpathogenic model organism as test
systems. The samples from different locations varied significantly in their antibacterial
activities (Figure 5).
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Figure 5. Antibacterial activity of Lummitzera littorea and L. racemosa extracts against (A) Gram-
positive Bacillus subfilis and (B) Gram-negative Aliivibrio fischeri. Chloramphenicol (100 uM) was
used as positive control and induced the complete inhibition of bacterial growth. Negative values
indicate growth enhancement.

Only two extracts (LL8 and LR7) completely inhibited the growth of the Gram-positive
Bacillus subtilis at 500 pg /mL after 16 h (Figure 5A). The activity against Gram-negative bac-
teria showed a different pattern (Figure 5B). Here, samples LL3, LL12 and LR19 completely
inhibited the growth of the test organism Alliwibrio fischeri at a concentration of 500 pg/mL
after 24 h, LL8 and LR9 induced 71% and 81% inhibition, respectively. Especially the
extract LR19 exhibited a noteworthy antibacterial potential against the Gram-negative test
organism since it induced 100% growth inhibition already at the lower test concentration of
50 pg/mL. At this point, the assignment of the antibacterial properties to a certain (group
of) constituents is not possible. The selective antibacterial activity of different accessions of
only a few samples of the same plant species suggests, however, that the effects might be
connected to associated microorganisms rather than intrinsic plant-produced metabolites.

None of the Lumnitzera crude extracts showed anthelmintic activity against the ne-
matode Caenorhabditis elegans (Figure S3). This is in contrast to studies on mangrove plant
species from other families. For example, anthelmintic activity was found for leaf and stem
extracts of Acanthus ilicifolius L. (Acanthaceae) [77,78].

Two samples from each species (LL3, LL11, LR5, LR15) were exemplarily tested for
their cytotoxic activity against the human prostate cancer cell line PC3 and the colon
adenocarcinoma cell line HT-29. The investigated samples did not influence the viability
of the cancer cell lines at a concentration of 0.05 pg/mL, however, completely inhibited
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the cell growth at a concentration of 50 jig/mL indicating a moderate cytotoxic potential
(Figure 54).

Ellagic acid is known to possess a wide range of biological activities based on its
antioxidant and chemopreventive potential including antimicrobial, anti-inflammatory,
neuroprotective, antihepatotoxic, anticholestatic, antifibrogenic, anticarcinogenic, cytotoxic,
and antiviral effects [79,80]. Several of these multiple activities may, however, be related
to general tanning properties of polyphenolics, rather than being specific effects [81,82].
Furthermore, ellagic acid and related compounds are potent Aldose reductase inhibitors
that could play an important role in the management of diabetic complications [69]. Methy-
lation often reduces these effects whereas the introduction of a sulfate group increases the
inhibitory activity [69], but reduces membran permeability. In contrast, the only moderate
cytotoxicity of ellagic acid against cancer cell lines is further decreased by the presence
of a sulfate moiety [64]. The potassium salts of 3,3"-dimethylellagic acid 4-sulfate and
3,34 -trimethylellagic acid 4-sulfate were also found to exhibit moderate antimicrobial
potential against Gram-positive Bacillus subtilis and Staphylococcus aureus with MIC values
in the range of 22.5-50.8 pg/mL [83]. These compounds were, however, not effective
against Gram-negative Escherichia coli. [83].

In our investigations the antibacterial activity is likely not directly connected to the
sulfated ellagic acid derivatives or the other sulfated metabolites. These metabolites oc-
cur across all samples, but the antibacterial effects are limited to samples from particular
locations (Figure 5). Nevertheless, Lummnitzera roots are a promising source for pharmaco-
logically interesting sulfated ellagic acid derivatives and further sulfated plant metabolites.

4. Conclusions

In our study, a series of unusual sulfated constituents was characterized in root
samples from the mangrove species Lumnitzera littoreq and L. racemosa (Combretaceae).
Thus, most of the methylated ellagic acid derivatives isolated from both species possess
a sulfate moiety. However, L. racemosa samples from North Sumatra (LR1), Aceh (LR2,
LR3), East Kalimantan (LR4), and Maluku (LR8), completely lack sulfated and non-sulfated
trimethylellagic acid, but instead are dominated by dimethylellagic acid and its sulfate.
This phytochemical pattern is corroberated by phylogenetic data, where these specific
samples form a well-supported clade in the ITS tree. Interestingly, the occurrence of
antimicrobial activity and sulfated ellagic acid derivatives are not connected. Although the
ellagic acid derivatives are present within all samples, the antibacterial effects are limited
to samples from particular locations in Indonesia, suggesting that other compounds from
the plant or root-associated microorganisms might be responsible. The moderate cytotoxic
effect, in contrast, can be attributed to the occurrence of the ellagic acid derivatives. In
summary, Lumnitzera roots represent a potentially promising source for sulfated ellagic
acid derivatives and further sulfur containing plant metabolites.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/

chromatograms of root extracts from L. littorea (LL1-LL12) and L. racemosa (LR1-LR19), Figure 53:
Anthelmintic activity of root extracts from Lummnitzera littorea (LL1-LL12) and L. racemosa (LR1-LR19),
Figure 54: Cytotoxic activity of root extracts from L. fittorea (LL3, LL11) and L. racemeosa (LR5, LR15)
against PC3 and HT29 cells, Figure S5: NMR and MS spectra of compound 2, Figure S6: NMR and
MS spectra of compound 3, Figure S7: NMR and MS spectra of compound 6, Figure 58: NMR and
MS spectra of compound 13, Figure 59: NMR and MS spectra of compound 15, Figure 510: NMR and
MS spectra of compound 16, Table S1: Peak areas (TIC) of main compounds detected in root extracts
of L. litterea (LL1-LL12) and L. racemosa (LR1-LR19), Table 52: 2D NMR data of compound 2, Table 53:
2D NMR data of compound 3, Table 54: 2D NMR data of compound 13, Table S5: 2D NMR data of
compound 15, Table 56: 2D NMR data of compound 16.
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Abstract

The previously undescribed natural product lumnitzeralactone (1), which represents a derivative of ellagic
acid, was isolated from the anti-bacterial extract of the Indonesian mangrove species Lumnitzera racemosa
Willd. The structure of lumnitzeralactone (1), a proton-deficient and highly challenging condensed aromatic
ring system, was unambiguously elucidated by extensive spectroscopic analyses involving high-resolution
mass spectrometry (HRMS), 1D 'H and "*C nuclear magnetic resonance spectroscopy (NMR), and 2D
NMR (including 1,1-ADEQUATE and 1,n-ADEQUATE). Determination of the structure was supported
by computer-assisted structure elucidation (CASE system applying ACD-SE), density functional theory
(DFT) calculations, and a two-step chemical synthesis. Possible biosynthetic pathways involving
mangrove-associated fungi have been suggested.
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Abstract: The previously undescribed natural product lumnitzeralactone (1), which represents
a derivative of ellagic acid, was isolated from the anti-bacterial extract of the Indonesian man-
grove species Lumnitzera racemosa Willd. The structure of lumnitzeralactone (1), a proton-deficient
and highly challenging condensed aromatic ring system, was unambiguously elucidated by exten-
sive spectroscopic analyses involving high-resolution mass spectrometry (HRMS), 1D 'H and 3C
nuclear magnetic resonance spectroscopy (NMR), and 2D NMR (including 1,1-ADEQUATE and
1n-ADEQUATE). Determination of the structure was supported by computer-assisted structure
elucidation (CASE system applying ACD-SE), density functional theory (DFT) calculations, and a
two-step chemical synthesis. Possible biosynthetic pathways involving mangrove-associated fungi
have been suggested.

Keywords: Lumnitzera racemosa; lumnitzeralactone; isolation; synthesis; structure elucidation; ellagic
acid; anti-bacterial; NMR; *C-'"H ADEQUATE

1. Introduction

Mangroves are salt-tolerant plants, growing as shrubs or trees along coastlines at
tropical and subtropical latitudes [1,2]. Together with associated microbes, fungi, other
plants, and animals, they form a mangrove forest community also called mangal [2]. Alto-
gether, about 75 true mangrove species from 11 families are recognized [3-5]. Lumnitzera
racemosa Willd. belongs to the mostly (sub)tropical family Combretaceae. The species
is widely distributed from the shores of East Africa to the Indo-West Pacific [6], as well
as in the Malay Archipelago [2]. Its extracts are well known in traditional medicine,
being used, among other applications, for the treatment of snake bites, rheumatism,
skin allergies, asthma, and diabetes mellitus and as a blood purifier [2,7-10]. The fruits
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and juice of young twigs, as well as sap of older bark, are used for treating skin dis-
orders, herpes, pruritus, and thrush arising from fungal infections [6,11-13]. Biolog-
ical activities of L. racemosa extracts and constituents were intensively studied. Anti-
bacterial [6,14-16], anti-coagulant [17], anti-inflammatory [18], anti-cancer [17,19,20], anti-
angiogenic [18], anti-oxidative [17,20], hepatoprotective [21,22], anti-hypertensive [23],
anti-hyperglycemic [24], and anti-viral effects [16,25-27] have been described so far. The
reported major classes of secondary metabolites present in L. racemosa extracts comprise
tannins [17,20,23], flavonoids [10,17,18,20,22], phenols [17,18,20,21], alkaloids [21], and ter-
penes [6,17,20,21]. Gallic acid and its derivatives—soluble tannins and related compounds
such as ellagic acid (EA) or 3,3’ 4-tri-O-methylellagic acid (TMEA)—were found as one of
the possible biologically active classes of compounds [1,6,8,18,22]. These compounds are
common for the Combretaceae family in general and for L. racemosa in particular. Recently,
triterpene acids were identified as anti-bacterial compounds in Combretaceae [28], and
their effect against Staphyllococcus aureus was proposed to be a result of synergism with
epicatechin [28]. However, not all bioactive compounds of mangroves originate from
the plant itself, with many produced by associated microorganisms [6,29-31], including
various fungal endophytes. While the same fungal species have been found on different
host plant species, multiple samples of the same mangrove species do not necessarily bear
the same microorganisms [32,33]. It is likely that differences in the diversity of associated
microorganisms are due to species composition and environmental conditions, such as
precipitation, frequency of tidal flooding, salinity, freshwater flow, soil types, and hours of
radiation at the place of occurrence, as cases of no strict host specificity are known [32].

Recently, in our comprehensive metabolomics survey, we characterized the patterns of
ellagic acid derivatives in the root extracts of L. racemosa [8]. In the present study, we report
the isolation, structure elucidation, and chemical synthesis of the previously undescribed
ellagic acid derivative lumnitzeralactone (1) from L. racemosa. In addition, anti-bacterial
activity was studied and putative biosynthetic pathways involving fungal participation
are discussed.

2. Results and Discussion
2.1. Isolation and Identification of Compound 1

During our previous LC-MS investigation of 31 extracts from air-dried root samples of
the Indonesian mangroves L. raceniosa and L. littorea, a series of interesting new sulfated
natural products as well as unusual EA derivatives were identified and subsequently
isolated [8]. The extracts from mangroves from different locations varied significantly in
their anti-bacterial activity. Remarkably, only two extracts obtained from locations close to
each other (the Maluku islands Ternate and Halmahera) completely inhibited the growth
of the Gram-positive bacterium Bacillus subtilis when applied at 500 pg/mL [8,34], which
could indicate a connection between the locations of the plants and their anti-bacterial
activity. This activity correlated with the occurrence of a signal at m/z 289 [M — H]~ (peak
1 in the chromatogram in Figure 1A) in the LC-MS profiles, which could be exclusively
observed in the two active extracts. High-resolution mass spectrometry (HRMS) indicated
the molecular formula Cy3HgOg for 1, based on the [M — H] ™ ion at m/z 289.0002 calculated
for C13H505~ to be 288.9990 with a mass tolerance of 4.2 ppm (Figure S5). Thus, as can
be seen from the mass difference of 12 amu, 1 has one carbon atom less than EA (2). This
elemental composition corresponds to only one known natural product, phelligridin |
(4) (3-carboxyl-8,9-dihydroxypyrano|[4,3-c]lisochromen-4-one) (Figure 2), isolated from the
Chinese medicinal fungus Phellinus igniarius [35]. However, the MS? investigations of 1
revealed a fragmentation behavior similar to 2, suggesting a close structural relationship be-
tween these two compounds (Figure 1B). Indeed, the fragmentation of 1 and 2 followed the
pathways characteristic for phenolic compounds, as was recently described by Schmidt [36].
These pathways, accompanied with multiple losses of CO and CO; and the formation
of odd-electron O-centered radical ion intermediates, provide a good explanation for the
observed patterns.
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Figure 1. (A) Total ion chromatogram (TIC) acquired for the anti-bacterial L. racemosa sample LR7
along with the corresponding extracted ion chromatograms of m/z 289.0 + 0.5 (1) and 301.0 + 0.5 (2).
Peak 3 represents 3,3’,4'-tri-O-methylellagic acid (3). (B) Suggested tandem mass spectrometric
fragmentation (MS/MS) patterns of 1and 2. Fragments specific for EA are marked blue and fragments
common for both compounds are in black.

Figure 2. Structures of lumnitzeralactone (1), ellagic acid (EA, 2), 3,3’ 4/-tri-O-methylellagic acid
(TMEA, 3), and phelligridin J (4).

EA (2) is a ubiquitous secondary metabolite in plants particularly found in the Com-
bretaceae family and quite characteristic of the genus Lumnitzera. The difference of

55



Chapter 3

Mar. Drugs 2023, 21, 242

40f18

12 amu, observed between 1 and 2, implies the potential occurrence of either a five-
membered ring in 1, instead of a six-membered ring in 2, or a rearranged structure with
the formal elimination of a (quarternary) carbon atom. To allow for unequivocal structure
elucidation by NMR data, the compound had to be isolated.

An initial isolation approach under non-acidic conditions yielded 2.5 mg of 1, which
was only slightly soluble in methanol. Although initial preliminary NMR data could be
obtained (Table S1), the amount was insufficient for further structure elucidation by 2D
NMR. From the small amount of the remaining dried roots (15.06 g), an additional 14.6 mg
of 1 was obtained. Acidification of the aqueous phase during liquid-liquid extraction of
the crude extract with ethyl acetate allowed for extraction of the yellow-colored compound
into the organic phase. Subsequently, 1 was purified by repeated column chromatography
on Sephadex LH20 and reversed-phase 2 material (RP2), followed by semi-preparative
RP-HPLC.

2.2. Structure Elucidation

Compound 1 was obtained as a yellow amorphous solid. Over time and through
repeated dissolving and drying, the substance turned red and became less soluble in
methanol. The bathochromic shift was reversible, and the color change could be repeated
on a TLC plate (Figure 51). Under NHj3 vapor, the color of the yellow spot of 1 immediately
changed to red and then back to bright yellow when treated with HCI vapor. By spraying
the plate with a solution of magnesium acetate in methanol, the red color could be fixed
due to the formation of the corresponding phenolate ions (Mechanism: Scheme 51) [37].
This effect is known as the Borntriger reaction. The decreased solubility in methanol, also
observed during the first extraction under neutral conditions, might result from stable salts
formed by the phenolate ions, which strongly enhances the polarity of the molecule. The
observed halochromism, namely the color change through salt formation by charge change
of a molecule, is a result of an extensive electron delocalization due to the participation of
the free electrons of the negative-charged oxygen of the phenolate. This is a strong hint
for the presence of phenolic hydroxyl groups in 1, which was not unexpected for an EA
derivative. In agreement with data from the literature [37-39], the presence of a benzene
ring, conjugated carbonyl groups, and phenolic hydroxyl groups can be assumed based
on the presence of the maxima at 232 (4.10), 290 (3.95), and 407 (3.96) nm in the UV-Vis
absorption spectra of 1 (Figure S9-1).

The 'H NMR spectrum of 1, recorded in CD;0D, revealed three proton signals at 5y
6.87 (d, 9 Hz), 7.59 (s), and 8.46 (d, 9 Hz) (Figure S2-1, Table S1-1), two of which (51 6.87 and
8.46) are ortho-coupled, which was supported by the correlation observed in the COSY and
TOCSY spectra (Figures 52-2 and S2-3). This is not compatible with a structure similar to 2,
which would show only two aromatic singlets. Usually, the coupling constant for protons
of the benzene ring in the ortho position is in the range of 7.6-8.5 Hz [40,41]. Nevertheless,
larger coupling constants are known. For example, urolithin M5, a degradation product
of 2 detected in extracts from Elaecocarpus tonkinensis and also formed in humans after
ingestion of 2 [42], showed a coupling constant of 9 Hz, which was the same as what was
observed in 1.

The 'H NMR spectrum of 1, recorded in DMSO-d6 (Table 1, Figure S2-7), shows two
additional signals attributable to phenolic hydroxyl protons (8¢ 9.56, brs, 10.62, brs). The
13C NMR spectrum of 1, recorded in DMSQO-dé (Table 1, Figure 52-8), revealed 13 carbon
signals, which is in agreement with the molecular formula. Three carboxyl or lactone
carbon signals at 8¢ 160.0, 158.3, and 158.2 were visible, as well as ten more carbons, seven
of which were non-protonated, including two oxygen-bearing carbons at 8¢ 132.7 and 150.8.
The three protonated sp? carbons were assigned by HSQC for 8¢ 113.2, 117.9, and 107.3.
Surprisingly, the 13C NMR (CD;0D) of 1, isolated under non-acidic conditions, showed
only 11 of the expected 13 carbon signals (Figure 52-4, Table S1-2). Nevertheless, the two
missing signals (C-3 and C-11) could be determined by HMBC correlations (Figure 52-6).
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The higher chemical shift values of these signals indicated the presence of a salt instead of
the free acid.

Table 1. 13C (100 MHz) and "H NMR (400 MHz) data of 1 and synthesized 1b and 5.

Lumnitzeralactone (1)

Synthetic Lumnitzeralactone (1b) Synthetic Intermediate (5)

Position 5c, Type 8y, m (J in Hz) 5c, Type Sy, m (] in Hz) 5¢, Type® Sy, m (] in Hz) ?
DMSO-d6 DMSO-dé DMSO-d6 DMSO-deé THF-d8 THF-d8
1 158.2, C 158.3, C 158.8, C
3 145.8, C 146.2, C 147.6,C
4 107.3, CH 7.49,s 107.2, CH 7.48,s 107.4, CH 7.54, s
da 125.1,C 125.1,C 1249, C
5 158.3, C 158.3,C 158.4,
6a 142.8, C 142.8,C 144.2,C
7 132.7,C 132.7,C 135.2,C
8 150.8, C 150.7, C 1495, C
9 113.2, CH 6.95,d (9.0) 113.2,CH 6.94, d (9.0) 1159, CH 7.21, s
10 117.9,CH 8.33,d (9.0) 117.8, CH 8.33,d (9.0) 1274, C
10a 108.1,C 108.1,C 107.2,C
10b 127.9,C 127.8,C 1308, C
11 160.0, C 160.1, C 1604, C
12 167.8,C
7-OH 9.56, brs 9.56, brs 9.48, brs
8-OH 10.62, brs 10.59, brs 9.34, brs

# NMR data in accordance with the study conducted by Tokutomi et al. [40].

Based on the acquired data set, it seemed highly probable that the structure of 1
contains three protonated sp2 carbons (two of which are ortho-coupled aromatic protons),
one carboxyl group, and two phenolic hydroxyl groups. Thus, a condensed system of three
rings, including two lactones, was most likely, i.e., a structure representing a regioisomer of
phelligridin J (4) [35]. Since 1 contains only few protons, COSY and HMBC correlations
were not sufficient to elucidate its complete structure.

Derivatization of the molecule to incorporate additional protons (e.g., by methyla-
tion of the hydroxyl groups and formation of a methyl ester of the carboxyl group) was
not performed to avoid wasting the compound without obtaining decisive information.
Consequently, non-destructive methods were preferred. All attempts for crystallization, as
described for molecules with related structural elements [40,42,43], did not lead to crystals
suitable for X-ray analysis. Thus, further elucidation strategies relied on more unusual 2D
NMR experiments, such as ?C-13C-INADEQUATE, 1,1-ADEQUATE, and 1,n-ADEQUATE,
that require very high-field NMR instruments. BCI3C.INADEQUATE provides correla-
tions for each carbon atom with the adjacent carbon atoms through e coupling. For
molecules with a natural 13C abundance, the sensitivity of this 2D NMR experiment is
very low due to the 1Bc3¢ spin coupling ratio of just 0.012%. Therefore, a high sample
concentration or '3C enrichment is recommended [44]. Because these requirements could
not be met, *C-13C-INADEQUATE experiments with a measurement time of 3 days did
not provide a spectrum that showed visible correlations. Therefore, the 1,1-ADEQUATE
experiment was performed, which shows pseudo Jcy correlations which can be used to
assign the neighboring carbon atoms of proton-bearing carbons in the carbon skeleton [45].
The 1,1-ADEQUATE correlations from H-9 to C-8 and C-10 and from H-10 to C-9 and C-10a
allowed for the assignment of C-8 at 6c 150.8 and the aromatic carbon C-10a (5¢ 108.1)
(Figure 52-12). Correlations from H-4 lead to the assignment of the neighboring carbons
C-4a (5c 125.1) and C-3 (8¢ 145.8) (Figure 3).
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/™ 1.1-ADEQUATE

(Y 1,n-ADEQUATE

Figure 3. Crucial 2D HMBC (red: due to a large number of correlations, they are shown on two formulae),
1,1 ADEQUATE (black), and 1,n-ADEQUATE (blue) NMR correlations for lumnitzeralactone (1).

The 1,n-ADEQUATE experiment provides information about the long-range
carbon—carbon connectivity under natural abundance conditions [46], primarily via pseudo
4Ten (Jen + 3Jec) correlations and occasional observations of *Jey (YJen + 2lec)
correlations [47,48]. Compared to the usual INADEQUATE experiment, sensitivity can
be increased up to a factor of 64, making this approach applicable to smaller amounts of
sample material [49]. In addition to the most common 3¢ and occasional 2Jc¢ correlations,
2D 1,n-ADEQUATE also displays cc correlations [48,50] similar to those observed in
the 1,1-ADEQUATE spectrum. The inversion of e correlations [48,50] that leak into
the 1,n-ADEQUATE spectrum would facilitate unambiguous discrimination between Yee
correlations (blue contours, Figure 52-11) and "Jcc correlations (red contours, Figure S2-11).
Thus, 1,n-ADEQUATE can be used to obtain both 'Jcc and "Jcc correlations in a single
experiment. However, it should be noted that 1,n-ADEQUATE is less sensitive compared
to 1,1-ADEQUATE.

The combined evaluation of HMBC 3J¢py and long-range 1,n-ADEQUATE 4Jcy corre-
lations from H-9 and H-10 to C-6a (8¢ 142.8) and C-7 (8¢ 132.7) leads to their assignment
(Figures 3 and S2-11). C-10b is a special case because this carbon exhibited HMBC corre-
lations to all three protons (H-4, H-9, and H-10). H-10 and H-4 both show strong HMBC
correlations to C-10b, indicating 3Jcy correlations. Although H-9 only shows a weak
HMBC correlation to C-10b, the observed 1,n-ADEQUATE correlation suggested its *Jcy
coupling. The assignment of the three COOR carbons was more complicated. The cor-
relation observed in 1,n-ADEQUATE from H-4 to the carbon at 5¢ 160.0 (C-11) is a 3Jcy
correlation, which was further supported by a strong HMBC correlation. The '3C spectrum
of 1, obtained in DMSO-d6, displayed two unresolved carbonyl carbons at §¢ 158.2 and
158.3. Thus, the correlation from H-4 to the two carbons at 8¢ ~158 in 1,n-ADEQUATE
could either be a 3] (H4-C5) or 4] (H4-C1) correlation, yet it is impossible to distinguish
them. While the carbon signals at 6c 158.2 and 158.3 could belong to C-1 or C-5 under the
discussed conditions, both signals were better resolved in CD30D (Tables S1-2 and S1-3).
Here, the strong HMBC correlations of H-4 were interpreted as 3Jcn, which allowed for the
assignment of C5.

To localize the hydroxyl groups, a low-temperature HMBC experiment was accomplished
in CD30H at —20 °C (Figure S2-13) analogous to the strategy used by Vemulapalli et al., which
was successfully applied to elucidate the structure of phenanthroperylene quinone pig-

58



Kappen et al., Marine Drugs 2023, 21, 242

Mar. Drugs 2023, 21, 242

7of18

ments [51]. In this special NMR solvent and condition, the hydroxyl group of methanol is
not deuterated. Consequently, the hydroxyl protons of the compound cannot be exchanged
with a deuterium and remain visible as sharp signals. The hydroxyl proton at 531 10.62 (brs)
shows correlations to C-7, C-8, and C-9, locating its position at C-8; another hydroxyl proton
(81 9.56, brs) did not show any correlations. This could be caused by low signal-to-noise
ratios observed in the 2D NMR spectra, low sample concentration, or hardware limita-
tions such as low observation frequencies or poorly performing probe technologies [52].
However, the location of the second hydroxyl group could be indirectly assigned to C-7 by
HMBC correlations from H-9 and H-10 to C-7. An overview of all recorded HMBC spectra
is shown in Table S1-3 and Figure S2. By combining all the obtained data, the structure of 1
was identified as 7,8-dihydroxy-1,5-dioxo-1,5-dihydropyrano[4,3-c]Jchromene-3-carboxylic
acid (Figure 3). In reference to the source genus Lumnitzera, 1 was given the trivial name
lumnitzeralactone.

2.3. Computer-Assisted Structure Elucidation (CASE)

To verify the structure of 1, a CASE system was applied: the structure elucidator
of Advanced Chemistry Development software (ACD-5E). All available NMR data and
the molecular formula, though no predefined structural elements, were used to build the
information set used as a basis for the calculation. Although it is possible to generate a

“Found Fragments” (FF) library, especially for proton-deficient molecules, the calculations

were performed in common mode to obtain unbiased results. After a long calculation time of
more than eighteen hours, ACD-SE delivered the surprisingly low number of 44 structural
proposals. Usually, more than 90% of the test sets could be calculated in less than thirty
minutes, although there are cases with calculating times of more than 48 h and an output
of more than 500 proposals [53]. However, even expert-challenging molecules often take
just minutes to calculate when a good spectra information set (2D, 1,1-ADEQUATE) is
provided, as was done here as well [53,54]. Remarkably, in the calculation results, the
proposed structure for 1 was mentioned eight times, with slightly different 1>C annotations
for the COOR carbons (C-1, C-5, C-11) and for two aromatic carbons with a single oxygen
bond (C-6a, C-7). The ranking of most probable structure proposals is based on dn(**C+1H),
the average differences between predicted and experimental chemical shifts. This ranking
confirmed our structure annotation for lumnitzeralactone (1). The proposal with the correct
carbon annotation was listed as the first ranked hit with a dy of 3.888. Furthermore, the
correct structure appeared at positions 2 to 4, as well as at positions 7, 8, 11, and 12 (for the
whole ranking, see Figure S8).

2.4. Density Functional Theory (DFT) Calculations

In addition, the structure of 1 was verified by DFT calculations. Five potential struc-
tural isomers of 1 (lumnitzeralactone and isomers II-V) were considered for this computa-
tional quantum mechanical modelling (Figure 4 and Table S2-1). For each structure, only
one dominant conformer was obtained (Table 52-2). For these, the experimental and calcu-
lated chemical shifts were compared. The anticipated structure of lumnitzeralactone (1) is
assigned a very high probability by "H-DP4+ (99.89%), 1*C-DP4+ (100%), and (*H + °C)-
DP4+ (100%), while the alternative structures (isomers II-V) are assigned a probability of
almost 0%. Thus, the proposed structure for lumnitzeralactone (1) could be unambiguously
identified as the correct structure.

2.5. Synthesis

A further proof of the structure of 1 was obtained by chemical synthesis, something
which was required for final structural proof for many natural products [55,56]. The
synthesis of 1 was achieved in a two-step reaction starting from 2, as shown in Scheme 1.
The first step is the photo-oxidation of 2, which produces intermediate 5 that has a similar
structure to the natural product 1. Following the protocol of Tokutomi et al. [43] who first
described this reaction, we could obtain a good yield of the desired intermediate 5 under
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adapted conditions. To improve conversion, the reaction was conducted under oxygen
atmosphere in an ice bath to avoid overheating from the lamp. All recorded NMR (Figure S3,
Table 1) and HRMS data (Table 2, Figure S7) of 5 are in accordance with data reported in the
literature [43]. For the second step, Cu-catalyzed and Ag-catalyzed protodecarboxylation
was first attempted for a selective decarboxylation of aromatic carbonic acids [57,58], though
no product could be observed. However, thermal decarboxylation of 5 in toluene at 180 °C
yielded the desired singly decarboxylated product 1b, as well as side products. NMR data
(Table 1, Figure S4) and HRMS data (Table 2, Figure S6) of the synthesized lumnitzeralactone
(1b) are in full accordance with data from the natural lumnitzeralactone (1).

Lumnitzeralactone (1) Isomer (lI) Isomer (Il
Isomer (IV) Isomer (V)
DP4+ Analysis
mlsomer (V)
DP4+ (all data) Isomer (IV)
misomer (lIl)
DP4+ (C data) misomer (Il)
® | umnitzeralactone (1)

DP4+ (H data)

0 20 40 60 80 100
DP4+ Probability (%)

Figure 4. The proposed molecular structures of lumnitzeralactone (1), its alternative isomeric struc-
tures, and their computed DP4+ probabilities using 'H and '*C NMR data. The DP4+ probabil-
ities were obtained by correlating the experimental 'H and 3C NMR data with the calculated
(PCM/mPW1PW91/6-311+G(d,p)/ /B3LYP/6-31+G(d,p)) nuclear shielding tensors. Compound
1 is unambiguously confirmed as the correct structure of the isolated compound through DP4+
probability (blue bars) for 'H (99.89%), 13C (100%), and all data (100%). Isomeric structures (II-V)
show a probability of 0%.

302

102
h

THF
45h

OH O OH o
Intermediate (5) Lumnitzeralactone (1b)

Scheme 1. Two-step chemical synthesis of lumnitzeralactone (1b) from EA (2) via formation of a
stable intermediate (5).

60



Kappen et al., Marine Drugs 2023, 21, 242

Mar. Drugs 2023, 21, 242

90f 18

Table 2. Characterization of the natural lumnitzeralactone (1) and synthesized compounds (1b and 5)
through reversed-phase ultra-high-performance liquid chromatography-quadrupole time-of-flight
tandem mass spectrometry (RP-UHPLC-QqTOF MS/MS).

No

R

(min)

miz [M — H]~
Observed

miz [M — H]~ Elemental .
Calculated Appm Composition RDB Fragmentation Patterns

25

289.0002

65.0033 (C4HO, 8), 117.0346 (CzH50, 25),
133.0293 (CgHs 05, 14), 145.0297 (CgHs 05,
100), 151.0035 (C7H;30y, 9), 161.0244
288.9990 42 Ci3HOg 115 (CoH503, 49), 173.0247 (C19Hs03, 28),
189.0196 (C1pH504, 42), 200.0115 (C11H4O4,
11), 217.0145 (C;, H5Os, 26) 228.0064
(C12H, 05, 14) 245.0098 (C1,H504, 21)

1b

288.9990

65.0026 (C4HO, 7), 117.0326 (CsHsO, 30),
133.0288 (CgHs 05, 13), 145.0292 (CoHs 05,
100), 151.0032 (C7H;0y, 8), 161.0240
288.9990 0 Cy3HgOg 11.5 (CoHs03, 50), 173.0239 (C19Hs03, 26),
189.0191 (C1oHs0y4, 40), 200.0109 (C1,H4Oy,
10), 217.0138 (C1;HsOs, 29), 228.0025
(C12H40s, 15), 245.0089 (C12HsO4, 24)

332.9887

77.0386 (CyzHs, 5), 105.0333 (C;H50, 19),
117.0332 (CgHs0, 9), 133.0284 (CgH50,,
38), 145.0282 (CoH50,, 10), 161.0233
332.8889 04  CyHOp 125  (CoHsOa, 100), 189.0186 (C1oHsOy, 57),
202.9975 (C10H30s, 3), 217.0134 (C1;H50s5,
12), 233.0086 (Cy1Hs0g, 13), 261.0039
(C12Hs0y7, 22)

2.6. Biosynthetic Considerations

Compound 1 was found in only two of the 31 investigated Lumnitzera samples [8,34].
Therefore, it is likely that biosynthesis of the natural product is not (exclusively) dependent
on the plant host, which shows low levels of genetic variation at a population level [59].
Instead, biosynthesis is the result of interactions with associated microorganisms that can
highly depend on local environmental conditions. We suggest fungal participation in the
transformation of 2 to 1 through an enzymatic process. In a fungal fermentation experiment
by Aguilar-Zarate et al., an unknown EA degradation product with the same m/z as 1
was detected [60]. One possible biosynthetic pathway could begin with radical-triggered
(oxidative) decarboxylation, performed by an oxidative enzyme originating from associated
fungi. Subsequent steps include further oxidation and cyclization (Scheme 52-1). Several
oxidizing enzymes are known from fungi, many of which exhibit extracellular activity and
act on polyphenols [61-66]. Decarboxylating enzymes of fungal origin are involved in the
degradation of lignin [67-69] and gallo- and ellagitannins [70].

Therefore, we suggest an alternative pathway analogous to chemical synthesis [43] via
the intermediate 5. The endoperoxide intermediate might be formed by cycloaddition of
ROS [43] or enzymatically by an oxygen incorporating enzyme such as dioxygenase. This
is followed by enzymatic decarboxylation (Scheme 2). However, 1 is found in the root bark,
and we have no evidence at this point as to whether it is formed only superficially or by
root penetrating or endophytic fungi and how the transport of EA (2), EA derivatives, or
lumnitzeralactone (1) occurs between species.

2.7. Biological Activity

Since 1 was detected exclusively in the two anti-bacterial crude extracts [8,34], the
contribution of 1 to this activity was hypothesized. Thus, the anti-bacterial activity of
1 was checked. However, in contrast to expectations, 1 did not inhibit bacterial growth
(Table 3). Interestingly, fractions resulting from the purification process and containing
mainly 1 showed anti-bacterial effects (95% inhibition at a concentration of 500 ug/mL,
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intrinsic generated ROS
eg.'0,

Table 3). Analysis of the metabolites in this active fraction revealed, besides 1, the presence
of 3 (Figure 510). In accordance with reports in the literature [71], 3 exhibited a clear
anti-bacterial effect in the assay with an inhibition rate of nearly 100% at a concentration of
100 uM (Table 3). However, 3 does not seem to be responsible for the observed anti-bacterial
activity profile of the mangrove extracts, as this compound was detected in the majority
of the 31 Lumnitzera crude extracts addressed in our previous comprehensive profiling
study and its occurrence did not correlate with the effects [8]. At this moment, we can only
speculate that a synergistic effect might contribute to the observed anti-bacterial effects, or
that the other extracts had matrix effects countered by compound 1.

CO%H

Decarboxylation
e.qg. enzymatic

Scheme 2. A suggested pathway for the biosynthesis of lumnitzeralactone (1), including ROS
(analogous to Tokutomi et al. [43], cf. Scheme 1).

Table 3. Anti-bacterial activity against Gram-positive Bacillus subtilis of the crude extract, a fraction
(both 500 ug/mL), and pure compounds (100 uM) derived from L. racemosa and its synthetic analog,.

Sample Growth Inhibition [%]
1 119 £ 262
1b 217 =114
5 28.9 £ 10.6
3 99.9 +£ 3.0
Fraction containing 1 and 3 946 +£7.1
Crude extract 90.1 = 20.6
Pos. control (Chloramphenicol) 98.9 + 0.1

As mentioned above, mangroves often live in symbiosis with associated microor-
ganisms, including fungi. An intensive investigation of endophytic fungi from man-
groves, including Lumnitzera, revealed significant anti-microbial potential for 71 repre-
sentative endophytic fungal species tested. Their extracts were applied against a set of
two Gram-positive bacteria (B. subtilis and S. aureus) and two Gram-negative bacteria
(Pseudomonas aeruginosa and Escherichia coli) [32]. Consistent with this study, our results
imply that EA-metabolizing fungi might contribute to the anti-bacterial effects of selected
Lumnitzera samples.

3. Material and Methods
3.1. General Experimental Procedures and Reagents

Thin layer chromatography (TLC) analyses were performed on silica gel 60 reversed-
phase 18 Fasq (Merck, Darmstadt, Germany) using the solvent system H,O:MeOH 3:2 or
silica gel 60 reversed-phase 2 UV;s54 (Macherey-Nagel, Diiren, Germany) using the solvent
system H,O:MeOH 3:2. To visualize the compound spots, long-wavelength UV light
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(366 nm), short-wavelength UV light (254 nm), and spraying with vanillin-H,50, reagent
were used, followed by heating or spraying with a natural product spray reagent.

Low-resolution ESI-MS spectra were obtained using a Sciex API-3200 instrument
(Applied Biosystems, Concord, ON, Canada) combined with an HTC-XT autosampler
(CTC Analytics, Zwingen, Switzerland).

The UV spectra were recorded on a Jasco V-770 UV-Vis /NIR spectrophotometer (Jasco,
Pfungstadt, Germany) using a 10 mm quartz glass cuvette.

Analytical and semi-preparative RP-HPLC were performed on a Shimadzu promi-
nence system consisting of an SPD-M20A diode array detector, a FRC-10A fraction collector,
a CBM-20A communications bus module, a DGU-20A5R degassing unit, an LC-20AT lig-
uid chromatograph, and an SIL-20A HT auto sampler. Chromatographic separation was
performed using an analytical YMC Pack Pro C18 column (ID 4.6 mm, length 150 mm,
particle size 5 um) and a semi-preparative YMC Pack Pro C18 column (ID 10.0 mm, length
150 mm, particle size 5 pm) using ultrapure water (TKA ultrapure water system) and
methanol (Merck, LiChrosolv HPLC Gradient Grade) as eluents.

Ellagic acid was purchased from TCI Chemicals (Tokyo, Japan) and was used without
further purification. All solvents were purchased from Merck Chemicals GmbH (Darmstadt,
Germany) and were distilled prior to use. Deuterated solvents for NMR spectroscopy were
purchased from Deutero GmbH (Kastellaun, Germany). TMEA (3) was obtained by earlier
isolation [8].

3.2. Plant Material

The root material of Lumnitzera racemosa Willd. was collected from the Indonesian
archipelago as described in Manurung et al. [8] in Table 1, No. 19. The material corre-
sponding to sample LR7 comes from Ternate Island, Maluku (DD coordinates 0.84 /127.31).
The voucher specimen (BO1959402) is deposited at Herbarium Bogoriense (BO, Bogor,
Indonesia), National Research and Innovation Agency (BRIN). The samples were cleaned,
air-shadow-dried, and then kept in resealable zipper storage bags until use for further
treatment.

3.3. Extraction and Isolation

An aliquot (1.35 g) of the crude extract used in previous work [8] was diluted in
200 mL water and extracted five times with 100 mL of ethyl acetate. Each ethyl acetate
fraction was centrifuged. The combined supernatant of fractions 2-5 was dried (49.2 mg)
and submitted to an RP18 column eluted with a mixture of water and methanol (30:20,
v/v) followed by final purification by preparative HPLC (water (A)/methanol (B) gradient:
0-17.5 min, 5-31.5% B; 17.5-19.5 min, 31.5-100% B, isocratic for 8 min and a flow rate of
0.8 mL/min) to vield lumnitzeralactone (1) (2.5 mg, Rf = 0.71 in MeOH/H,0 (2:3, v/v)
on RP18).

For repeated isolation, 15.06 g of dried roots from L. racemosa was ground to fine
powder in a ball mill, followed by an exhaustive extraction with methanol to provide 1.33 g
of dried crude extract. The extract was partitioned by liquid-liquid extraction between
water and ethyl acetate, first pure, then by adding some drops of 2M HCI to the water
phase, resulting in three fractions: water (697.2 mg), ethyl acetate (pure) (312.8 mg), and
acidic ethyl acetate (75.5 mg).

The last fraction was separated using a Sephadex LH20 column (h: 76 ¢cm, d: 2.5 cm)
eluted with pure methanol. Based on TLC profiles, six main fractions were combined.
Fraction 3 (Rf = 0.72) was further purified on an RP2 cartridge (h: 5.5 cm, d: 1.6 cm) and
eluted with a mixture of 40% methanolic water followed by 10% methanolic chloroform
solution. Final purification of the water—methanol fraction was performed by preparative
HPLC. Compound 1 (14.6 mg, Rf = 0.72 in MeOH/H,0 (2:3, v/v) on RP18) was purified
using a water (A)/methanol (B) gradient system (0-17.5 min, 5-31.3% B; 17.5-19.5 min,
100% B (isocratic for 8 min)) and a flow rate of 7.089 mL/min at 25 “C with absorbance
detection at 210 to 800 nm (Rt = 9.038 min, Amax: 411 nm, 288 nm, 210 nm).
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The pure ethyl acetate fraction resulting from the liquid-liquid extraction was sepa-
rated in the same way using an LH20 column and an RP2 cartridge to obtain a fraction
containing 1 and TMEA (3) (54.0 mg). This fraction was used in the anti-bacterial assay.

Lumnitzeralactone  (7,8-dihydroxy-1,5-dioxo-1,5-dihydropyrano[4,3-c]chromene-
3-carboxylic acid, 1): yellow amorphous solid; UV (THF) Amax (log €) 232 (4.10), 290
(3.95), 407 (3.96) nm; 'H and '*C NMR, see Table 1; HR ESI-MS and MS? fragmentation, see
Table 2.

3.4. Synthesis
3.4.1. Photoreaction

A solution of ellagic acid dihydrate (0.82 g, 2.4 mmol) in dry THF (800 mL) was
irradiated using a mercury xenon lamp for 45 h inside a photoreactor. The reaction vessel
was placed in an ice bath for additional cooling and a balloon filled with oxygen was
attached to it. Reaction progress was monitored through measurement of UV spectra to
detect the decreases in absorption intensity at 367 nm and increases in intensity at 400 nm,
as performed by Tokutomi et al. [43]. After completion of the reaction, the solvent was
distilled off and the residue was freeze-dried. The crude product was suspended in DCM
and then stored overnight in the refrigerator. Subsequently, the supernatant was removed,
and the precipitation step was repeated, yielding 0.79 g of an orange amorphous solid (5)
which was used without further chromatographic purification.

Synthesized intermediate of lumnitzeralactone (7,8-dihydroxy-1,5-dioxo-1,5-
dihydropyrano[4,3-c]chromene-3,10-dicarboxylic acid, 5): orange amorphous solid; UV
(THF) Amax (log €) 232 (4.13), 290 (3.77), 407 (3.63) nm; 'H and '*C NMR, see Table 1; HR
ESI-MS and MS? fragmentation, see Table 2.

3.4.2. Decarboxylation

A solution of intermediate 5 (100 mg) in dry toluene (2 mL) was heated to 180 °Cin a
capped microwave vial for 60 h. After distilling off the solvent, the reaction product was
dissolved in methanol and centrifuged to separate insoluble residues. The supernatant was
purified using an RP18 column (h: 36 cm, d: 3.5 cm) and eluted with a water-methanol
mixture (3:2, v/v) to obtain synthetic lumnitzeralactone (1b) (6.7 mg, 0.023 mmol, 7.5% yield
over two steps).

Synthetic lumnitzeralactone (1b): yellow amorphous solid; UV (THF) Ayax (log )
232 (4,01), 290 (3.94), 411 (3.98) nm; 'H and *C NMR, see Table 1; HR ESI-MS and MS?
fragmentation, see Table 2.

3.5. NMR

'H and '*C NMR spectra were recorded on an Agilent DD2 400 NMR spectrometer
at 399.917 and 100.570 MHz, respectively. Chemical shifts are reported relative to TMS
("H NMR) or solvent peaks ('*C, DMSO-d6 39.5 ppm, MeOH-d4 49.0 ppm). For samples
with low concentrations, "H and 13C NMR spectra were recorded on a Bruker Avance Neo
500 NMR spectrometer at 500.234 and 125.797 MHz, respectively, using a 5 mm prodigy
probe with TopSpin 4.0.7 spectrometer software, The 2D NMR specira were recorded on
an Agilent VNMRS 600 MHz NMR spectrometer using standard CHEMPACK 8.1 pulse
sequences ('H-13C gHSQCAD, 'H-"TH gCOSY, 'H-'H gTOCSY, and 'H-'3C gHIMBCAD)
implemented in Varian VNMR] 4.2 spectrometer software.

The low-temperature *C-'H long-range correlation HMBC spectrum for structure
elucidation of 1 was recorded at 253 K on a Bruker Avance NEO 700 MHz ('H resonance
frequency) instrument equipped with a 5 mm TCI cryoprobe prodigy. Long-range carbon—
proton coupling of 8 Hz was used. The time domain matrix of 4k x 256 with 13 ppm (F2)
and 80 ppm (F1) spectral width was used. Carrier frequency was set to 5.5 and 135 ppm in
the F2 and F1 dimensions, respectively. The number of scans was set to 256 per t1 increment
and 2 s of repetition delay was used. The 1,1-ADEQUATE [72] (Bruker pulse sequence:
adeqlletgpsp) spectrum was recorded on a Bruker Avance IIT HD 900 MHz ('H resonance
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frequency) instrument equipped with a 5 mm TCI cryoprobe. One-bond carbon—proton
and carbon—carbon couplings of 145 and 50 Hz, respectively, were used. The inversion
(Crp60, 0.5, 20.1) and refocusing (Crp60, 0.5, 20.1) 180° selective pulses on 13C were set to
500 and 2000 s, respectively. The time domain matrix of 3k x 208 with 13 ppm (F2) and
147 ppm (F1) spectral width was used. Carrier frequency was set to 6 and 100 ppm in the F2
and F1 dimensions, respectively. The number of scans was set to 256 per t1 increment and
2 s of repetition delay was used. The 1,n-ADEQUATE [48,50,72,73] (Bruker pulse sequence:
adeqlnetgprdsp) spectrum was recorded on a Bruker Avance NEO 800 MHz ('H resonance
frequency) instrument equipped with a 3 mm TCI cryoprobe. One-bond carbon—proton and
carbon—carbon couplings of 145 and 57 Hz (64 Hz), respectively, were used. The desired
long-range carbon—proton coupling was set to 9.5 Hz (8 Hz). NMR spectra were processed
and analyzed using Topspin 4.1.3 (Bruker, Germany).

3.6. UHPLC-ESI-QqTOF-MS and MS/MS

For mass spectra of pure compounds, the samples (2 uL) were loaded on an EC 150/2
Nucleoshell RP 18 column (C18-phase, ID 2 mm, length 150 mm, particle size 2.7 um,
Macherey Nagel, Diiren, Germany) under isocratic conditions (3% eluent B, 1 min) and sep-
arated using a linear gradient from 3% to 95% eluent B in 5 min. Separation was performed
on an ACQUITY UPLC I-Class UHPLC System (Waters GmbH, Eschborn, Germany) with
a flow rate of 0.4 mL/min and 55 °C column temperature. Eluents A and B were water and
acetonitrile, with 0,1% (v/v) formic acid. The column effluent was introduced online into a
TripleTOF 6600 quadrupole time-of-flight (QqTOF) mass spectrometer equipped with a
DuoSpray ESI/APCI ion source operating in negative ion SWATH (Sequential Windowed
Acquisition of All Theoretical Fragment Ion Mass Spectra) mode and controlled by Analyst
TF 1.7.1 software (AB Sciex GmbH, Darmstadt, Germany). The TOF scans (MS experiments)
were acquired in the n/z range of 50 to 1000 (accumulation time 50 ms) with an ion spray
voltage of —4.5 kV and 450 °C source temperature. Declustering (DP) and collision (CE)
potentials were —35 and —10 V, respectively. The product ion spectra (tandem mass spectra,
MS/MS) were acquired in the high sensitivity mode (accumulation time 20 ms) in the m1/z
range of 50-350 using unit Q1 resolution with mass resolution above 30,000. Collision
potential (CE) was set from —80 to —20 V, whereas collision energy spread (CES) was
15 V. The data were evaluated by Peak View 1.2.0.3 software (AB Sciex GmbH, Darmstadt,
Germany).

The crude extract was investigated by applying the MS conditions described in
Manurung et al. [8].

3.7. DFT-Calculations

The starting structures representing potential isomers of 1 were built in Maestro 11.4
(Schrodinger Release 2017-4: Maestro; Schrodinger, LLC: New York, NY, USA, 2019.).
The conformational search was performed with Macromodel 11.8 (Schrédinger Release
2017-4: Macromodel; Schrodinger, LLC: New York, NY, USA, 2019) using the MMFF
forcefield [74] under vacuum and an energy threshold of 5 kcal /mol. Only one dominant
conformer was obtained for each structure. All conformers were geometry-optimized at
the B3LYP [6-11]/6-31+G(d,p) [75] level of theory with Gaussian09 (Gaussian 09, Revision
C.01; Gaussian Inc.: Wallingford, CT, USA, 2010). The energy minimized conformers were
used as an input geometry for further DFT calculations. The nuclear shielding constants
were calculated at mPWI1PW91 [76,77] /6-311+G(d,p) and mPW1PW91/6-311+G(2d,p)
levels of theory using GIAO [78] and IEFPCM [79] solvent (methanol) models. The obtained
shielding constants were converted into chemical shifts using the scaling factors available
on the CHESHIRE (chemical shift repository) [80-83] webpage. DP4+ [84,85] probability
was obtained using the experimental and calculated 'H and 13C chemical shifts.
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3.8. ACD-SE Calculations

The ACD/Structure Elucidator (ACD/SE) from ACD/Labs in ACD/Labs version
2018.2.5 (File Version S80541, Build 108235, 8 April 2019) was used to perform verification
of promising structure proposals based on experimental NMR and HRMS data.

3.9. Anti-Bacterial Assay

The compounds were evaluated against the Gram-positive Bacillus subtilis 168 (DSM
10), as described by Ware et al. [86]. The tests were performed in 96-well plates based on
absorption read-out. Chloramphenicol (100 uM) was used as a positive control to induce
complete inhibition of bacterial growth. The results (mean + standard deviation value,
n = 6) are given in relation to the negative control (bacterial growth in the presence of 1%
v/v DMSOQ) as relative values (percent inhibition). Negative values indicate an increase in
bacterial growth.

4, Conclusions

In this study, the previously unreported lumnitzeralactone (1) was isolated and charac-
terized from the true mangrove species Lumnitzera racemosa. Elaborate structure elucidation
includes 'H and 13C NMR, 2D NMR (COSY, TOCSY, HSQC, HMBC, 1,n-ADEQUATE,
1,1-ADEQUATE) spectra recorded in different solvents and in special cases under low-
temperature conditions, HR-MS, computer-assisted structure elucidation (CASE), DFT
calculations, and chemical synthesis. In contrast to expectations, lumnitzeralactone (1) iso-
lated from the anti-bacterial crude extract did not exhibit significant anti-bacterial activity
against B. subtilis.

Putative biosynthetic pathways of 1 are suggested, as well as a high probability of the
participation of an associated microorganism or its excreted enzymes. Microorganism-based
modification or elicitation may also explain the observed differential antibiotic potential of
the same species when collected at different sites. Although 1 itself did not show significant
anti-bacterial activity, it is present exclusively in anti-bacterial crude extracts. However,
the activity of crude extracts can also result from yet unidentified highly bioactive minor
components. Considering this, Indonesian mangroves may represent a promising source of
potent bioactive compounds that are waiting to be explored further.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article /10.3390/md21040242 /51, Figure S51: TLC after Borntrager reaction, Figure 52:
The 1D and 2D NMR spectra of compound 1, Figure S3: The 1D and 2D NMR spectra of compound
5, Figure 54: The 1D and 2D NMR spectra of compound 1b, Figure S5: MS data of compound 1,
Figure 56: MS data of compound 1b, Figure 57: MS data of compound 5, Figure 58: Structure Elucida-
tion Report—ACD-SE Calculation, Figure S9: UV spectra of compound 1, 1b, and 5, Figure S10: 1y
NMR spectrum and HPLC chromatogram of the anti-bacterial fraction containing 1 and 3, Scheme S1:
Mechanism of the Borntrager reaction, Scheme S2: Suggested pathway for the biosynthesis of com-
pound 1, Table S1: 1H, 13C, and HMBC NMR data of compound 1 with different solvents and field
strengths, Table 52: Additional data relating to DFT calculations.
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Graphical Abstract

Abstract

Several polyphenol-rich Terminalia species (Combretaceae) are known to accelerate wound healing.
Recently, the Omani medicinal plant Anogeissus dhofarica (now Terminalia dhofarica) was attributed
to the genus Terminalia based on phylogenetic studies. Leaves, bark, and extracts of 7. dhofarica are
traditionally used for various medicinal purposes, including wound treatment and personal hygiene. In
the present study, the phytochemical profile of leaves from 7. dhofarica was evaluated by Ultra-High-
Performance Liquid Chromatography coupled with Electrospray lonization High-Resolution Mass
Spectrometry (UHPLC-ESI-HRMS), and Nuclear Magnetic Resonance (NMR) spectroscopy. Simple
phenolics, polyphenolics (e.g. flavonoids, tannins) and their glucosides were characterized as major
metabolite classes. In addition, 20 phenolics were isolated and structurally identified. Fifteen of these
compounds were never described before for 7. dhofarica. For the first time, we provide complete NMR
data for 1-O-galloyl-6-O-p-coumaroyl-p-glucose (1). Biological screening demonstrated a moderate
efficacy against Gram-negative bacteria as well as the phytopathogenic fungus Sepforia tritici and the
oomycete Phytophthora infestans. In summary, the data expand the knowledge of the phytochemistry
of the underexplored species 7. dhofarica and underscores its potential for therapeutic applications,
particularly in the context of traditional medicine.
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4.1 Introduction

Terminalia dhofarica (A.J.Scott) Gere & Boatwr. (formerly referred to by the homotypic synonym
Anogeissus dhofarica A.J.Scott) belongs to the Combretaceae family and is an endemic species of the
Dhofar region in Oman and southeastern Yemen, thriving in monsoon ecosystems [1]. Previously integrated
in the genus Anogeissus, it was transferred with the whole genus Anogeissus into the genus Terminalia in

2017 [2—4] which led to formal taxonomic name changes.

The former genus Anogeissus is primarily distributed across southern Asia, the Arabian Peninsula, and
West Africa [5]. Many former Anogeissus species have significant ethnomedicinal uses ranging from
gastric disorders, skin diseases, and diabetes to wound healing and coughs [6-9]. The bioactivity is
primarily attributed to their high content of phenolic compounds such as gallic acid, ellagic acid, and their

derivatives, as well as flavonoids like quercetin and rutin [10,11].

Traditionally, leaves, bark, and extracts of 7. dhofarica are used for various medicinal purposes, including
wound treatment and as antiseptic in personal hygiene [8,12]. Previous studies showed that aqueous and
alcoholic extracts with a high phenolic content exhibit potent antioxidant activity and display antibacterial
and antifungal activities [8,13]. Despite its traditional use and the promising activities, the phytochemical
and pharmacological profile of 7. dhofarica remained underexplored compared to other species of the
former genus. However, it is highly probable that it shares many of its bioactive compound classes with
other members of the genus. These bioactives include tannins, phenolics, flavonoids, and terpenoids [10].
Recent investigations by Maqsood et al. [14] and Abuarqoub et al. [15] lead to a tentative annotation of 28
compounds, predominantly flavonoids and phenolic acids. These results are in line with the confirmed
strong antioxidant and radical scavenging properties. Additionally, the extracts showed potential anticancer,
antidiabetic, and anti-inflammatory activities, promote fibroblast migration and enhance wound healing,

which confirmed its traditional medicinal uses [14,15].

The current study represents the first comprehensive phytochemical characterization of the species.
Methanolic crude extracts from leaves were analyzed by UHPLC-ESI-HRMS and NMR for major
metabolites and screened for antibacterial and antifungal activity. The identity of constituents was verified

by isolation, characterization and complete structure elucidation based on extensive spectroscopic methods.

4.2 Material and methods

General

Thin layer chromatography (TLC) analyses were performed on silica gel 60 normal phase (SG60), silica
gel 60 reversed phase 18 Fasa (Merck, Darmstadt, Germany) or silica gel 60 reversed phase 2 UVas4
(Macherey-Nagel, Diiren, Germany) using different solvent systems. To visualize the compound spots,
long-wavelength UV light (366 nm), short-wavelength UV light (254 nm) and spraying with vanillin-H>SO4
reagent, followed by heating or spraying with natural product spray reagent (1 g 2-aminoethyl
diphenylborinate/200 mL methanol) were applied.

Low-resolution ESI-MS spectra were performed on a Sciex API-3200 instrument (Applied Biosystems,
Concord, Ontario, Canada) combined with a HTC-XT autosampler (CTC Analytics, Zwingen,
Switzerland). The UV spectra were recorded on a Jasco V-770 UV-Vis/NIR spectrophotometer (Jasco,
Pfungstadt, Germany), using a 10 mm quartz glass cuvette. The specific rotation was recorded on a Jasco

P-2000 digital polarimeter (Jasco, Pfungstadt, Germany), using the software Spectra Manager 2 (version
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2.14.02). The circular dichroism (CD) spectra were recorded on a Jasco J1500 CD spectrometer (Jasco,
Pfungstadt, Germany), using the software Spectra Manager 2 (version 2.15.04).

The semi-preparative HPLC was performed on a Shimadzu prominence system which consists of a SPD-
M20A diode array detector, a FRC-10A fraction collector, a CBM-20A communications bus module, a
DGU-20A5R degassing unit, a LC-20AT liquid chromatograph, and a SIL-20A HT auto sampler.

"H and *C NMR spectra were recorded on an Agilent DD2 400 NMR spectrometer at 399.917 and 100.570
MHz, respectively. Chemical shifts are reported relative to TMS ("H NMR) or peaks of solvent. For samples
with low concentration, 1D 'H and *C NMR spectra and 2D spectra (HSQC, HMBC, COSY, TOCSY,
NOESY) were recorded on a Bruker Avance Neo 500 NMR spectrometer at 500.234 and 125.797 MHz,
respectively, using a 5 mm prodigy probe with the TopSpin 4.0.7 spectrometer software or on an Agilent
VNMRS 600 MHz NMR spectrometer equipped with 5 mm inverse detection cryoprobe, using standard
CHEMPACK 8.1 pulse sequences implemented in Varian VNMRIJ 4.2 spectrometer software.

Plant material

Leaves of Terminalia dhofarica (A.J.Scott) Gere & Boatwr. were collected in autumn 2019 and 2020 in
Dhofar, Oman. The leaves were shadow-dried at room temperature, pulverized, and stored at room
temperature. A voucher (ADA/11/2020) was deposited in the herbarium of the Natural & Medical Sciences

Research Center, University of Nizwa, Oman.
Isolation

Dried pulverized leaves (300 g) from Terminalia dhofarica were exhaustively extracted assisted by
ultrasonication with 80% aqg. methanol to give 92 g of dried crude extract after evaporation of the solvent.
An aliquot of the crude extract (30.8 g) was successively partitioned by liquid-liquid-extraction between
water (700 mL) and n-heptane (2 x 250 mL), followed by ethyl acetate (6 x 300 mL). This resulted into
three fractions: n-heptane (1.6 g), ethyl acetate (4.2 g) and water (20.8 g).

The ethyl acetate fraction was submitted to a RP18 column (I: 34 cm, d: 3.5 cm) and eluted with a mixture
of methanol and water (1:1, v/v) which yielded three fractions (A1-A3), based on the TLC profile (RP18,
MeOH/H,0, 1:1, v/») of which A1 (R 0.95 — 0.59) and A2 (Rf 0.59 — 0.38) were further purified. A3 was
identified as ellagic acid (12, 547.4 mg, Rr=0.36 in MeOH/H,O (1:1, v/v) on RP18.

A1 was submitted to a Sephadex G10 column (I: 120 ¢cm, d: 3.5 cm) with a mixture of methanol and water
(1:4, v/v), yielding seven fractions (B1 — B7), based on the TLC profile (RP18, MeOH/H,0, 2:3, v/), of
which B2 (R¢0.98 — 0,88), B5 (R¢0.79 — 0.62), and B6 (Rr0.62 — 0.31) were further purified. B3 (Rf 0.83)
was identified as gallic acid (4),153.8 mg, Ry= 0.83 in MeOH/H,O (2:3, v/v) on RP18.

B2 was purified by preparative reversed phase HPLC (Agilent-Zorbax Eclipse-XDB C18, Sum, 9.4 mm x
250 mm) using a water + 0.1 % formic acid (A) and methanol + 0.1 % formic acid (B) gradient
system (0—3.0 min, 5% B; 3.0-43.0 min, 5-25% B) and a flow rate of 1.50 mL/min at 25 °C to yield
chebulic acid (7) (4.6 mg, R, = 8.80 min), 1-O-galloyl-p-glucose (15) (2.5 mg, Ry = 12.48 min),
protocatechuic acid (3) (3.5 mg, Ri=26.71 min), 12-O-methyl chebulic acid (8) (8.9 mg, R, = 28.93 min),
11, 12-O-dimethyl chebulic acid (9) (4.1 mg, R, = 38.07 min),and 12, 13-O-dimethyl chebulic acid (10)
(6.5 mg, R;=41.40 min).

B5 was submitted to a RP18 column (1: 36 cm, d: 3.5 cm) with a gradient of methanol and water (500 mL,
1:4, v/v; 500 mL, 1:2, v/v; 500 mL, 2:3, v/v), yielding nine fractions (C1 — C9), based on the TLC profile
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(RP18, MeOH/H;0, 1:1, v/»), of which C4 (R¢0.72), and C7 (Rr0.70 — 0.54) were further purified.

C4 was submitted to a Sephadex LH20 column (I: 60 cm, d: 2.5 cm) with methanol yielding eight fractions
(D1 — D8) of which D3 was identified as chebulagic acid (18) (16.5 mg, Ry=0.57 in MeOH/H>O (2:3, v/v)
on RP18.

C7 was purified by preparative reversed phase HPLC (YMC-Triart C18, Sum, 10 mm x 150 mm) using a
water + 0.1 % formic acid (A) and methanol + 0.1 % formic acid (B) gradient system (0—2.5 min, 35% B;
2.5-22.5 min, 35-50% B; 22.5-27.5 min, 50-60% B) and a flow rate of 2.64 mL/min at 25 °C to yield 7°’-
O-methyl flavogallonate (13) (2.1 mg, R; = 11.50 min), and 11-O-methyl brevifolincarboxylate (11)
(1.5 mg, Ry = 13.80 min).

B6 submitted to a RP18 column (I: 36 cm, d: 3.5 cm) and eluted with a 10% step gradient of methanol and
water with 0,1 % TFA (10 - 40% MeOH, each 250 mL; 50 — 90 % MeOH, each 200 mL; 100% MeOH,
400 mL) which yielded thirteen fractions (E1-E13), based on the TLC profile (RP18, MeOH/H-0, 2:3, v/v)
of which E8 (R 0.63 — 0.25) further purified.

E8 was purified by preparative reversed phase HPLC (Agilent-Zorbax Eclipse-XDB C18, 5um, 9.4 mm x
250 mm) using a water + 0.1 % formic acid (A) and methanol + 0.1 % formic acid (B) gradient system (0—
6.0 min, 25% B; 6.0-36.0 min, 25-45% B; 36.0-37.0 min, 45-100%) and a flow rate of 3.3 mL/min at 25
°C to yield phyllanembilinin C (20) (1.2 mg, R; = 11.62 min), chebulanin (17) (2.4 mg, R = 15.92 min),
3,5-di-O-galloylshikimic acid (16) (1.4 mg, R;= 18.38 min), and 6’-O-methyl-chebulagic acid (20) (4.8 mg,
R{=21.74 min).

A2 was submitted to a Sephadex LH20 column (I: 75 cm, d: 2.5 cm) with methanol, yielding four fractions
(F1 —F5), based on the TLC profile (RP18, MeOH/H,0, 1:1, v/v), of which F1 (R¢0.62), F2 (R¢0.55), and
F4 (R 0.36 — 0.24) were further purified. F3 (Rr0.53) was identified as 7-O-methyl gallic acid (5) (15.2 mg,
R¢=0.53 in MeOH/H»O (1:1, v/v) on RP18.

F1 was purified by preparative reversed phase HPLC (YMC-ODS-A C18, 12um, 10.0 mm x 150 mm) using
a water + 0.1 % formic acid (A) and methanol + 0.1 % formic acid (B) gradient system (0—2.5 min, 30%
B; 2.5-17.5 min, 30—45% B) and a flow rate of 3.6 mL/min at 25 °C to yield trans-p-coumaric acid (6)
(3.3 mg, Ry = 8.41 min).

F2 was purified by preparative reversed phase HPLC (Merck-LiChrospher C18, Sum, 10.0 mm x 250 mm)
using a water (A) and acetonitrile (B) gradient system (0—3.5 min, 12% B; 3.5-18.5 min, 12-20% B) and a
flow rate of 4.00 mL/min at 25 °C to yield p-hydroxybenzaldehyde (2) (2.9 mg, R; = 15.89 min).

F4 was purified by analytical reversed phase HPLC (YMC-ODS-A C18, 12um, 10.0 mm x 150 mm) using
a water (A) and methanol (B) gradient system (0-2.5 min, 20% B; 2.5-20.0 min, 20-38% B) and a flow
rate of 4.80 mL/min at 25 °C to yield 6-O-trans-p-coumaroyl-p-glucopyranose (14) (0.9 mg,
R =9.45 min), and 1-O-galloyl-6-O-trans-p-coumaroyl-D-glucopyranose (1) (0.6 mg, R;=19.97 min).

High resolution
The UHPLC-ESI-HRMS spectra were acquired using a TripleTOF (time of flight) 6600-1 mass

spectrometer (Sciex, Darmstadt) in positive and negative ion modes. Samples (2 uL) were loaded on an
Waters Acquity UPLC® BEH C18 column (1.7 um, 130 A, 50 x 2.1 mm L.D., Waters GmbH, Eschborn,
Germany) under isocratic conditions (3% eluent B, 1 min), and separated using a linear gradient from 3%
to 95% eluent B in 5 min. Separation was performed on an ACQUITY UPLC I-Class UHPLC System
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(Waters GmbH, Eschborn, Germany) with a flow rate of 0.4 mL/min and 55 °C column temperature.
Eluents A and B were water and acetonitrile, with 0.1% formic acid. The mass spectrometer was equipped
with an ESI-DuoSpray ion source (spray voltage: 5.5 kV (positive mode), 4.5 kV (negative mode), nebulizer
gas: 60 psi, source temperature: 450 °C, drying gas: 70 psi, curtain gas: 55 psi) and was controlled by
Analyst 1.7.1 TF software (Sciex, Darmstadt). Data acquisition was performed in MS1-TOF mode in a
mass range of m/z 65 to 1250 with an accumulation time of 75 ms. The mass spectrometer was externally
calibrated with calibration solutions provided by the manufacturer for positive and negative modes. For
MS2-TOF mode the declustering potential was 35 V and the collision potential was 10 V, respectively. The
product ion spectra (tandem mass spectra, MS/MS) were acquired in the high sensitivity mode
(accumulation time 20 ms) in the m/z range of 50—1000 using unit Q1 resolution with mass resolution above
30,000. Collision potential (CE) was set from —80 to —20 V in negative ion mode. The data were evaluated
by Peak View 1.2.0.3 software (AB Sciex GmbH, Darmstadt, Germany).

Biological assays
Antibacterial Assays

The compounds were evaluated against the Gram-negative Aliivibrio fischeri (DSM507) and the Gram-
positive Bacillus subtilis 168 (DSM 10), as described by Kappen et al. [16]. The tests were performed in
96-well plates based on the bioluminescence (4. fischeri) or absorption (B. subtilis) read-out.
Chloramphenicol (100 M) was used as a positive control to induce complete inhibition of bacterial growth.
The results (mean =+ standard deviation value, n = 6) are given in relation to the negative control (bacterial
growth, 1% DMSO without test compound) as relative values (percent inhibition). Negative values indicate

an increase in bacterial growth.
Antifungal Assay

The antifungal activity was tested on the phytopathogenic ascomycetes Botrytis cinerea Pers. and Septoria
tritici Desm. and the oomycete Phytophthora infestans (Mont.) de Bary in 96-well microtiter plate assays
according to protocols from the Fungicide Resistance Action Committee (FRAC) with minor modifications
as described by Kappen et al. [16]. Briefly, the isolated compounds were tested at the highest concentration
of 500 pg/mL, while the solvent DMSO in buffer was used as a negative control (max. concentration 2.5%).
The commercially used fungicides, epoxiconazole and terbinafine (Sigma-Aldrich, Darmstadt, Germany),
served as reference compounds. The pathogen growth was evaluated seven days after inoculation by
measurement of the optical density (OD) at L 405 nm with a TecanGENios Pro microplate reader (five

measurements per well using multiple reads in 3 x 3 square). Each experiment was carried out in triplicate.
Spectroscopic data

Full data sets for compounds 1-20 are available in the Supporting information and in accordance with
available literature [17-37]

4.3 Results and discussion

Dried leaves from T. dhofarica were pulverized and exhaustively extracted with 80% methanol to yield a
crude extract. On one hand this extract was screened for antibacterial and antifungal activity (fig S4-1—
S4-4) to detect bioactivity and to compare with literature reports. On the other hand, it was used to analyze
the metabolite profile using UHPLC-ESI-HRMS (fig 4-2, table 4-1). Additionally, an aliquot of the powder
was extracted with deuterated methanol and subjected to NMR analysis (fig 4-1).
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In our investigation, the methanolic crude extract of leaves exhibited moderate activity against Gram-
negative bacteria (4. fischeri at a concentration of 500 pg/mL, fig S4-1) but showed no activity against
Gram-positive bacteria (B. subtilis, data not shown). The literature on this topic is mixed. Magsood et al.
reported no activity against Gram-negative bacteria (E. hormaechei) but observed significant inhibition of
Gram-positive bacteria (S. aureus) in a ZOI assay [14]. Conversely, Marwah et al. reported substantial
activity against Gram-positive bacteria (S. aureus at 250 pg/mL) and moderate activity against Gram-
negative bacteria (P. aeruginosa at 500 pg/mL) [8]. Our results do not fully align with available literature
reports, potentially due to differences in assay methods, bacterial strains, choice of plant material and
extraction conditions (u.i. for artifact formation). Notably, while both previous studies used mixed plant

material for extraction, this analysis focused exclusively on leaves.

The NMR screening of the crude leaf extract reveals a profile consistent with the known characteristics of
both the species and its genus. Many intense singlet signals appear in the aromatic region of the 'H
spectrum, between 6.2 and 7.5 ppm (fig 4-1 C). The HSQC spectrum associates these signals with a
consistent 13C shift of approximately 115 ppm (fig 4-1 D). These shifts align remarkably well with protons
of gallic acid and its derivatives, such as ellagic acid or follow-up tannin structures. In addition to the
expected signals for fatty acids (fig4-1 A) and free sugars (fig 4-1 B), several distinct signals were identified
that, according to literature reports, could be attributed to derivatives with a chebulic acid core (fig 4-1 A—
D). Both compound groups, gallic acid derivatives and chebulic acid derivatives overlap for certain
compounds, e.g. chebulagic acid (18), and are well-known classes within the genus [10] and even reported
for the species itself [14].

The presence of gallic acid, chebulic acid and diverse derivatives was further confirmed through UHPLC-
ESI-HRMS analysis, which provided a more detailed view of the complexity and diversity of metabolites
(table 4-1, fig 4-2). A total of 33 metabolites were preliminary annotated from the total ion chromatogram
(TIC) of the crude extract, although in some cases compounds eluted simultaneously and other detected

signals remain unidentified.

The majority of all 33 annotations belong to phenolic acids (table 4-1, P1 gallic acid + quinic acid; P3
protocatechuic acid; P11 p-coumaric acid), tannins (table 4-1, P2; P3 terflavin B, O-galloyl punicalin; P4;
P5; P6 brevifolincarboxylate; P7 O-galloyl bis-O-HHDP-glucose; P8; P9; P10; P12; P13; P14, P16, P17,
P18 O-methyl ellagic acid, P21, P22), or flavonoids (table 4-1, P7 gallocatechin, P15; P18 galloylvitexin
isomer; P19; P20), following the classification of compounds by Singh et al. [10]. Consequently,
T. dhofarica appears to possess a metabolic profile closely resembling that of its relatives within the genus
[10,14,15]. During the isolation process, the crude extract was purified by liquid-liquid partition and
different chromatographic techniques. This resulted in the isolation of 20 compounds (fig 4-3). Compound
1, (1-O-galloyl-6-O-p-coumaroyl-D-glucose) a twice modified glucose molecule with gallic acid at position
1 and p-coumaric acid at position 6 was postulated by Mei et al. based on extensive HRMS fragmentation
analysis only [17]. Here we provide for the first time complete NMR data for compound 1. Notably, it was
isolated as a mixture of a- and pS-p-glucoside. The other compounds were identified by extensive
spectroscopic analysis (HRMS, NMR) and comparison with previously reported data from literature. A full
spectroscopic data set for compounds 2-20 can be found in the supporting information.
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Fig 4-1 NMR screening of crude extract; A 0 — 2.9 ppm Chebulic acid and fatty acids; B 2.9 — 5.9 ppm Chebulic acid and glucose

derivatives; C 6.1 — 7.5 ppm Aromatic signals, gallic acid and derivatives; D HSQC with annotation of 'Jcn correlations
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Table 4-1 Peak list of the UHPLC-ESI-HRMS analysis of the crude extract
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Continuation of Table 4-1 Peak list of the UHPLC-ESI-HRMS analysis of the crude extract
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Fig 4-2 UHPLC-ESI-HRMS TIC of the crude extract

HO OH

Fig 4-3 Structure of compounds isolated, * both epimers are found

In the study of Abuarqoub et al. [15], seven phenolic acids were identified by retention times of standard
substance only. Two of these acids were also found within this study, both in the LC-HRMS screening as
well as by isolation approach (gallic acid (4), P1; protocatechuic acid (3), P3) Noteworthy, Abuarqoub et
al. identified ortho- and meta- but no para-coumaric acid which, however, is the only coumaric acid
derivative found in this study (6, P11). Magsood et al. [14] annotated 23 compounds by LC-HRMS data
from the crude extract. Eight compounds were also found within this study. Remarkably, chebulagic acid

81



Chapter 4

(18, P 13), the main compound from this study, was not described by Magsood et al. although they annotated
chebulic acid on one hand and corillagin on the other hand which are the two parts of chebulagic acid.
Therefore, the thought accrues that there might be natural product degradation involved. Unfortunately,
Magsood et al. calculated molecular formulas for their annotation based on excessively high error margins
[14]. Most of the annotations were done with an error margin of =30 to —50 ppm, but the overall range goes
from —299 ppm to +780 ppm. This reduces the reliability of these data significantly, since reliable error
margins should be lower than £ 10 ppm. However, 15 of 20 isolated compounds within our study were

never described before for 7. dhofarica.
Structure elucidation of compound 1

Compound 1 (fig 4-4) was isolated as a white solid. The molecular formula was identified as C»H2,01, by
its negative ion at m/z 477.1030 [M — H]™ (calcd. for 477.1038 C2,H»:10117) in the ESI-HRMS spectrum.
All NMR data as well as 2D correlations are presented in table 4-2. The 'H spectra showed one aromatic
singlet at  7.13 (2H, s, H-2’+H-6") and two pairs of coupling aromatic protons. The first at oy 7.63 and
6.36 (each 1H, d, J=15.7 Hz, H-7>’ + H-8"") and the second at 6 7.45 and 6.80 (each 2H, d, J= 8.5 Hz, H-
2”> and H-6"" + H-3"" and H-5""). Additionally, a pattern of aliphatic proton signals, in detail two anomeric
protons at oy 5.66 (1H, d, J= 7.7 Hz, H-1§) and 5.66 (1H, d, J = 3.3 Hz, H-1a), three multiplet signals at
Ou 3.41-3.46, 3.46-3.52, and 3.65-3.70 as well as a pair of two signals at 6y 4.31 (1H, dd, J=5.6, 12.2 Hz,
H-6b) and 6n 4.50 (1H, dd, J=2.8, 12.2 Hz, H-6a) belonging to a CH» group suggested the presence of one

glucopyranosyl moiety.

This was further supported by strong COSY correlations as well as HSQC correlation of the aliphatic proton
signals. The presence of a galloyl group was deduced from HSQC and HMBC correlations of the aromatic
proton signal at 8y 7.13 resulting in the annotation of the *C signals 8¢ 110.5, 120.5, 140.7, 146.6 and 166.9
to this substructure. The pair of aromatic proton signals at oy 7.45 and 6.80 strongly suggest a para
substituted benzene ring. The other pairs at & 7.63 and 6.36 with the large J of 15.7 Hz indicates a trans
configurated double bond. In combination with the yet to annotate 9 carbons from the molecular formula,
this implied the presence of a coumaroyl group. The specific connection pattern of all three moieties was
determined by HMBC correlation of the glucose protons H-1 to the galloyl carbon C-7 and of H-6a and
H-6b to the coumaroyl carbon C-9°’ (table 4-2, fig S4-8). Therefore, the compound is identified as 1-O-
galloyl-6-O-coumaroyl-p-glucose. In the glucose moiety a and P configuration appeared in a ratio of 1:1
by comparison of integrals in the'H spectrum. Structurally, compound 1 is close to fishertannin F (1-O-
galloyl-6-O-feruloyl-S-D-glucose) [38], which possesses an additional methoxy group in the cinnamic acid

core. Consequently, the NMR data are mainly in accordance with those reported by Zhang et al. [38].

Remarkably, for compounds 14 and 15, both anomeric configurations appeared. In the case of 15 both 'H
and °C signals of H-1 overlapped but were still distinguishable in the 'H spectrum due to the different J
values. For 14 the two signals for the anomeric proton differ stronger. Compounds 14 (6-O-trans-p-
Coumaroyl-D-glucopyranose) and 15 (1-O-Galloyl-D-glucose) represent substructures of 1. This is a well
reported phenomenon in tannins [33]. The anomeric protons of the sugar moieties of compounds 17-20
show unusual chemical shifts and small coupling constants (e.g. 6.35, 1H, d, J = 2.8 Hz, for H-1 in 17).
Usually, S-glucose appears in the energetically favored *C; chair conformation. However, in ellagitannins
with bridging 2,4,-O-chebuloyl substituents the A-glucose ring is locked into the inverted 'Cs conformation
with all ring protons in equatorial instead of axial positions, resulting in small vicinal couplings (<4 Hz)
[36].
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Fig 4-4 Structure of compound 1 with crucial NMR correlations

Table 4-2 NMR data of compound 1

No. oc ou (multiplicity, J) HMBC COSY
Glucose

la 95.9, CH 5.66 (d, 3.3, 0.5H) 3,4,7¢ 2

1B 5.66 (d, 7.7, 0.5H) 3,47 2

2 74.1, CH 3.46-3.52 (m, 2H) 1,3,4 1,3

3 78.1, CH 3.46-3.52 (m, 2H) 2,3,4 2,4

4 71.3, CH 3.41-3.46 (m, 1H) 3,5 3,5

5 76.3, CH 3.65-3.70 (m, 1H) 1,3,4 4, 6a, 6b
6a 64.4, CH; 450 (dd,J=12.2,28Hz1H) 4,5,9” 5,6b
6b 64.4, CH; 431 (dd,J=12.2,5.6Hz, IH) 4,5,9” 5,6a
Galloyl

1 120.5,C - - -

2°/6°¢ 110.5, CH 7.13 (s, 2H) 152,345,657 -

3¢/5¢ 146.6, C - -

4 140.7, C - -

7¢ 166.9, C - -
Coumaroyl

1° 127.2,C - - -
2916 131.2, CH 7.45 (d,J = 8.5 Hz, 2H) 24,47,67°,7 37,57
3/5” 116.9, CH 6.80 (d, J = 8.5 Hz, 2H) 17,377,475 27,6”
4 161.3,C - - -

7 146.9, CH 7.63 (d,J=15.7 Hz, 1H) 194,2°,6%, 8%, 9 8

8¢ 114.9, CH 6.36 (d,J=15.7 Hz, 1H) 14, 9¢ 7

9 169.1,C - - -

Evaluation of artifacts

Remarkably, some of the isolated compounds exhibited methylations of carboxyl functional groups (5, 8,
9,10, 11, 13, and 19). However, these compounds were absent in the UHPLC-ESI-HRMS analysis of the
crude extract but their unmethylated form was detected such as chebulic acid (7) (table 4-1, P2),
brevifolincarboxylate (table 4-1, P6), or flavogallonate (table 4-1, P8). Since methanol was used for
extraction of the plant material and as a solvent in multiple purification steps, the mentioned compounds
may be artifacts of the isolation process rather than true metabolites of 7. dhofarica. To investigate this

possibility, a small-scale extraction of leaves was performed with methanol vs. ethanol. The analysis of
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both total ion chromatograms (TICs) revealed all above-mentioned compounds as probable artifacts.
Exemplary, figs 4-5 presents the extracted ion chromatogram (XIC) of the methanolic and ethanolic
extracts, filtered for pure chebulagic acid as well as its methylated and ethylated derivatives. The pure
compound is present in both extracts, confirming it as a true metabolite. However, the methylated derivative
appears only in the methanolic extract, and the ethylated derivative solely in the ethanolic extract, strongly
suggesting both are artifacts. This finding is particularly noteworthy, as methylated chebulagic acid was
also reported as an artifact in the isolation of Terminalia chebula Retz., another species from of the
genus[2,39]. In contrast, true methylated metabolites, such as methylated derivatives of ellagic acid (table
1, P18, P21, and P22) were confirmed by UHPLC-ESI-HRMS analysis in both extracts. Thus, to the best
of our knowledge, 13 of 20 isolated compounds are likely of plant origin and from these 9 compounds (1;
2; 6; 14 — 18; 20) are described for the first time within this species.

Chebulagic acid

R;3.93 min -
100+ | ==MeOH-extract
= XIC; m/z 952.6 — 953.3 Chebulagic acid
EtOH-extract
—. 80+ ==MeOH-extract o
=2 - XIC; m/z 966.6 —967.3 Methyl chebulagic acid
— EtOH-extract
] J
Q
. -
2 %9 TMEOR-eXIBCt L s 1G: miz 980.6 - 981.3 Ethyl chebulagic acid
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Fig 4-5 Test for artefacts on the example of chebulagic acid and methyl chebulagic acid

Biological activity

Based on the biological effects of the crude extract, all isolated compounds and potential artifacts were
screened for biological activity against the Gram-negative bacterium A. fischeri, as well as the pathogenic
fungi B. cinerea, S. tritici and P. infestans. In contrast to expectations, none of the isolated compounds
exhibited inhibitory effects on A. fischeri, although, the crude extract displayed moderate activity (fig S4-
1). This suggests that the active compound was either not isolated, modified (e.g. by methylation), or that
synergistic effects were required, which may have been lost during the separation of synergistic partners.
Several compounds demonstrated some level of activity against S. tritici and P. infestans, although none
exhibited outstanding effects at concentrations of 1 uM (fig S4-2 — S4-4). The most remarkable effect can
be reported for the artefact 6’-O-methyl-chebulagic acid (19), that showed 82% of inhibition against P.
infestans at a concentration of 10 uM. The reported antifungal properties of T. dhofarica may thus be
attributed to the combined effects of various active compounds with nonspecific activity. This is common
for mixtures of plant phenolics. It is in alignment with the use of crude mixtures in external (or intestinal)
applications, as tanning and gluing effect underlying these compounds effects on microorganism is not

systemic.
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Conclusion

In conclusion, the Omani medicinal plant Terminalia dhofarica was found to be very rich in phenolic acids,
tannins, and flavonoids as well as their glucosides as major compound classes. This is consistent with other
species in the genus. A total of 20 compounds were isolated, including the first full characterization of
compound 1 with a complete set of NMR data to unequivocally determine its structure. However, a critical
examination of the data revealed that seven compounds isolated are likely artifacts of the isolation process.
Therefore, 13 compounds remain with true plant origin, of which 9 were described for the first time within
this species. The evaluation of biological activities of the isolated compounds within this study can
corroborate the reported non systemic use of 7. dhofarica extracts. However, the scope of yet performed
studies falls short of adequately identifying all phytochemical compounds relevant for its bioactivity and

medicinal applications. Therefore, further studies are needed.
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Graphical abstract

Abstract

Hornstedtia scyphifera (J.Koenig) Steud. represents a lesser-known member of the ginger family
(Zingiberaceae) that is used in Malaysia as spice and traditional medicine. The phytochemical investigation
of leaves from this species utilizing diverse analytical methods has provided comprehensive insights into
its chemical profile for the first time. Headspace gas chromatography-mass spectrometry (HS-GCMS) and
GCMS analyses of essential oil and nonpolar extracts verified a-pinene, camphene, p-cymene, and camphor
as main volatile compounds. Metabolite profiling of the crude extract by ultra-high-performance-liquid
chromatography-high resolution mass spectrometry (UHPLC-HRMS) unveiled terpenoids, flavonoids and
other phenolics as major compound classes. Isolation and follow-up structure elucidation, involving 1D and
2D NMR, HRMS, UV and CD analysis, yieclded two new sesquiterpenoids, (1R,5S,6S,7R,10R)-mustak-14-
oic acid (1) and (1R,6S,7S,10R)-6-hydroxy-anhuienosol (2), along with 24 known compounds (seven
terpenoids, seven flavonoids, ten phenolics), 21 of these never reported for H. scyphifera. Additionally, the
crude extract and fractions from the purification process were screened for antibacterial and antifungal
activity. This is supplemented by an extensive literature research for described bioactivities of all isolated
compounds. Our results support and explain previously detected antimicrobial, antifungal and
neuroprotective effects of H. scyphifera extracts and provide evidence for its potential pharmacological

importance.
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Abstract

Hornstedtia scyphifera ().Koenig) Steud. represents a lesser-known member of the ginger family (Zingiberaceae) that is
used in Malaysia as spice and traditional medicine. The phytochemical investigation of leaves from this species utilizing
diverse analytical methods has provided comprehensive insights into its chemical profile for the first time. Headspace
gas chromatography-mass spectrometry (HS-GCMS) and GCMS analyses of essential oil and nonpolar extracts verified
a-pinene, camphene, p-cymene, and camphor as main volatile compounds. Metabolite profiling of the crude extract by
ultra-high-performance-liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) unveiled terpenoids,
flavonoids and other phenolics as major compound classes. Isolation and follow-up structure elucidation, involving 1D
and 2D NMR, HRMS, UV and CD analysis, yielded two new sesquiterpenoids, (1R,55,65,7R,10R)-mustak-14-oic acid (1) and
(1R,65,75,10R)-6-hydroxy-anhuienosol (2), along with 24 known compounds (seven terpenoids, seven flavonoids, ten
phenolics), 21 of these never reported for H. scyphifera. Additionally, the crude extract and fractions from the purification
process were screened for antibacterial and antifungal activity. This is supplemented by an extensive literature research
for described bioactivities of all isolated compounds. Our results support and explain previously detected antimicrobial,
antifungal and neuroprotective effects of H. scyphifera extracts and provide evidence for its potential pharmacological
importance.
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1 Introduction

The Zingiberaceae family, commonly known as the ginger family, represents the largest family within the Zingiberales
order and comprises 53 genera and over 1200 species [1]. The family is subdivided into four major tribes: Alpinieae,
Globbeae, Hedychieae, and Zingibereae, distinguished by morphological features only [1]. They grow in tropical
regions such as India, Asia, Africa, and Australia [1, 2], characterized as perennial herbaceous species with fleshy-
thickened rhizomes [3]. While many species have traditional applications as spices or ornamentals, they are also
valued as herbal medicine [2]. The therapeutic properties of numerous members of this family are largely attributed
to their abundant bioactive compounds [4, 5], such as terpenes, terpenoids, and flavonoids [6-8]. In the plant, some
of these compounds serve to deter herbivores, combat microbial infections, or protect against solar radiation, while
others attract pollinators through color or scent [6, 7, 9]. For humans, these secondary metabolites offer various
pharmaceutical advantages. So far, extracts and isolates from Zingiberaceae members demonstrated antioxidative
[10-12], antimicrobial [11], anti-inflammatory [10, 12] and anticancer [11, 12] properties or even neuroprotective
activity [13], indicating considerable potential for application in contemporary medicine.

One of the lesser-known representatives of this highly potent family is Hornstedtia scyphifera (J.Koenig) Steud., also
known as Amomum scyphiferum J.Koenig, Cardamomum scyphiferum (J.Koenig) Kuntze, Greenwaya scyphifer (J.Koenig)
Giseke or Greenwaya scyphiferus (J.Koenig) Giseke [14]. The genus Hornstedtia comprises about 43 species found in
tropical Southeast Asia from the Malay peninsula to the Himalayas [15, 16]. H. scyphifera is morphologically charac-
terized by a robust rhizome, positioned just below or at the ground surface and large leaf shoots reaching 2-5 min
height, adorned with green leaves covered at the base by sheaths. The plant bears short inflorescences with a series
of scales surrounding the floral bracts. The red flowers open individually for one day and develop smooth, elongated
fruits. H. scyphifera appears to be the most common species of the genus in Malaysia [15], where it is traditionally
used as a spice and for insect repellency [15, 17]. The essential oils from various organs are well researched and
predominantly consist of mono- and sesquiterpenes as well as terpenoids, such as camphor and germacrene D, but
also borneol and B-selin [17]. However, studies on non-volatile compounds are lacking except for two brief reports
describing the isolation of four flavonoids (quercetin, 5-hydroxy-3,7,4'-trimethoxyflavon, kumatakenin, 3,5-dimeth-
ylkaempferol), two phytosterols (stigmast-4-en-3-one, 6-hydroxy-stigmast-4-en-3-one) and a fatty acid (dodecanoic
acid) from H. scyphifera leaves [18, 19]. Extracts of H. scyphifera leaves show promising antibacterial and antioxidative
activities [18], as well as anti-inflammatory and neuroprotective properties [20]. These effects may be ascribed to
a high concentration of sesquiterpenes, which have been linked to antidepressant and neuroprotective properties
[13], although other substances may also be involved.

In this study, we conducted a comprehensive phytochemical investigation focusing on both the volatile com-
pounds and the isolation of the non-volatile compounds to fully evaluate the chemical composition and biological
activity of H. scyphifera.

2 Materials and methods
2.1 General experimental procedures

Thin layer chromatography (TLC) analyses were performed on silica gel 60 normal phase (SG60), silica gel 60 reversed
phase 18 F,5, (Merck, Darmstadt, Germany) or silica gel 60 reversed phase 2 UV,;, (Macherey-Nagel, Diiren, Ger-
many) using different solvent systems. To visualize the compound spots, long-wavelength UV light (366 nm), short-
wavelength UV light (254 nm) and spraying with vanillin-H,SO, reagent, followed by heating or spraying with natural
product spray reagent (1 g 2-aminoethyl diphenylborinate/200 mL methanol) were applied.

Low-resolution ESI-MS spectra were performed on a Sciex API-3200 instrument (Applied Biosystems, Concord,
Ontario, Canada) combined with a HTC-XT autosampler (CTC Analytics, Zwingen, Switzerland). The UV spectra were
recorded on a Jasco V-770 UV-Vis/NIR spectrophotometer (Jasco, Pfungstadt, Germany), using a 10 mm quartz glass
cuvette. The specific rotation was recorded on a Jasco P-2000 digital polarimeter (Jasco, Pfungstadt, Germany), using
the software Spectra Manager 2 (version 2.14.02). The circular dichroism (CD) spectra were recorded on a Jasco
J1500 CD spectrometer (Jasco, Pfungstadt, Germany), using the software Spectra Manager 2 (version 2.15.04). The
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ultrasound assisted extraction of plant material was performed on a Bandelin Sonorex RK 510 H (9.7 L) (Bandelin
electronic GmbH & Co. KG, Berlin, Germany) at 35 kHz for 60 min per cycle.

The semi-preparative HPLC was performed on a Shimadzu prominence system which consists of a SPD-M20A diode
array detector, a FRC-10A fraction collector, a CBM-20A communications bus module, a DGU-20A5R degassing unit, a
LC-20AT liquid chromatograph, and a SIL-20A HT auto sampler. The following columns were used for separation: column
1 (YMC Pack ProC18, 5 um, 120 A, 150 x4.6 mm I.D,, YMC, USA), column 2 (YMC Pack Pro C18, 5 pm, 120 A, 150 X 10.0 mm
1.D., YMC, USA) and column 3 (Agilent Eclipse XDB-C18, 5 pm, 80 A, 250 % 9.4 mm 1.D., Agilent, USA). Water (A)/methanol
(B) (solvent system 1) or water (A)/acetonitrile (B) (solvent system 2) each with 0.1% formic acid were used as mobile
phases at a temperature of 25 °C applying different gradients.

"H and *C NMR spectra were recorded on an Agilent DD2 400 NMR spectrometer at 399.917 and 100.570 MHz, respec-
tively. Chemical shifts are reported relative to TMS ("H NMR) or peaks of solvent. For samples with low concentration,
1D 'H and "*C NMR spectra and 2D spectra (HSQC, HMBC, COSY, TOCSY, NOESY) were recorded on a Bruker Avance Neo
500 NMR spectrometer at 500.234 and 125.797 MHz, respectively, using a 5 mm prodigy probe with the TopSpin 4.0.7
spectrometer software or on an Agilent VNMRS 600 MHz NMR spectrometer equipped with 5 mm inverse detection
cryoprobe, using standard CHEMPACK 8.1 pulse sequences implemented in Varian VNMRJ 4.2 spectrometer software.

2.2 Plant material

The plant material of Hornstedtia scyphifera ().Koenig) Steud. was taken from the greenhouse collection of the IPB in
Halle (Saale). Dried voucher material is stored at IPB (Identification code DFK214 and DFK221). For the investigations,
fresh leaves as well as dried leaves were used. Fresh leaves were washed with water after being harvested and used for
extraction immediately. For storage, the leaves were frozen in liquid nitrogen, then kept in a freezer at—22 °C and finally
freeze-dried. The dry material was stored at room temperature until being used for further treatment.

2.3 Extraction and isolation
2.3.1 Isolation from fresh leaves

Fresh leaves (66.40 g) from H. scyphifera were ground, followed by an exhaustive ultrasound assisted extraction with
methanol (5x500 mL) to give 7.18 g of dried crude extract after evaporation of the solvent. The extract was five times
partitioned by liquid-liquid-extraction between water (450 mL) and ethyl acetate (5 x500 mL) yielding the ethyl ace-
tate fraction (2.02 g) and the water fraction (2.90 g). The ethyl acetate fraction was submitted to a polyamide 5C-6-AC
column (I: 21 cm, d: 7 cm) and eluted according to the eluotropic series (n-hexane, ethyl acetate, acetone, methanol).
The acetone fraction (320.5 mg) was further purified on a RP18 column (I: 10 cm, d: 7 cm) with an increasing methanol
gradient (10-100% in water), followed by a preparative RP18 TLC (d: 1 mm, 40% methanol) and final purification by semi-
preparative reversed phase HPLC (column 1, solvent system 1, isocratic, 27.5 min, 15% B, flow rate of 1.6 mL/min) to yield
compound 22 (p-hydroxybenzoic acid, 0.7 mg, R,=12.36 min, R;=0.67 in MeOH/H,0 (1:1, v/v) on RP18). The methanol
fraction of the polyamide column was submitted to a SG60 column (I: 9 cm, d: 5 cm) and eluted with an increasing
methanol/chloroform gradient (5-100% MeOH, in 5% steps). Compound 12 (isokaempferid, 6.3 mg, R;=0.45 in MeOH/
CHCI; (1:19, v/v) on SG60) eluted with 5% methanol. The fraction obtained with 10% methanol was further submitted
to repetitive column chromatography on RP18 with an isocratic water-methanol-mixture (7:4, v/v) and finally purified
by HPLC (column 1, solvent system 1, gradient 0-2.5 min, 30% B; 2.5-12,5 min, 30-50% B, isocratic for 2 min, flow rate of
0.7 mL/min) to yield compound 8 (epicatechin, 0.6 mg, R,=11.82 min, R;=0.44 in MeOH/H,0 (4:7, v/v) on RP18).

2.3.2 Isolation from dried leaves

Dried pulverized leaves (92.00 g) from H. scyphifera were exhaustively extracted assisted by ultrasonication with 80% aq.
methanol (6 x 1 L) to give 18.02 g of dried crude extract after evaporation. The extract was successively partitioned by
liquid-liquid-extraction between water and n-heptane, followed by ethyl acetate. A water-insoluble residue was later
combined with the n-heptane fraction due to TLC profiles. This resulted into three fractions: 1) n-heptane (3.03 g), 2)
ethyl acetate (1.50 g) and 3) water (8.59 g).

The n-heptane fraction was submitted to a silica gel 60 column (I: 90 cm, d: 4 cm), eluted with an increasing ethyl
acetate/n-hexane gradient (0-100% ethyl acetate in 10% steps, each 1.5 L). The fraction eluted with 20% ethyl acetate was
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submitted to a preparative RP18 TLC (d: 1 mm, 10% methanol) to yield compounds 14 (5-hydroxy-3,7,4"-trimethoxyflavon,
9.3 mg, R=0.78 in n-hexane/EtOAc (3:2, v/v) on NP) and 9 (0.9 mg, R,=9.07 min, R;=0.51 in MeOH/H,0 (9:1, v/v) on RP18).
The fraction eluted with 70% ethyl acetate from the silica 60 column was further purified by preparative HPLC (column
3, solvent system 2, gradient 0-3.0 min, 70% B; 3.0-23.0 min, 70-100% B (isocratic for 6.5 min), flow rate of 1.8 mL/min)
to yield compound 3 ((F)-14,15,16-trinorlabda-8(17),11-dien-13-oic acid, 0.1 mg, R,=23.51 min),

The ethyl acetate fraction was submitted to a Sephadex LH20 column (I: 99 cm, d: 2 cm) with an isocratic dichlorometh-
ane-methanol-mixture (3:1, v/v) yielding seven fractions (A1-A7) based on the TLC profile (NP, toluol/EtOAc/FA, 10:5:3,
v/v), of which A2 (R; 0.57), A4 (R;0.42), A6 (R; 0.37) and A7 (R;0.28) were further purified.

A2 was submitted to a RP18 column (I: 51 cm, d: 3 cm) and eluted with a mixture of methanol and water (7:3, v/v)
which yielded six fractions (B1-B6) based on the TLC profile (RP18, MeOH/H,0, 7:3, v/v), of which B2 (R;0.70) and B6 (R;
0.06) were further purified. B2 was repeatedly submitted to reversed phase HPLC (column 3). The separation with solvent
system 1 (gradient 0-3.0 min, 33% B; 3.0-23.0 min, 33-38% B) and a flow rate of 1.0 mL/min yielded compounds 18 (evo-
folin B, 0.6 mg, R,=15.39 min), 5 (cis-pinononic acid, 0.9 mg, R,=17.11 min), 21 (syringealdehyde, 1.6 mg, R,=18.82 min)
and 20 (vanillin, 1.2 mg, R;=19.53 min). In addition, a second gradient system was applied (solvent system 1; gradient
0-3.0 min, 30% B; 3.0-23.0 min, 30-52% B, flow rate of 1.4 mL/min) to yield compound 2 (6-hydroxy-anhuienosol, 2.7 mg,
R;=9.42 min), compound 7 (2-oxo-3-4,5,5-trimethylcyclopentynyl acidic acid, 2.3 mg, R,=15.42 min) and compound 6
(cis-pinonic acid, 2.2 mg, R,=16.85 min),

B6 was purified by preparative HPLC (column 2, solvent system 1; gradient 0-2.5 min, 80% B; 2.5-17.5 min, 80-100%
B; flow rate of 2.64 mL/min) to yield compound 13 (kumatakenin, 2.3 mg, R,=9.16 min).

A4 was purified by preparative HPLC (column 3, solvent system 1; gradient 0-3.0 min, 35% B; 3.0-23.0 min, 35-100% B,
flow rate of 1.8 mL/min) to yield compounds 19 (protocatechualdehyde, 3.6 mg, R,=11.38 min), 24 (vanillicacid, 3.2 mg,
R;=13.87 min), 25 (protocatechuic acid methylester, 0.1 mg, R,=16.10 min) and 16/17 (trans- and cis-ferulicacid, 1.1 mg,
R,=16.70 min),

A6 was submitted to a RP18 column (I: 36 cm, d: 2 cm) and eluted with a methanol-water-mixture (3:7, v/v) which
yielded three fractions (C1-C3) based on the TLC profile (RP18, MeOH/H,0, 3:7, v/v), of which C1 (R;0.83) and C2 (R; 0.80)
were further purified by preparative HPLC. C1 was separated on column 3 using solvent system 1 (gradient 0-3.0 min,
8% B; 3.0-20.0 min, 8-32% B, 20.5-28.0 min, 50 — 70% B) and a flow rate of 1.8 mL/min to yield compound 23 (protocat-
echuic acid, 2.8 mg, R,=16.60 min) and compound 26 (5-methoxy salicylic acid, 0.1 mg, R,=21.95 min). C2 was purified
on column 2 using solvent system 1 (gradient 0-2.5 min, 40% B; 2.5-22.5 min, 40-100% B) and a flow rate of 4.4 mL/min
to yield compound 1 (mustak-14-oic acid, 0.6 mg, R,=18.03 min).

A7 was purified by preparative HPLC (column 3, solvent system 1; gradient 0-3.0 min, 35% B; 3.0-23.0 min, 35-100% B,
23.0-30.0 min, 100% B; flow rate of 1.8 mL/min) to yield the compounds 15 (E-p-coumaric acid, 3.5 mg, R,=16.60 min), 11
(rutin, 2.3 mg, R,=17.86 min), 4 (verbenon-10-oic acid, 5.6 mg, R,=19.23 min) and 10 (quercetin, 2.5 mg, R,=21.71 min).

2.3.3 Spectral data

(1R55,65,7R,10R)-Mustak-14-oic acid (1): colorless oil; [a]*°; = — 69 (c 0.0001, MeOH); UV (MeOH) A,,,,,, (log €) 202 (4.00),
225(3.71), 277 (3.14); "H NMR (500 MHz, Methanol-d,) and *C NMR (obtained from HSQC and HMBC, Methanol-d,) see
Table 2; HR-ESI-MS (Orbitrap) m/z [M—H]~ 247.1338 (calc for C,sH,,0;7, 247.1329); MS?-Fragmentation (CE= —30V) m/z
221 (8), 203 (100).

(1R,6S,75,10R)-6-Hydroxy-anhuienosol (2): yellow oil; [a]*°; = — 17 (¢ 0.0001, MeOH); UV (MeOH) A,.,,. (log €) 202 (3.87),
238 (3.63); "H NMR (500 MHz, Methanol-d,) and '*C NMR (obtained from HSQC and HMBC, Methanol-d,) see Table 3;
HR-ESI-MS (TOF) m/z [M+FA]~ 313.1669 (calc for C,¢H,s0,", 313.1651); MS?-Fragmentation (CE= —20V) m/z 313 (12),
267 (50), 209 (100), 191 (18), 121 (17).

2.4 Computational CD spectral analysis

The absolute configuration of compounds 1-6, 8, and 9 was determined by aligning experimental electronic cir-
cular dichroism (ECD) spectra with calculated CD spectra obtained by quantum chemical calculation. The initial 3D
structures for the molecules, including all possible stereoisomers, were built using Molecular Operating Environment
(MOE) 2020 software and the accompanying ChemDraw add-in. All structures and conformational analyses were
executed utilizing the Amber10:EHT force field [21]. The energy minimum structures obtained from the force field
were subsequently optimized employing the DFT method (B3LYP/def2-TZVP) [22-25] with the ORCA 5.0 program
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package [26], incorporating the conductor-like polarizable continuum model (CPCM) solvent field [25] for methanol.
For the optimized structures CD spectra were calculated via the ORCA software. The first 25 excited states for each
compound and stereoisomers were computed using the TD B3LYP [22-25] with the def2-TZVP basis set [27] and
CPCM model for methanol. The SpecDis software (version 1.71) [28] was employed for visualizing and contrasting
the calculated spectra with the experimental data. The best similarity factor for the different stereoisomers was
calculated and the one with the highest similarity factor was used for comparison at the same shift and sigma fac-
tor for a Gaussian band shape.

2.5 MS measurements
2.5.1 High resolution

The UHPLC-ESI-HRMS spectra of compound 2, 3, 5-9, 12, 14, 18, 20-23 and 26 were acquired using a TripleTOF
(time of flight) 6600-1 mass spectrometer (Sciex, Darmstadt) in positive and negative ion modes. Samples (2 pL)
were loaded on an Waters Acquity UPLC’ BEH C18 column (1.7 um, 130 A, 50 x 2.1 mm 1.D., Waters GmbH, Eschborn,
Germany) under isocratic conditions (3% eluent B, 1 min), and separated using a linear gradient from 3 to 95% elu-
ent B in 5 min. Separation was performed on an ACQUITY UPLC I-Class UHPLC System (Waters GmbH, Eschborn,
Germany) with a flow rate of 0.4 mL/min and 55 °C column temperature. Eluents A and B were water and acetonitrile,
with 0.1% formic acid. The mass spectrometer was equipped with an ESI-DuoSpray ion source (spray voltage: 5.5 kV
(positive mode), 4.5 kV (negative mode), nebulizer gas: 60 psi, source temperature: 450 °C, drying gas: 70 psi, curtain
gas: 55 psi) and was controlled by Analyst 1.7.1 TF software (Sciex, Darmstadt). Data acquisition was performed in
MS1-TOF mode in a mass range of m/z 65 to 1250 with an accumulation time of 75 ms. The mass spectrometer was
externally calibrated with calibration solutions provided by the manufacturer for positive and negative modes. For
MS2-TOF mode the declustering potential was 35 V and the collision potential was 10V, respectively. The product
ion spectra (tandem mass spectra, MS/MS) were acquired in the high sensitivity mode (accumulation time 20 ms) in
the m/z range of 50-1000 using unit Q1 resolution with mass resolution above 30,000. Collision potential (CE) was
set from —-80 to-20V in negative ion mode and set from 20 to 80 V in positive ion mode, whereas collision energy
spread (CES) was 15 V. The data were evaluated by Peak View 1.2.0.3 software (AB Sciex GmbH, Darmstadt, Germany).

The UHPLC-ESI-HRMS spectra of compounds 1,4, 10,11, 13,15-17, 19, 24 and 25 were acquired using an Orbit-
rap Elite mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), coupled with a UHPLC system (Dionex
UltiMate 3000, Thermo Scientific) and a photodiode array detector (PDA, Thermo Scientific). The spectra as well
as the collision-induced dissociation mass spectra (CID, collision induced dissociation) were recorded in positive
and negative ion mode. Samples (3 pL) were loaded on an Waters Acquity UPLC® BEH C18 column (1.7 um, 130 A,
50 2.1 mm 1.D., Waters GmbH, Eschborn, Germany) under isocratic conditions (5% eluent B, 1 min), and separated
using a linear gradient from 5 to 95% eluent B in 10 min. Separation was performed on an ACQUITY UPLC I-Class
UHPLC System (Waters GmbH, Eschborn, Germany) with a flow rate of 0.4 mL/min and 40 °C column temperature.
Eluents A and B were water and acetonitrile, with 0.1% formic acid. lonization was carried out by electrospray
ionization (HESI ion source; spray voltage 4.0 kV in positive ion mode, 3.5 kV in negative ion mode; nebulizing and
auxiliary gas: nitrogen; evaporation temperature: 300 °C; capillary temperature: 325 °C, FTMS resolution Full MS:
30,000; MSn: 15,000). The CID mass spectra were recorded automatically using a data-dependent fragmentation
mode and a normalized collision energy (NCE) of 35%. The mass spectrometer was externally calibrated with cali-
bration solutions provided by the manufacturer for the negative and positive modes. The spectra were analyzed
using Xcalibur 2.2 SP1 software (Thermo Fisher Scientific).

The MS" high-resolution electrospray mass spectra in negative ion mode of kumatakenin (13) were acquired
using an Orbitrap Elite mass spectrometer (ESI ion source: spray voltage 4.0 kV, capillary temperature 275 °C,
nebulizing gas: nitrogen, FTMS resolution 30,000). The sample solution was continuously injected using a syringe
pump (flow rate: 5 pL/min). The mass spectrometer was externally calibrated (Pierce® ESI negative ion calibration
solution, Product No. 88324, Thermo Fisher Scientific, Rockford, IL, 61,105 USA). The spectra were analyzed using
Xcalibur 2.7 SP1 software. The CID-MS" measurements were acquired with relative collision energies: 25% for MS?
of m/z 313 in the m/z range of 85-350, 25% for MS® of m/z 298 in the m/z range of 80-325, 30% for MS* of m/z 283
in the m/z range of 75-300, 35%for MS® of m/z 255in the m/z range of 75-300.
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2.5.2 Headspace GCMS

The headspace GCMS method was adopted from Farhadi et al. [29] with modifications. Ground leaf powder (0.5 g) was
submitted into 20 mL headspace vials and then incubated at 100 °C for 30 min with constant shaking in a headspace
assembly of CTC GC PAL Injector (Shimadzu Deutschland GmbH, Duisburg, Germany). 500 pL head space of each sample
were injected into a ZB-5MS capillary column (30 m x0.25 mm ID, 0.25 um film thickness, Phenomenex, Aschaffenburg,
Germany) and analyzed by gas chromatography-electron ionization-quadrupole-mass spectrometry (GC-EI-Q-MS) using
a GC2010 gas chromatograph coupled online to a quadrupole mass selective detector Shimadzu GCMS QP2010. The
temperature program started at 50 °C kept constant for 5 min, then a ramp of 3 °C/min to 140 °C followed by the second
ramp of 10 °C/min to 240 °C and finally kept constant for 10 min. MS detection was performed in positive ion mode in m/z
range 40-500 Da. Analysis was performed under the control of GCMS Real Time Analysis software (Shimadzu Deutschland
GmbH, Duisburg, Germany). The compounds were annotated using the NIST17 library.

2.5.3 GC-MS of essential oil and n-hexane extract

To obtain essential oil, dried leaf powder (10 g) of H. scyphifera was subjected to hydrodistillation in a Dean Stark Appara-
tus for 12 h adding 400 mL deionized water into a 1000 mL flask. The pale-yellow essential oil (1.2 mg) was picked using
a micro pipette (10 ul, BLAUBRAND, Wertheim, Germany), transferred to a vial and stored in the fridge.

To obtain the n-hexane extract, dried leaf powder (8 g) of H. scyphifera was subjected to a cellulose thimble and trans-
ferred to a Soxhlet extractor. The extractor was filled with 150 mL of n-hexane and heated under reflux for 3 h. Afterwards,
the solvent was carefully removed using rotary evaporator.

Samples (1 pL) were injected on ZB-5MS capillary column (30 m x0.25 mm ID, 0.25 pm film thickness, Phenomenex,
Aschaffenburg, Germany) and analyzed by gas chromatography-electron ionization-quadrupole-mass spectrometry
(GC-EI-Q-MS) using a GC2010 gas chromatograph coupled online to a quadrupole mass selective detector Shimadzu
GCMS QP2010. The temperature program was starting at 50 °C kept constant for 5 min, then aramp 10 °C/min to 120 °C
followed by the second ramp 5 °C/min to 300 °C and kept constant for 15 min. MS detection was performed in positive
ion mode in m/z range 40-600 Da. The compounds were annotated using the NIST17 library.

2.6 X-Ray analysis

Single crystals of compound 13 (Kumatakenin, C;,H,,0¢) were obtained by slow evaporation of the solvent from a con-
centrated methanolic solution in the cold. A suitable crystal was selected and fixed on a STOE IPDS Il diffractometer. The
crystal was kept at 170 K during data collection. Using Olex2 [30], the structure was solved with the SHELXT [31] structure
solution program and refined with the SHELXL [32] refinement package using Least Squares minimization.

2.7 Biological assays
2.7.1 Antibacterial Assays

The compounds were evaluated against the Gram-negative Aliivibrio fischeri (DSM507) and the Gram-positive Bacillus
subtilis 168 (DSM 10), as described by Kappen et al. [33] and Manurung, Kappen et al. [34]. The tests were performed in
96-well plates based on the bioluminescence (A. fischeri) or absorption (B. subtilis) read-out. Chloramphenicol (100 pM)
was used as a positive control to induce complete inhibition of bacterial growth. The results (mean + standard deviation
value, n=6) are given in relation to the negative control (bacterial growth, 1% DMSO without test compound) as relative
values (percent inhibition). Negative values indicate an increase in bacterial growth.

2.7.2 Antifungal Assay

The antifungal activity was tested on the phytopathogenic ascomycetes Botrytis cinerea Pers. and Septoria tritici Desm.
and the oomycete Phytophthora infestans (Mont.) de Bary in 96-well microtiter plate assays according to protocols from
the Fungicide Resistance Action Committee (FRAC) with minor modifications as described by Ware et al. [35, 36]. Briefly,

the isolated compounds were tested at the highest concentration of 500 ug/mL, while the solvent DMSO in buffer was
used as a negative control (max. concentration 2.5%). The commercially used fungicides, epoxiconazole and terbinafine
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(Sigma-Aldrich, Darmstadt, Germany), served as reference compounds. The pathogen growth was evaluated seven days
after inoculation by measurement of the optical density (OD) at L 405 nm with a TecanGENios Pro microplate reader (five
measurements per well using multiple reads in 3 x 3 square). Each experiment was carried out in triplicate.

3 Results and discussion
3.1 Characterization of crude extracts and volatiles

A first phytochemical investigation of the leaves from H. scyphifera involved multiple methodologies. An exhaustive
extraction with methanol was performed to yield a crude extract, which was characterized by ultra high-performance
liquid chromatography high-resolution mass spectrometry analysis (UHPLC-ESI-HRMS). Additionally, the volatile com-
pounds were screened on one hand by submitting ground plant material to a headspace gas chromatography-mass
spectrometry-system (HS-GCMS) (Table S1) and on the other hand by extracting essential oil and a n-hexane extract
from leaves to compare and verify results with published data (Table S2). Further, the crude extract was submitted to
liquid-liquid partitioning and resulting fractions were screened by TLC and for bioactivity in selected assays.

The findings of the HS-GCMS analysis are largely consistent with existing reports on the characterization of the essen-
tial oils of H. scyphifera. Specifically, the main peaks were identified as a-pinene, camphene, p-cymene, and camphor,
as reported by Hashim et al. in 2018 [17]. Notably, the presence of butylbenzene (Table S1, H6), constituting 18% of the
composition, appears to be previously unreported based on available literature.

Analysis via GC-MS facilitated the tentative annotation of 71 compounds in total, while 49 are abundant in the essen-
tial oil (EO) and 24 compounds in the n-hexane extract from the leaves. Quantitatively relevant compounds in the EO
included trans-dihydroagarofuran (14.91%, Table S2, G17), a-caryophyllene (6.77%, Table S2, G36) as well as cis-verbenol
acetate (5.54%, Table S2, G53) and (E)—15,16-dinorlabda-8(17),11-dien-13-one (3.49%, Table S2, G48). The latter was
previously isolated from the rhizome of Globba schomburgii by Suekaew et al. [37] but here is annotated for the first
time in the EO of H. scyphifera. In the n-hexane fraction, cis-verbenone (13.49%, Table S2, G8), camphor (3.95%, Table S2,
G4), camphene (4.23%, Table S2, G2), and a-pinene (1.49%, Table S2, G1) were the most abundant compounds. Most
compounds identified through headspace analysis were also present in the n-hexane extract but were absent in the
essential oil (EO). This might be attributed to the high volatility of these compounds, potentially resulting in incomplete
condensation during EO distillation.

TLC screening of the crude extract and fractions from liquid-liquid-partitioning showed the highest variety of spots for
the n-heptane and ethyl acetate fraction, corresponding to individual compounds (Fig. 1, lane 3). This indicated a complex
matrix for these extracts suggesting challenging isolation and characterization. The TLC profile of the n-heptane fraction
as well as the water insoluble residue of the crude extract (Fig. 1,366 nm, lane 4 and 5) showed both bright yellow spots
attributed to compounds 9 and 14 and were therefore combined for further isolation. Both the n-heptane and the ethyl

normal phase

Nat. prd. spray reagent
Toluol/EtOAC/FA
(v/v/v-10/5/3)

1 —crude extract

2 —water phase

3 —ethyl acetate phase
4 —n-heptane phase

5 —residue

4 5 1 2 3 4 5 1 2 3 4 5

Fig.1 TLC of crude extract and fractions from liquid-liquid-partitioning of dried leaves after derivatization with natural product reagent.
Numbered boxes correspond to isolated compounds
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acetate fractions exhibited strong activity against the Gram-negative bacterium Alliivibrio fischeri (complete inhibition
at a concentration of 500 pg/ml) (Fig. $1.1.B) and were therefore considered for further isolation. All fractions inhibited
the growth of the phytopathogenic fungus Botrytis cinerea (Fig. $1.2.B).

The UHPLC-HRMS analysis allowed for the annotation of 27 individual metabolites from the total ion chromatogram
(TIC) of the crude extract (Table 1 and Fig. 2). The most intense signal at R, 8.2 min (overlapping peaks P22 and P23) was
assigned to the previously unknown mustak-14-oic acid (1) and the flavonoid kumatakenin (13). Further dominating
signals could be attributed to ferulic acid derivatives (P9 and P11), the flavonol glycoside rutin (11) (P13) and the flavo-
noid isokaempferide (12) (P19). Most signals were assigned to compounds that could also be isolated and identified
within the scope of this work. However, not all isolated compounds were detected in the crude extract. This could be
due to matrix effects leading to ion suppression of individual substances in the complex crude extract, low solubility in
the applied solvent methanol or low substance concentration. Since two thirds of the crude extract mass is allocated to
the aqueous fraction, a relatively low concentration of nonpolar and middle polar compounds in the crude extract can
be expected. In contrast, the compounds behind other detected peaks were not obtained by isolation, as e.g. P9 and
P11 (Table 1 and Fig. 2), which exhibited identical mass and MS? spectra and were thus attributed to cis and trans ferulic
acid derivatives. This is supported by the isolation of both trans- and cis-ferulic acid (16 + 17). In conclusion, H. scyphifera
possesses a multitude of metabolites, the majority of which can be classified into the three groups of (1) terpenes and
terpenoids, (2) flavonoids and (3) other phenolics.

3.2 Purification and structure elucidation

The ethyl acetate and the n-heptane fraction obtained from successive liquid-liquid partition were further purified by
different chromatographic techniques. This resulted in the isolation of 26 compounds (Fig. 3). Beside the two previ-
ously undescribed compounds mustak-14-oic acid (1) and 6-hydroxy-anhuienosol (2), the remaining 24 compound
were identified as (E)-14,15,16-trinorlabda-8(17),11-dien-13-oic acid (3) [38, 39], (15,5R)-verbenon-10-oic acid (4) [40,
41], cis-pinononic acid (5) [42, 43], cis-pinonic acid (6) [44], 2-ox0-3-4,5,5-trimethylcyclopentynyl acetic acid (7) [45,
46], epicatechin (8) [47, 48], (25)-sakuranetin (9) [49, 50], quercetin (10) [51], rutin (11) [52, 53], isokaempferid (12) [54],
kumatakenin (13) [19, 551, 5-hydroxy-3,7,4'-trimethoxyflavone (14) [19, 56], (E)-p-coumaric acid (15) [57], trans-ferulic
acid (16) [58], cis-ferulic acid (17) [58], evofolin B (18) [59], 3,4-dihydroxybenzaldehyde (19) [60], vanillin (20) [61, 62],
syringealdehyde (21) [63], p-hydroxybenzoic acid (22) [64], protocatechuic acid (23) [65], vanillic acid (24) [66], proto-
catechuic acid methyl ester (25) [67, 68] and 5-methoxy-salicylic acid (26) [69, 70], after comparison with NMR data from
literature. Further, spectroscopic data, including NMR and MS for compounds 1 to 26 can be found in the supporting
information. The absolute configuration of compounds 1, 2, 3, 4, 5, 6, 8, and 9 were verified by comparison of experi-
mental and calculated CD spectra (Fig. 4 and 7; Fig. S5-510; Tables S5, S8-514).To the best of our knowledge, this is the
first report on isolation and identification of compounds 3-9 and 11, 12, 15-26 from H. scyphifera.

Interestingly, the monoterpene derivatives 5, 6 and 7 so far were never isolated from a plant source. Compounds 5 and
6 were previously obtained as synthetic oxidation products from a-pinene [42, 44] while 7 was described as degradation
product of camphor, induced by plant pathogens [46]. Both potential precursors were abundant in the GC analysis (H4
and H19 in Table S1; G1 and G4 in Table S2). At this point, the biological origin of 5, 6 and 7 in H. scyphifera is unknown.
The compounds might be derived from plant biosynthesis or by involvement of associated microorganisms. Similarly, a
biosynthetic connection of the isolated (E)—14,15,16-trinorlabda-8(17),11-dien-13-oic acid (3) and (E)-15,16-dinorlabda-
8(17),11-dien-13-one (G48, Table S2) detected in GC-MS experiments might be expected due to their structural similarity.

Compound 1 was isolated as a colorless oil in a poor yield of 0.6 mg from 92.0 g of dried material, which may be attrib-
uted to its volatile nature and the drying methods employed, e.g. rotatory evaporation and lyophilization. The molecular
formula was determined as C,5H,,0; from the molecular ion peak at m/z 247.1338 [M—H]™ (calcd. for 247.1329), obtained
from the HR-ESI-MS spectra. The 'H NMR spectra (Table 2) displayed a single signal for a proton attached to a conjugated
double bond (6, 6.26, dd, brt, J=1.6 Hz, H-3), three signals for protons in central positions (&, 2.72, brs, H-6; 6H 2.69
dd, /=6.6, 1.3 Hz, H-1; §,, 2.66 dd, J=6.6, 0.9 Hz, H-5), followed by two multiplets encompassing six overlapping signals,
later resolved by HSQC (&, 1.69-1.95, m, H-7, H-8b, H-9a, H-9b; &,, 1.50-1.66, m, H-8a, H-11). Additionally, three signals
annotated to CH; groups emerged, with two displaying the same coupling constants, indicating an isopropyl group (6,
0.98, s, H-15; 6,,0.89, d, J=6.8 Hz, H-13; 5, 0.87, d, J=6.8 Hz, H-12). Due to quantitative limitations, no '*C NMR spectra
could be acquired. Therefore, '*C shifts were obtained from 2D NMR experiments, HSQC and HMBC, which confirmed
the presence of all fifteen carbon atoms postulated by HRMS (Table 2). These included a carbonyl group signal (6. 209.0,
C-2), signals indicative of a double bond (6 124.3 for a CH group, C-3 and &, 168.3 for a quaternary carbon, C-4), and a
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Fig.2 Total ion chromatogram (TIC), acquired from the methanolic extract obtained from leaves of H. scyphifera. Please note that peak
numbers are not identical to compound numbers. See Table 1 for assignment
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Fig.3 Structures of all compounds isolated from H. scyphifera in this work

carboxylic group signal (6. 173.8, C-14). Additional signals observed comprised three CH, groups (5. 20.8, C-15; 6. 20.2,
C-12and & 19.9, C-13), two CH, groups (&, 37.9, C-9 and & 23.1, C-8), five more CH groups (5. 58.8, C-6; 6 57.0, C-1; &
53.5,C-5; 6. 46.7, C-7 and &, 33.2, C-11), and one more quaternary carbon (&, 59.8, C-10). All 1D and 2D NMR spectra are
shown in the supporting information (Fig. $2.1-52.7).

Altogether, the NMR dataset of 1 exhibits a significant resemblance to a cadinane-type sesquiterpene [73] also found
in the volatile fraction of H. scyphifera. However, the numerous strong HMBC correlations of H-5 and H-6 indicate an
intramolecular third ring in accordance with a copaene skeleton [74]. One known copaene, trivially named mustakone,
comprises NMR data with high similarity to 1. This compound has been first isolated from the essential oils of Cyperus
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Fig.4 CD spectrum and calculated spectra of the four stereoisomers X1-X4 of compound 1
Iﬂziu:ﬁ (ﬁ;%%f, No 5. 8, (multiplicity, J cosy NOESY HMBC
500 MHz, 25 °C) 1 57.0,CH 269 (dd,6.6,1.3Hz, 1H) 3,5 8a,12,15  2,3,5
2 209.0,C
3 124.3,CH  6.26 (brt, 1.6 Hz, 1H) 1,5 1,514
4 168.3, C
5 53.5,CH 266 (dd,6.6,09Hz 1H) 1,3 7,9a,15 1,3,4,6,7,9
6 58.8,CH  2.72(brs, 1H) 7,11,12 2,4,5,8,10,11,15
7 46.7,CH 177 (m, 1H) 8a,8b, 11 5,8a, 13 1,512
8 23.1,CH, a)1.61(m, 1H) 7,8b,9a,90 1,8b,9b,12 10
b) 1.83 (m, TH) 7,8a,9a 5,8a,13
9 37.9,CH, a)1.86(m, 1H) 8a,8b,9b  5,8a,15, 5,10
b) 1.90 (m, 1H) 8a, 8b, 9a 1,8a,15 7
10 59.8,C
1 33.2,CH  1.55(m, 1H) 7,12,13 6,8b,12,13 12,13,8,7,6
12 20.2,CH; 0.87 (d, 6.8 Hz, 3H) 1" 1,6,11 13,11,7
13 19.9,CH; 0.89 (d, 6.8 Hz, 3H) 11 7,11 7.11,12
14 173.8,C
15 20.8,CH; 0.98 (5, 3H) 1,5,9a,9  1,59,10

 obtained from HSQC and HMBC

rotundus L., an Indian nutgrass variety known as Mustaka in Sanskrit language, by Kapadia et al. in 1963 [75]. To date, it
has only been found in five additional species, none of which belong to the Zingiberaceae family [76]. In this study, we
could detect mustakone (G27, Table S2) in the n-hexane extract by GCMS. The structure of mustakone was primarily deter-
mined through chemical modification in combination with IR and '"H NMR [75], and a strong similarity with verbenone
was noted. Full NMR data were later provided by Nyasse et al. [77]. Direct comparison of NMR data from compound 1 and
mustakone revealed a missing CH; group in 1 (at §,;, 2.02 and 6 20.2), as well as an additional significantly shifted carbon
signal at 173.8 ppm. The molecular formula of 1 includes two additional oxygen atoms compared to mustakone, imply-
ing carboxylation of the methyl group at position 14.This is notable, as a carboxylated derivative of verbenone, (15,5R)-
verbenone-10-oic acid (4), was also isolated, bearing the carboxyl function at the same position instead of methylation.

The cyclobutane ring in 1 exhibits increased ring strain due to the carbon-carbon bonds being required to adopt
angles close to 90°, rather than the typical 109.5° angle of sp3 hybridized carbon in a tetrahedral configuration. This
results in a highly rigid structure showing unique H-H couplings. A strong COSY coupling as observed between H-1 and
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H-5 (J=6.6 Hz) can occur in case of a sterically fixed M or W-shaped arrangement of the coupling nuclei and is typical
for *Juy coupling of cis protons situated as bridgehead protons on the opposite side of cyclobutane rings [78, 79]. In
contrast, COSY long-range couplings in saturated systems over more than 3 bonds typically have a Jvalue of < 1 Hz and
are therefore often undetected.

In 1 the signals of both bridgehead protons H-1 (8, 2.69, dd, 6.6, 1.3 Hz) and H-5 (6, 2.66 dd, /=6.6, 0.9 Hz) appear
consistent with the data from Nyasse et al. [77] on mustakone as doublet of doublets (dd) due to the long-range cou-
pling to H-3. H-3 appears as a pseudo broad triplet with a J value of 1.6 Hz, resulting from the overlaying effect of the
theoretically possible doublet of doublet splitting. In contrast, H-6 appears like in mustakone as a broad singlet which
implies in accordance with the Karplus curve an approximate angle of 90° between H-6 and all three neighboring protons
H-1, H-5 and H-7. While this may pose a challenge for structure elucidation, it provides key information for the relative
configuration of these compounds. Mustakone, like 1, features 5 stereocenters, which theoretically leads to 32 possible
stereo isomers. However, due to the intramolecular cyclobutane ring, the associated steric constraints, and the multiplic-
ity of H-6, only 4 possible stereo isomers remain after geometrical optimization (Fig. 4, X1-X4). A Minimize Energy MM2
calculation in Chem3D to optimize the spatial structure of the stereo isomers, followed by angle determination and cal-
culation of theoretical coupling constants, did not lead to the exclusion of any of the possible sterecisomers (Table S3).

For further determination of the relative stereochemistry, NOESY data were employed (Table 2, Fig. 5). Generally,
NOESY coupling is possible for protons at distances less than 4 A apart. Distances between selected protons and crucial
NOESY couplings of compound 1 are shown in Fig. 5. Respective values of all four sterecisomers of 1 are summarized
in Table 54. The observed strong NOESY correlation between H-1 and the isopropylic methyl group H;—12 (distance of
2.6 A, Table S4) can be only explained by the relative configuration of the enantiomers X2 (possessing 15,5R,6R,75,105-
configuration) or X3 (possessing the 1R,55,6S,7R,10R-configuration). To determine the absolute configuration, the CD
spectrum of 1 was recorded and compared with calculated CD spectra of the possible enantiomers (Fig. 4), which verified
X3 unequivocally as the correct structure, Thus, the new compound 1 has the absolute 1R,55,6S5,7R,10R-configuration and
was given the trivial name mustak-14-oic acid. The absolute stereochemistry of 1 isin agreement with that of (-)-musta-
kone, as described by Kapadia et al. [80].

Compound 2 was isolated as yellow oil in a yield of 2.7 mg. The molecular formula was determined as C;sH,,0, from
the formic acid adduct of the molecular ion peak at m/z 313.1669 [M + FA] ~ (calcd. for C;4H,40,, 313.1651), obtained
from the HR-ESI-MS spectra. The analysis of 1D and 2D NMR spectra (Fig. 52.1-52.7.) implied that the basic structure
of compound 2 is sesquiterpene-like and especially close to the structure of anhuienosol (C,5H,,0;) by comparison
with literature data [81-83] (Table 3, Table 58). However, the CH, group present in anhuienosol at position 6 (6. 28.6, &
2.91(brd, J/=13.7 Hz) + 1.94 (1H, br, J=13.7 Hz)) (Table 58) [83] in 2 is replaced by an oxygenated CH group (6. 68.05, &,
5.26 (d, J=2.7 Hz, TH) implying a hydroxylation at this position. With four stereocenters present in this molecule, theo-
retically, there could exist 16 possible stereoisomers. None of these can be eliminated based on geometric limitations.
Nevertheless, targeted exclusion of isomers through NOESY correlations is attainable. The protons of the methyl group at
position 14 (H;—14) exhibit NOESY correlations to only one hydrogen of each CH, group at positions 2, 8, and 9, indicat-
ing the same spatial alignment of the respective protons 2a, 8a and 9a. Thus, the absence of NOESY correlation between
H;—14 and H-1 necessitates an orientation in the opposite direction. This is further supported by NOESY correlations
between H-1 and H-9b. Therefore, only either 1R,10R or 15,105 configuration is possible. With two additional unspeci-
fied stereocenters at positions 6 and 7, eight potential structures remain (Y1-Y8, Fig. 54, Table $6). Following geometric
optimizations and MM2 minimize energy calculations, 3D structures of all stereoisomers were created to measure the
distances of protons and to compare with observed NOESY correlations The H;—15 methyl group appears relatively

¢y HMBC
"\ cosy
7 wNoEsy O

Fig.5 2D NMR correlations for X3/compound 1
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Iz‘r’:]‘:)zu':g“'; 3\:2%‘[’; No  &° &, (multiplicity, J) cosY NOESY HMBC®
500 MHz, 25 °C) 1 752, CH 3.66 (dd, 5.1, 13.1Hz, TH) 2a,2b 2a,2b, 9b 2,9,10,14
2 43,0, CH, a) 2,60 (dd, 13.1,16.7 Hz, TH) 1,2b 1,2b,14 1,3,10
b) 2.52 (dd, 5.1, 16.7 Hz, TH) 1,2a 1,2a 1,3,4,10
3 201.1,C
4 132.1,C
5 161.8,C
6 68.0, CH 5.26 (d, 2.7 Hz, TH) 7 7,13,15 4,5,7,8,10, 1
7 50.7, CH 1.30 (m, TH) 6,8a, 8b 6 8,9,13
8 16.6, (.:H2 a) 2.02 (m, 1H) 7,8b, 9b 8b, 14 6,7,9
b) 1.70 (m, TH) 8a 8a, 9a, 12 6,7,9,10,11
9 38.3, CHz a)2.15(m, 1H) 9b 9b 57,810,114
b) 1.25 (m, TH) 8a, 9%a 1,9a 8,110,14
10 415,C
11 73.8,C
12 27.9, CH, 1.27 (s, 3H) 8h, 13 7,11,13
13 28.2, CH, 1.38 (s, 3H) 6,7,12 7,11,12
14 17.7, l':H3 1.31 (s, 3H) 2a, 8a, %9a 1,5,9,10
15 99,CH, 1.85 (s, 3H) 6 3,4,5,10

2 obtained from HSQC and HMBC, "600 MHz, 160 scans

isolated and only displays NOESY correlation with H-6. Notably, the orientation of H-6 is irrelevant in this context, as the
distance to H,—15 is less than 3 A in all stereoisomers (2.0-2.4 A, Table S6). In addition, H-6 shows NOESY correlations
with H-7 (2.3-3.0 A in all stereoisomers, Table S6) and H;—13 (2.1-2.3 A in all stereoisomers, Table S6), but none with any
of the ring-bound protons H-1, H-8a/b or H-9a/b. Therefore, an equatorial rather than an axial position for H-6 is sus-
pected. A comparison of distances between H-6 and all ring-bound protons for all sterecisomers revealed that only the
enantiomers Y4/Y8 have consistently distances of >4 A and the expected equatorial position for H-6 and thus possess
the correct relative configuration (Table S6). The elucidation of the absolute stereochemistry was done by comparison
of experimental CD spectra with the calculated CD spectra of the possible stereoisomers (Fig. 6), which verified Y4 with
the absolute 1R,65,75,10R configuration unequivocally as correct structure for the here isolated compound 2, trivially
named 6-hydroxy-anhuienosol (Fig. 7).

Fig.6 CD spectra+calculated 12224
spectra of stereoisomers Y1-Y4 . I .
of compound 2 | ) A " ) |
/ e Y e yo o
6112 - N =T
F SO SY
E 0 . _\_\_‘_‘—\—\_\_\_’JW ¥ T E i
a) \ 1 {1
\I = va
6112 |
' Y1 (1R,6R,7R,10R)
— Y2 (1R,6R,7S5,10R)
12224 A+ —— Y3 (1R,6S,7R,10R)

— Y4 (1R,6S,7S,10R)
— Exp. Data

200 250 300 350 400

Wavelength A [nm]
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Fig.7 2D NMR correlations for Y4/compound 2

Beside terpenoids and simple phenolics, flavonoids caonstitute a major compound class of H. scyphifera with kumatak-
enin (13) as main representative. In addition to structure identification by NMR data, (SI, Spectroscopic data of isolated
compounds, No. 13), we describe here for the first time the structure of kumatakenin by X-ray crystallography. The X-ray
analysis was performed on a crystal with the size of 0.295 x0.029x0.015 mm (Fig. S11). It is a monoclinic crystal that
shows a P2,/c space group. From the data it was possible to obtain all atom bonding which results in verification of
the molecular structure (Fig. 8). Nevertheless, due to the small dimension of the crystal, only a weak dataset could be
achieved, which is visible among others in the Goof of 0.863 (Table S15).

Exemplarily, we performed an extensive MS" analysis of kumatakenin and present a fragmentation pathway (Fig. 9) in
accordance with well researched fragmentation mechanisms of flavonoids [84-88]. From HRMS the molecular formula of
Cy7H1405 was known. The follow-up MS" experiments, performed in four steps from MS? to MS®, showed the subsequent
losses of methyl radicals followed by characteristic CO and CO, elimination (Fig. 9).

3.3 Considerations on biological activity

Most of the compounds isolated from H. scyphifera leaves are widely distributed in plants and known for decades. There-
fore, their biological effects were already exhaustively evaluated in previous studies. In addition, limitations in the yield
of new compounds did not allow the submission to bioassays. Thus, we performed a literature review and focused on
known sources and reported bioactivities for all 24 known compounds and on structurally related compounds for the
two new isolates 1 and 2 (Table 4).

The Zingiberaceae family is known for various biological activities like e.g. anti-inflammatory and neuroprotective
properties. Inflammatory and neurological diseases commonly arise in the presence of proinflammatory and prolifera-
tion-inducing cytokines, as well as through an escalation in the proliferation rate of immune system cells, or as a result
of high levels of free radicals being released [20]. Cytokines are small proteins that act as messengers between cells,
that are involved in the inflammatory response. In Zingiberaceae the pungent constituents like gingerols and shogaols,
form one characteristic compound classes of this family, and are considered to be responsible for many pharmaceuti-
cal effects [89, 90]. These flavor components are phenolic ketones and structurally related to diarylheptanoids, like
curcumin. Their anti-inflammatory effect arises from the inhibition of the synthesis of prostaglandins [91] as well as the
inhibition of enzymes that produce NO radicals [92]. They also inhibit the synthesis and secretion of proinflammatory
cytokines [90, 93, 94] such as interleukin-2 (IL-2). The extracts obtained from leaves of H. scyphifera were reported to

Fig.8 Structure of kuma-
takenin (13), obtained from
X-Ray
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inhibit the release of cytokine IL-2 from activated T-cells, reduce the proliferation rate of these T-cells and also minimize
the release of nitric oxide radicals (NO) from activated microglial cells [20]. However, in our study of H. scyphifera we did
not find any of the characteristic pungent compounds. Thus, the observed effects should result from other compound
classes. We detected in H. scyphifera seven components known to occur in various species from the ginger family such
as (E)-14,15,16-trinorlabda-8(17),11-dien-13-oic acid (3) from Zingiber ottensii [39], quercetin (10) from Zingiber officinale
[95], isokaempferide (12) from Alpinia galanga [96] or H. reticulata [19], kumatakenin (13) from Curcuma aromatica [97] or
H. scyphifera [19], 5-hydroxy-3,7 4'-trimethoxyflavone (14) from Kaempferia parviflora [98] or H. scyphifera [19], protocat-
echuic acid (23) from Roscoea purpurea [99], and protocatechuic acid methyl ester (25) from Amomum xanthioides [100].
These compounds reflect all three major compound groups identified in this study for H. scyphifera, namely terpenoids
(3), flavonoids (10, 12, 13 and 14) and other phenolics (23 and 25). All three groups are known for anti-inflammatory
effects [101]. Flavonoids such as epicatechin, sakuranetin, and quercetin are known to actively inhibit the release of
cytokines like IL1B, and consequently passively suppress the IL1B-induced expression of NO radicals [102-104]. They
are also able to trap radicals actively by donating phenolic hydrogen [105]. The same ability of free radical scavenging is
reported for many phenolic compounds including isolates from H. scyphifera, namely ferulic acid (16, 17), vanillin (20),
vanillic acid (24), p-coumaric acid (15) and protocatechuic acid (23) [106]. Recently, El Omari et al. [107] showed, that
sesquiterpene lactones are able to reduce specifically the IL-2 secretion, like Zipp, Ullrich et al. [20] reported earlier for
H. scyphifera extracts. The same effects might be attributed to the newly found sesquiterpene lactone mustak-14-oic
acid (1). In conclusion, the presence of flavonoids, phenols and terpenoids in combination could explain the reported
anti-inflammatory and neuroprotective activities of H. scyphifera extract [20].

There is also a number of reports concerning the antifungal and antimicrobial activity of H. scyphifera isolates which
aligns with the results of the growth-inhibition assays against the Gram-negative bacterium A. fischeri (Fig. 51.1.B) and
the fungus Boftrytis cinerea (Fig. $1.2.B) in the present study and with reports from literature [18, 20]. These bioactivities
probably arise mainly from flavonoids and phenolics. Antimicrobial compounds are 4 [40], 8 [101], 9 [108, 109], 10 [18,
104],13[110],14[94,110],15[111],16 [112], 18 [113], 19 [114], 21 [115, 116], 22 [117], and 23 [118], and antifungal
compoundsare 9[119],13[110], 14[120],19[121],20[121], 21 [115, 116, 122]). However, terpenoids are often relevant
for antifungal activity, like verbenon-10-oic acid (4) [40] and mustakone [77], a compound structurally closely related to
sesquiterpenoid 1. Applications of 20 ug in standardized disc assays resulted in the inhibition of Candida albicans [40]
and Penicillium crustosum [77].

Further potential effects H. scyphifera might exhibit based on the discovered constituents can be taken from the litera-
ture review (Table 4). Based on this, the species appears to be a promising study subject for more intensive investigations
to unravel its full pharmaceutical potential. In summary, among the 26 isolated compounds, the predominant biological
activities found so far cover antimicrobial and antifungal as well as anti-inflammatory and neuroprotective potentials,
the latter effect often linked to the anti-inflammatory action. However, the high number of different active compounds
suggests, that effects of the extract also might result from the combined powers of several active constituents, rather
than being exerted by a single component with high specificity.

4 Conclusion

In conclusion, the phytochemical investigation of H. scyphifera leaves using multiple analytical methods has provided
valuable insights into its chemical composition. Through GCMS analysis of headspace and of the essential oil, the pres-
ence of common aroma components such as a-pinene, camphene, p-cymene, and camphor were confirmed, along with
the identification of a previously unreported compound, butylbenzene. Further analysis via UHPLC-HRMS allowed for the
annotation of additional metabolites, identifying flavonoids, terpenoids and phenolics as the major compound classes
of H. scyphifera. Purification of the crude extract led to the isolation of the two new sesquiterpenoids mustak-14-oic acid
(1) and 6-hydroxy-anhuienosol (2) along with 24 known compounds. Structural elucidation of these compounds was
achieved through a combination of extensive spectroscopic techniques, including 1D and 2D NMR and HRMS as well as
comparison with literature data. Furthermore, the determination of stereochemistry was facilitated by NOESY correlations
and CD spectroscopy. As an example of the flavonoid class, a four step MS" analysis of kumatakenin (13) was performed
and based on known fragmentation mechanisms, a full annotated fragmentation pathway could be established. This is
also the first time that the keto acids 5, 6 and 7 were isolated from plant origin. While the possibility that they originate
from plant-associated bacteria or fungi cannot be ruled out, the quantities observed strongly suggest a plant origin.
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Bioassays revealed antimicrobial and antifungal activities in fractions enriched with nonpolar isolated compounds.
Intensive literature research of all isolated compounds showed that many of them are known for mild activities in such
assays. For H. scyphifera activity, this implies an additive, maybe synergistic, combination of several constituents rather
than one individual highly active compound with high selectivity being responsible. Along with the antimicrobial activ-
ity mentioned, there are further beneficial effects known for the isolated compounds, namely anti-inflammatory and
neuroprotective activities which support observed effects of H. scyphifera extracts described in the literature. Overall, the
comprehensive phytochemical investigation of H. scyphifera leaves has contributed to a deeper understanding of their
chemical composition and increased the molecular basis for understanding its observed biological activities, laying the
foundation for further studies on pharmacological and therapeutic applications.
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Since ancient times, plants have been used as treatment for many kinds of disease including infections.
Following generations used this traditional knowledge to determine folk wisdom with reliable scientific
methods and reproducible studies, with success! Humankind developed from natural products antibiotics,
vaccines, and painkillers, just to mention a few. In our days, due to increasing resistance against these first
hour antibiotics, the discovery of new effective bioactive compounds is urgently needed. This can be
achieved by various ways like targeted or untargeted metabolomic approaches, synthetic libraries,
derivatization of known bioactive backbones or by explorative investigation of yet underresearched
medicinal plants. The aim of this thesis was the phytochemical characterization of three promising but
understudied plants, including the screening of crude extracts for bioactivity, the evaluation of the major
compound classes as well as the structure elucidation of isolated compounds, primarily with LC-HRMS
and intensive NMR analysis. Since all chosen plants were used in traditional medicine, they were expected
to exhibit (bioactive) compounds, some of which might be new to the scientific community.

One approach for investigation would be the classical bioactivity-guided isolation. This method involves
continuous bioactivity monitoring of extracts and fractions after every isolation step. However, it is both
costly and highly time-consuming [1] and requires substantial amounts of extracts and fractions that are
then lost for further isolation. Furthermore, the isolation process is significantly delayed by constant
interruptions and the necessity to wait for bioassay results. To bypass these limitations, in my investigation
the method was modified to initially screen the crude extracts or the first fractions after early separation
steps and proceed with a complete isolation process afterward. Once the isolation was completed, the
purified compounds were subsequently tested. However, it turned out that although there was no constant
time-consuming screening and no partly loss of organic material, the amounts of isolated compounds were
still quite low and sometimes insufficient for the planned screening of pure compounds. Nevertheless, the
modified strategy proved promising, as it resulted in a maximum number of compounds isolated and
characterized while comprehensive reports on the phytochemical composition of the species investigated
were largely absent in available literature. Thus, the aim was to isolate all compounds in order to
comprehensively describe the phytochemical profiles of the investigated plants and to maximize the
probability of identifying potentially bioactive compounds. However, the used modified method bares a
typical bias, which is well-documented in the literature [2,3]. By isolating every possible compound, it is
impossible to exclude the reisolation of already known compounds. This bias may be considered by some
as a waste of time and resources. But with the mentioned goal to investigate and describe the phytochemical
profile in a most accurate way, reisolation was neither unexpected nor unwanted. Additionally, also known
compounds can show yet unknown properties e.g. as anti-infectives, when they are reisolated and further
investigated. Across all three species studied, a total of 53 compounds were isolated. Noteworthy, three
compounds were new to science (tab 6-1) and 38 compounds were described for the first time in the
investigated species to the best of our knowledge. Among the remaining 50 previously known compounds
three substances were isolated in two different species. The isolated compounds can be classified into
simple phenolics (tab 6-2), more complex polyphenolics (tab 6-3 and 6-4), terpenoids and keto acids (tab
6-5). This high number of known compounds in combination with low amounts of the individual
constituents prevented the performance of bioassays on all isolates, due to insufficient quantities. Instead,
for such compounds, an extensive literature review on their bioactivities was conducted (ch. 5). In general,

there are various potential reasons for the low yield of isolated substances. On the one hand, the initial
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concentration in the crude extract might have been low, or the chosen extraction conditions may not have

been optimal for the respective compound classes.

However, at first glance, this seems unlikely for most compounds in this study, as relevant signals were
observed during LC-HRMS screening through MS and UV/Vis detection, which correlate with
concentration. In chapter 5, the preliminary 'H NMR screening of the H. scyphifera extract indicated the
presence of certain quantities of target compounds. Moreover, the extraction conditions were selected based
on both literature references and in-house laboratory expertise. On closer inspection, however, it turns out
that there were many structurally similar compounds with overlapping retention times and similar NMR
signal shifts presence. It turned out that the concentration of any single compound eventually was lower

than initially presumed.

Another explanation are the complex matrices of these plant extracts. The secondary metabolites targeted
for isolation may exist in free form and as bound to highly polymerized matrix molecules such as proteins,
polysaccharides, or high molecular weight polyphenols. As a result, not all forms of these compounds
behave uniformly during the isolation process. For instance, peak broadening or binding to stationary
phases could occur during chromatographic purification, potentially leading to significant losses during
processing. Another crucial factor is the stability of natural products. Their stability can be significantly
influenced by light exposure, temperature fluctuations, pH, or the presence of oxidizing agents such as
atmospheric oxygen. Under certain conditions, some compounds may even undergo self-polymerization,
resulting in effects like those caused by binding to matrix associated polymers. This phenomenon is
particularly likely for phenolic compounds, that were one of the major compound classes, investigated
within this study. Despite the aforementioned challenges in the isolation process, in the frame of this thesis,

three novel compounds were successfully isolated and fully characterized.

Table 6-1 New compounds isolated.

chapter- name structure plant
comp.no. (class)

3.1 lumnitzeralacton I racemosa
(polyphenol) '
mustak-14-oic acid .
51 (sesquiterpenoid) H. scyphifera
6-hydroxy-anhuienosol .
32 (sesquiterpenoid) H. scyphifera
OH
OH
1-O-galloyl-6-O-trans-p-
4-1 coumaroyl-D-glucopyranose o T. dhofarica

(polyphenol)
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The first is the ellagic acid derivative, lumnitzeralactone (3-1, tab 6-1), derived from the mangrove species
Lumnitzera racemosa. The other two are terpenoids: mustak-14-oic acid (5-1, tab 6-1) and 6-hydroxy-
anhuienosol (5-2, tab 6-1), both isolated from the Zingiberaceae species Hornstedtia scyphifera.
Additionally noteworthy is the first-time isolation of 1-O-galloyl-6-O-trans-p-coumaroyl-D-glucopyranose
from Terminalia dhofarica (4-1, tab 6-1), which enabled the acquisition of reliable NMR data for this
compound. However, this compound had recently been described through intensive HRMS investigations
in parallel to this work [4]. Despite the expectations, especially for lumnitzeralacton (3-1), none of these
compounds exhibited significant antimicrobial activity. Nevertheless, considering that most secondary
metabolites serve a specific purpose for the producing organism under evolutionary pressure, it is highly
likely that the actual function of these newly discovered compounds has not yet been identified. Since the
screening of crude extracts yielded promising results (L. racemosa crude extract at 500 pg/mL was active
against Gram-positive B. subtilis; T. dhofarica crude extract at 500 pg/mL was active against Gram-
negative A. fischeri and at 100 pg/mL against the fungus P. infestans; H. scyphifera crude extract at 100
ug/mL was active against the fungus B. cinerea, and the ethyl acetate fraction at 500 ug/mL was active
against Gram-negative A. fischeri, inhibition of >80% is considered as active), the question arises as to the
source of this activity. This is especially intriguing given that no new bioactive compounds were isolated
and characterized.

On one hand, it is possible that highly bioactive compounds were produced by the plants but remain
undiscovered, as they were not isolated during this study. This cannot be ruled out, as a complete classical
bioactivity-guided isolation process has not been carried out. Consequently, fractions with potentially
strong activity may not have been subjected to further isolation. However, this scenario appears unlikely,
as all quantitatively significant fractions were processed to the stage of isolating pure substances. Fractions
that were not further processed had on the one hand a low mass (approx. <20 mg) and, on the other hand,
showed a complex mixture of multiple compounds in LC-HRMS or 'H-NMR screening. This complexity
made the successful isolation of one or more individual substances unlikely. Another possible explanation
for the observed activity in crude extracts is the additive or even synergistic interaction of certain
compounds. A synergistic compound may only exhibit a strong bioactive effect when its complementary
partners are present. After successful isolation, this synergy is disrupted, leading to a loss of activity in
subsequent bioassays. This explanation appears particularly plausible for lumnitzeralactone (3-1), which
showed no activity in individual bioassays but represents the prominent differential compound in
antibacterial crude extracts of various mangrove plants analyzed (ch. 2 and 3). After observing and to
prevent the loss of synergistic effects, a synergy-guided isolation approach, as described by Junio et al. [5]
or a reversed metabolomics analysis [6], would be the method of choice for another attempt. This method,
just like the bioactivity-guided isolation, evaluates both the activity and metabolic profile of each fraction
using LC-HRMS analysis. By tracking activity loss, this approach provides potential clues about
compounds, based on their m/z values, that might be crucial for the observed activity. However, this method
is even more labor-intensive and time-consuming than conventional bioactivity-guided isolation and still
not infallible. For instance, crucial compounds could remain undetected due to ion suppression or poor
ionization efficiency, leaving their synergistic roles unresolved despite noticeable activity declines.
Nevertheless, it might be worth investing the required efforts of this method to finally identify the
synergistic acting partners form L. racemosa. Another strategy to investigate synergistic interactions
involves specific reconstitution experiments, in which isolated compounds suspected of synergy are
recombined. This approach requires sufficient quantities of pure substances. In the case of

lumnitzeralactone (3-1), such an experiment was conducted. A late-stage fraction demonstrated good
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activity against B. subtilis, and both MS and NMR analyses revealed that it primarily contained
lumnitzeralactone (3-1) and trimethyl ellagic acid (2-16, tab 6-3). When these two compounds were tested
in combination, however, their activity did not exceed that of trimethyl ellagic acid alone. Therefore, no
synergistic effect could be confirmed (data not shown). A third possibility is the nonspecific additive effect
of numerous weakly bioactive compounds, which together exhibit a significant effect in the crude extract.
This could potentially explain the activity observed in the extracts of the investigated Combretaceae species
L. racemosa and T. dhofarica. Both species demonstrated a wide range of galloyl derivatives (chap 2 and
4, tab 6-2, 6-3, and 6-4) that are characteristic constituents of this plant family. As discussed in the chapters,
these compound class shows plenty of unspecific bioactivities due to their tannin-like properties and
antioxidative character. In L. racemosa, sulfated trimethyl ellagic acid (2-16, tab 6-3) was identified as the
major compound. Conversely, in 7" dhofarica, the gallotannin chebulagic acid (4-18, tab 6-4), extensively
modified with galloyl groups, was predominantly identified. Both compounds are derivatives of gallic acid
(GA) (4-4, tab 6-2). Ellagic acid (EA) (2-6 and 4-12, tab 6-3) represents a dilactone of a dimeric gallic acid
derivative. GA and EA are ubiquitous in the plant kingdom and function as secondary metabolites with
antioxidant properties, as well as defensive agents against microbial pathogens such as bacteria and fungi.
Furthermore, by forming tannin structures, plants render themselves less appealing as a food source for
herbivores due to tannins' strong bitterness and ability to hinder gastrointestinal digestion [7].
Pharmacologically, EA exhibits a broad spectrum of activities, including anticancer, anti-inflammatory,
wound-healing, hepatoprotective, and neuroprotective effects [8]. Similarly, GA has been extensively
studied and is recognized for its antioxidative, antimicrobial, anticancer, antiaging, and antiviral properties
[9]. The higher molecular gallo- and ellagitannins are believed to exhibit comparable activity, partly due to
the release of GA or EA upon application. As members of the hydrolysable tannin subgroup, these
compounds display tannin-specific characteristics, such as nonspecific receptor or enzyme binding through
protein precipitation [10]. Interestingly, studies have also revealed inhibitory actions beyond nonspecific
effects. For instance, EA and its derivatives act as potent aldose reductase inhibitors, contributing to the
management of diabetic complications [11]. Ellagitannins have been shown to inhibit tyrosinase by
inducing conformational changes in the enzyme, which can mitigate pigmentation disorders and potentially
prevent neurodegenerative conditions such as Parkinson's disease [12]. Other compounds, including
punicalagin (P4, tab 4-1), chebulinic acid (P16, tab 4-1), and corilagin (P9, tab 4-1), annotated in the crude
extract of 7. dhofarica, inhibit acetylcholinesterase, resulting in neuroprotective anti-Alzheimer's disease
effects [13]. In conclusion, the extensive diversity of tannin structures derived from GA and EA makes
them highly plausible candidates for the reported medicinal applications of investigated plants. However,
their efficacy is likely due to combined effects rather than the activity of individual, highly potent

compounds.

A notable finding during the investigation of the mangrove L. racemosa was its remarkably high proportion
of sulfated compounds (2-2; 2-3; 2-15, tab 6-2 and 6-3). Although sulfated phenolics are known, they are
rare natural products in plants and had not previously been reported for the Combretaceaec family.
Mangroves grow in a tidal environment that exposes soil with increased sulfate levels, partly due to sulfate-
reducing microbial communities [14]. This abundance of sulfate likely contributes to an elevated uptake as
well as an increased biosynthesis of sulfated compounds in mangrove species. The specific biological role
of sulfated secondary phenolics in plants remains uncertain. However, sulfate groups enhance water
solubility and ion strength within tissues. Additionally, sulfated structures driven from natural products are
recognized as effective antifouling agents with minimal environmental toxicity [15]. This suggests a

possible analogous ecological role for these compounds in mangrove roots.
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Surprisingly, no family-typical pungent compounds were detected in the Zingiberaceae species Hornstedtia
scyphifera. Instead, terpenoids, phenolics, and particularly flavonoids were identified as the dominant
compound classes, with the flavonoid kumatakenin (5-13, tab 6-3) emerging as the major isolated
compound. Its identity was confirmed through HRMS, NMR, and X-ray crystallography, revealing a
previously undescribed crystal structure. Furthermore, MS" analysis elucidated the complete fragmentation
pattern using known published fragmentation reactions. Reported medicinal effects of H. scyphifera, such
as anti-inflammatory and neuroprotective activities [16], are likely linked to its antioxidant flavonoid
content, since effects are already well described for members of this group including the isolated
compounds epicatechin (5-8, tab 6-3), quercetin (5-10, tab 6-3), and rutin (5-11, tab 6-3). Quercetin is also

a crucial compound in senolytics [17].

Another topic evolved in this thesis connects to structure elucidation. Challenges arise in this field from
many directions but proton deficiency as well as proton oversupply became the most relevant ones.
Structure elucidation, despite significant progress in automation, remains a time-intensive and complex
process, particularly for novel compounds. A major challenge is the lack of non-exchangeable protons
within a molecule. NMR spectroscopy remains the most powerful tool for this purpose, with experiments
like HSQC and HMBC being central after the fundamental 'H and '*C experiments. These rely on Jcu
correlations across 1-4 bonds. Protons act as kind of “spotlights,” revealing clues about their close
molecular surroundings. Fewer protons result in fewer clues, complicating structure determination.
Advanced techniques like 1,1-ADEQUATE, 1,n-ADEQUATE, and computational methods (CASE, DFT
calculations) are powerful tools in such cases, as demonstrated by the successful elucidation of the highly
proton-deficient lumnitzeralacton (3-1) in chapter 3. Especially the combination of the 1,1-ADEQUATE
data in the CASE calculations were crucial to confirm the structure by this method. On the other hand,
excessive numbers of chemically similar protons lead to signal overlap, resulting in the loss of information
and indistinguishable multiplets. COSY spectra are usually valuable for tracing Juu-connections but
become ineffective in such scenarios, especially with additional intramolecular linkages causing even more
complex correlation patterns, like in the case of the terpenoid mustaka-14-oic (5-1, table 6-1) acid in chapter
5. Another difficulty was the unexpected multiplicity of H-6 in mustaka-14-oic acid, a pseudo singlet,
although showing strong COSY correlations. Nevertheless, by using NOESY, and TOCSY experiments, as
well as 3D calculation of the molecule, to clarify spatial distances and angles between H-6 and its
neighboring protons, it was possible to reveal the reason for the signal appearance. The pseudo singlet is
arising from minimal coupling constants due to approximate 90° angles to all three neighbors which is in
accordance with the Karplus-curve and only possible due to the strong tension caused by the intramolecular

cyclobutane ring.

In conclusion, this thesis has substantially contributed to the phytochemical knowledge of three
understudied medicinal plants by isolating 53 metabolites and identifying their major compound classes. It
also underscores the untapped potential of traditional medicinal plants as sources for novel bioactive
compounds and as target for future pharmacological investigations. The successfully performed
characterization and structure elucidation of three novel compounds with hard to solve structures by
combining established techniques with modern computer-assisted methods contributes to natural products
research and might help to speed-up future research on similar topics. By performing reliable fundamental
research in the field on natural product chemistry and addressing the limitations of the methods used, future
research can hopefully move closer to discover novel therapeutic agents and unlock the full potential of

plant-derived compounds.
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Table 6-2 isolated simple phenolics from L. racemosa (chap 2), T. dhofarica (chap. 4), and H. scyphifera (chap 5)

chap.- name structure
comp.no. (class)
p-hydroxybenzaldehyde i
4-2
(phenolic aldehyde) - /O)
protocatechualdehyde o f
5-19
(phenolic aldehyde) HO:O)
vanillin T’
5-20 -
(phenolic aldehyde) .
(o}
syringaldehyde o |
5-21
(phenolic aldehyde) HO
/O
p-hydroxybenzoic acid i
5-22 oH
(phenolic acid) o
4-3 protocatechuic acid o i
and _ ) D*OH
5.23 (phenolic acid) o
vanillic acid i
524 ~° on
(phenolic acid)
HO
protocatechuic acid methylester . i
5-25 o~
(phenolic ester)
HO
5-O-methyl salicylic acid i
526 ~° on
(phenolic acid)
OH
(¢)
gallic acid HO o
4-4
(phenolic acid) HO
OH
o
7-O-methyl gallate HO _
4-5 ?
(phenolic ester) HO
OH
4-6 trans-p-coumaric acid i
and o /©/\)‘\OH
5-15 (phenolic acid) "
trans-ferulic acid i
5-16

)
g/

(phenolic acid)
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Continuation of Table 6-2

chap.- name structure
comp.no. (class)

cis-ferulic acid _o N
(phenolic acid) HO Ho” o

4-(4-hydroxyphenyl)

2-2 butan-2-ol sulfate
(sulfated phenolic)
4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one
2-3
(sulfated phenolic)
chebulic acid
4-7
(phenolic acid)
12-O-methyl chebulic acid
4-8
(phenolic ester)
11, 12-O-dimethyl chebulic acid
4-9
(phenolic ester)
12, 13-O-dimethyl chebulic acid
4-10
(phenolic ester)
11-O-methyl brevifolincarboxylate
4-11
(phenolic ester)
6-O-trans-p-coumaroyl-D-glucopyranose
4-14
(phenolic glucoside)
OH
1-O-galloyl-D-glucopyranose
4-15 OH

(phenolic glucoside)
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Table 6-3 isolated polyphenols from L. racemosa (chap 2 + 3), T. dhofarica (chap 4), and H. scyphifera (chap 5)

chap.- name structure
comp.no. (class)
3.1 lumnitzeralacton
(polyphenol)
:I-lg ellagic acid
4-12 (polyphenol)
2-13 3,4-O-dimethyl ellagic acid
(ellagitannin)
2-16 3,34-O-trimethyl ellagic acid

(ellagitannin)

3,3°4*-O-trimethyl
2-15 ellagic acid-4-sulfate
(sulfated ellagitannin)

7°’-O-methyl flavogallonate

4-13 (ellagitannin)
1-0-galloyl-6-O-trans-p-coumaroyl-$-D-

4-1 glucopyranose

4-16 3,5-O-digalloyl shikimic acid

(polyphenol)
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Continuation of Table 6-3

chap.- name structure
comp.no. (class)
HO. HO.
evofolin B O o
- ~
>-18 olyphenol) © A
3
° OH
OH
OH
5.8 epicatechin HO o O
(flavanol) Q
OH
OH
OH
5.9 sakuranetin A 0 O
) (flavanon) O
OH (o}
OH
) quercetin
>-10 (flavanol)
rutin
>-11 (flavanol glycoside)
isokaempferide
>-12 (flavanol)
kumatakenin
S-13 (flavanol)
5.14 5-hydroxy-3,7,4°-trimethoxyflavon

(flavanol)
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Table 6-4 isolated gallotannins from 7. dhofarica (chap 4)

chap.- name structure
comp.no. (class)
HO i OH
OH 9
2 OH
chebulanin OH
4-17 (gallotannin)
OH
OH
chebulagic acid
4-18 (gallotannin) OH
O OH
4-19 6’-O-methyl-chebulagic acid o . i
(gallotannin) OH
o OH
4-20 phyllanembilinin C s §
(gallotannin) 2 OH
o) OH




Discussion and conclusion

Table 6-5 isolated terpenoids and keto acids from H. scyphifera (chap 5)

chap.- name structure
comp.no. (class)
.
5-1 mustak-14-oic acid HO :
(sesquiterpenoid)
OH
OH
) 6-hydroxy-anhuienosol O%ji'jk
(sesquiterpenoid) e
S
O, OH
14,15,16-trinorlabda- 7
5-3 8(17),11-dien-13-oic acid i
(diterpenoid)
h
O,
5.4 verbenon-10-oic acid e
(monoterpenoid)
HO' 0
O, o]
5.5 cis-pinononic acid
(keto acid) OH
O,
5.6 cis-pinonic acid Q OH
(keto acid)
2-(2,2,3-trimethyl-5-oxocyclopent- H04<O q
5-7 3-en-1-yl) acetic acid

(keto acid)

&
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Figure S1-1. Tandem mass spectrum of m/z 305.0996 at tr 3.5 min of compound 1, annotated in
methanolic root extract of Lumnitzera littorea. The spectrum was acquired with a QqTOF mass

spectrometer operated in the negative SWATH mode (m/z window 289.0-315.0).
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Figure S1-2. Tandem mass spectrum of m/z 245.0488 at tr 3.8 min of compound 2, annotated in
methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired with

a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 239.0-265.0).
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Figure S1-3. Tandem mass spectrum of m/z 273.0436 and 275.0591 at tg 3.9 min of overlapping
compounds 3 and 4, respectively, annotated in methanolic root extracts of Lumnitzera littorea and
L. racemosa. The spectrum was acquired with a QqTOF mass spectrometer operated in the

negative SWATH mode (m/z window 264.0-290.0).
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Figure S1-4. Tandem mass spectrum of m/z 273.0436 at tr 3.9 min of compound 3, annotated in
methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired with

LIT-Orbitrap-MS in negative ion mode with CID activation (30% relative collision energy).
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Figure S1-5. Tandem mass spectrum of m/z 275.0591 at tr 3.9 min of compound 4, annotated in
methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired with

LIT-Orbitrap-MS in negative ion mode with CID activation (30% relative collision energy).
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Figure S1-6. Tandem mass spectrum of m/z 499.1267 at tr 4.4 min of compound 5, annotated in
methanolic root extracts of Lumnitzera littorea. The spectrum was acquired with a QqTOF mass

spectrometer operated in the negative SWATH mode (m/z window 489.0-515.0).
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Figure S1-7. Tandem mass spectrum of m/z 300.9989 at tr 4.4 min of compound 6, annotated in
methanolic root extracts of Lumnitzera littorea. The spectrum was acquired with a QqTOF mass

spectrometer operated in the negative SWATH mode (m/z window 289.0-315.0).
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Figure S1-8. Tandem mass spectrum of m/z 394.9707 at tr 5.3 min of compound 7, annotated in
methanolic root extracts of Lumnitzera racemosa. The spectrum was acquired with a QqTOF mass

spectrometer operated in the negative SWATH mode (m/z window 389.0-415.0).
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Figure S1-9. Tandem mass spectrum of m/z 487.0179 at tr 5.5 min of compound 8, annotated in
the methanolic root extract of Lumnitzera racemosa. The spectrum was acquired with a QqTOF

mass spectrometer operated in the negative SWATH mode (m/z window 464.0-490.0).

[M-H-S0,]
CieHoOg
100% [_-2.1 ppm)
329.0296

90%

80%

70%
@
3 60%
= [M-H-50,-Me]
: 0% CysHgO0s™
Z 9 R=2xH, 2x Me, 1x SO3H
5 a0 314.0063
®

0% [M-H-50;-2Me]

Ci4H:0g
20% (-4.5 ppm) [M-H]
0% 298.9820 330.0338 C16HsS0,y"
270.9871 EQQ'SMIJ 331.0339 40&?84?
0% 1

L L.
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 380 370 380 390 400 410 420
Mass/Charge, Da

Figure S1-10. Tandem mass spectrum of m/z 408.9898 at tr 5.7 min of compound 9, annotated in
methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired with

a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 389.0-415.0).
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Figure S1-11. Tandem mass spectrum of m/z 551.1027 at tr 6.0 min of compound 10, annotated
in methanolic root extracts of Lumnitzera racemosa. The spectrum was acquired with a QqTOF

mass spectrometer operated in the negative SWATH mode (im/z window 539.0-565.0).
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Figure S1-12. Tandem mass spectrum of n/z 369.1225 at tr 6.1 min of compound 11, annotated
in methanolic root extracts of Lumnitzera littorea. The spectrum was acquired with a QqTOF mass

spectrometer operated in the negative SWATH mode (m/z window 364.0-390.0).
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Figure S1-13. Tandem mass spectrum of m/z 449.2027 at tr 6.3 min of compound 12, annotated

in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired

with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 439.0—

465.0).
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Figure S1-14. Tandem mass spectrum of m/z 329.0301 at tr 6.4 min of compound 13, annotated

in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired

with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 314.0—

340.0).
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Figure S1-15. Tandem mass spectrum of m/z 408.9867 at tr 6.5 min of compound 14, annotated
in methanolic root extracts of Lumnitzera racemosa. The spectrum was acquired with a QqTOF

mass spectrometer operated in the negative SWATH mode (m/z window 389.0-415.0).
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Figure S1-16. Tandem mass spectrum of m/z 423.0035 at tr 6.9 min of compound 15, annotated
in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired
with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 414.0—
440.0).
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Figure S1-17. Tandem mass spectrum of m/z 343.0455 at tr 7.7 min of compound 16, annotated
in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired
with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 339.0—
365.0).
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Figure S1-18. Tandem mass spectrum of m/z 533.3480 at tg 9.8 min of the formiate adduct of
compound 17, annotated in methanolic root extracts of Lumnitzera littorea and L. racemosa. The
spectrum was acquired with a QqTOF mass spectrometer operated in the negative SWATH mode
(m/z window 514.0-540.0).
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Figure S1-19. Tandem mass spectrum of m/z 487.3425 at tr 9.8 min of compound 17, annotated

in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired

with LIT-Orbitrap-MS in negative ion mode with CID activation (35% relative collision energy).
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Figure S1-20. Tandem mass spectrum of m/z 265.1476 at tr 12.2 min of compound 18, annotated

in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired

with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 264.0—

290.0).
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Figure S1-21. Tandem mass spectrum of m/z 309.1733 at tr 13.4 min of compound 19, annotated
in methanolic root extracts of L. /ittorea and L. racemosa. The spectrum was acquired with LIT-

Orbitrap-MS in negative ion mode with CID activation (35% relative collision energy).
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Figure S1-22. Tandem mass spectrum of m/z 309.1733 and 311.1685 at tr 13.4 min of compounds
19 and 20, respectively, annotated in methanolic root extracts of Lumniizera littorea and L.
racemosa. The spectrum was acquired with a QqTOF mass spectrometer operated in the negative

SWATH mode (m/z window 289.0-315.0).
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Figure S1-23. Tandem mass spectrum of m/z 325.1833 at tg 14.6 min of compound 21, annotated
in methanolic root extracts of Lumnitzera littorea and L. racemosa. The spectrum was acquired
with a QqTOF mass spectrometer operated in the negative SWATH mode (m/z window 314.0—
340.0).
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Figure S2. PDA chromatogram (200-400 nm) of root extracts from Lumnitzera littorea (LL1-
LL12) and L. racemosa (LR1-LR19) obtained by an ACQUITY UHPLC-ESI-Q-MS* system.

*UHPLC-ESI-Q-MS

Eluents A and B are water and acetonitrile, respectively, both containing 0.1% (v/v) formic acid.
Samples (2 pL) were loaded on an Acquity UPLC Reversed-Phase Ethylene Bridged Hybrid
(BEH) column (C18-phase, ID 1 mm, length 50 mm, particle size 1.7 um, Waters GmbH,
Eschborn, Germany) under isocratic conditions (95% eluent A, 5% B, 2 min), and separated using
a linear gradient from 5 to 90% eluent B in 9 min. Separation was performed on an ACQUITY
UPLC I-Class UHPLC System (Waters GmbH, Eschborn, Germany) with a flow rate of 0.4
mL/min and 40 °C column temperature. The column effluents were introduced on-line into a
photodiode array detector (Waters PDA e, 200 —400 nm, sampling rate 10 Hz, 4.8 nm) and further
in a Waters QDa quadrupole mass spectrometer, operated in a mass detector/negative ion mode.
MS data were acquired in a negative scan mode with a target sampling rate of 8 points/second.
Cone voltage was set to -15 V, capillary voltage to -0.8 kV.
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Tab. S1. Peak areas (presented as counts per second) of main compounds integrated in total ion
chromatograms (TIC) acquired for root extracts of Lumnitzera littorea (LL1-LL12) and L.
racemosa (LR1-LR19) by UHPLC-ESI-Q-MS.

Compound 2 4 3 6 7 9 10 13 15 16
rt (min) 2,5 2,55 2,6 28 3,25 3,5 3,7 4.0 4,2 4,8
m/z 245 275 273 301 395 409 551 329 423 343
LL1 16305 6238 110995 16608
LL2 no results
LL3 13630 1513 122511 114942 22498
LL4 24579 4649 88144 22967
LLS no results
LLE no results
LL7 6535 5462 106017 36740
LL8 3789 1057 2670 40123 37841
LL9 21145 9796 151009 23011
LL1O 25221 4150 16614 198140 40378
LL11 3748 2550 12559 28413 2299 151567 13810
LL12 6384 3478 149719 26341
LR1 no results
LR2 78929 4551 56839 18648 - -
LR3 2505 1491 5236 3122 122511 19629 - -
LR4 79472 7763 138091 40885 - -
LRS 15620 14988 10647 2798 6100 15731 1745 109580 33141
LR6 no results
LR7 81480 51234 1907 51480 169288 159443
LR8 53366 129533 192405 - -
LR9 2960 36775 12512 19070 104486 18387
LR10 5159 7683 2742 62649 4764 38071 268823 176536
LR11 51202 8262 5296 19239 89767 trace
LR12 12224 14599 2868 3528 13273 15569 135585 13301
LR13 24944 34692 14871 5170 321378 43682
LR14 73803 8577 15843 103275 12378
LR15 12486 37950 13877 58091 253222 64018
LR16 6150 3113 5317 151301 30436
LR17 9662 29179 6747 8754 52981 22757 193709 18905
LR18 15725 58754 12312 8944 27402 17967 340237 42964
LR19 22624 22765 8366 8810 224365 9920
15
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Figure S3. Anthelmintic activity of root extracts from Lumnitzera littorea (LL1-LL12) and L.
racemosa (LR1-LR19) at the concentration of 500 pg/ml against Caenorhabditis elegans. The
solvent DMSO (2% v/v) and the standard anthelmintic drug ivermectin (10 pg/mL, 100% dead
worms after 30 min incubation) were used as negative and positive controls, respectively. Results

are given as percentage of dead worms.
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Figure S4. Cytotoxic activity of root extracts from Lumnitzera littorea (LL3, LL11) and L.
racemosa (LRS, LR15) against the human prostate cancer cell line PC3 (A and B) and the colon
adenocarcinoma cell line HT29 (C and D) determined by MTT (A, C) and CV assays (B, D).
Digitonin (125 pg/mL) was used as positive control. The results are given as percentage of control

values without treatment (= 100%)).
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Table S2. NMR spectroscopic data (400 MHz, methanol-d4) for 4-(4-hydroxyphenyl)-2-butanol
2-O-sulfate (2).

position &8¢, type 8y () in Hz) cosy HMBC
1 21.2, CH; 1.33,d(6.3) 2 2,3
2 76.8, CH 4.46, m 1,3a,b
3 40.5, CH, 1.89 (3a), m 2,4 2
1.75 (3b), m 1,241
4 31.8, CH; 2.55-2.70, m 3a,b 2,3,1,2,6'
1 134.6° C
2’ 130.3, CH 7.03, d-like (8.4) 3’ 4, 4,6
3 116.1, CH 6.67, d-like (8.4) 2 1,45
4’ 156.4°, C
5 116.1, CH 6.67, d-like (8.4) 6’ 1,3, 4
6 130.3, CH 7.03, d-like (8.4) 5’ 4,2, 4
2 derived from HSQC or Y HMBC
2
cosy -——
HMBC ~—
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Figure S5-1. "H NMR spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2).
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Figure S5-2. COSY spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2).
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Figure S5-3. HSQC spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2).
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Figure S5-4. HMBC spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2).
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Figure S5-5. Full HRMS spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2) acquired
with LIT-Orbitrap-MS in negative ion mode.
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Figure §5-6. MS2 spectrum of 4-(4-hydroxyphenyl)-2-butanol 2-O-sulfate (2) acquired with
LIT-Orbitrap-MS in negative ion mode with CID activation (30% relative collision energy).
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Table S3. NMR spectroscopic data (400 MHz, methanol-d4) for 4-(4-sulfoxy-3-

methoxyphenyl)-butan-2-one (3).

position & type &y (Jin Hz) Cosy HMBC
1 30.06, CH3 2.11,s 3 2,3
2 211.47,C=0
3 46.30, CH; 2.76,s 1,4 2,4
4 30.55, CH; 2.76,s 3,1,2,6
1' 134.02, C
2 113.14, CH 6.77,d (2.0) 6’ 4,3,4', 6
3 148.96, C -
4’ 145.85, C -
5 116.20, CH 6.68, d (8.0) 6’ 1,3,4,
6’ 121.70, CH 6.61, dd (8.0, 2.0) 2,5 4,2, 4
3'-OMe  56.39, CH3 3.82,s 3
3
COsY =-—
HMBC
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Figure S6-1. "H NMR spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3).
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Figure S6-2. °C NMR spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3).
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Figure S6-3. COSY spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3).
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Figure S6-4. HSQC spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3).
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Figure S6-5. HMBC spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3).
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Figure S6-6. Full HRMS spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3) acquired
with LIT-Orbitrap-MS in negative ion mode.
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Figure S6-7. MS2 spectrum of 4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one (3) acquired with
LIT-Orbitrap-MS in negative ion mode with CID activation (30% relative collision energy).
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Figure 87-1. "H NMR spectrum (DMSO-d6) of cllagic acid (6).
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Figure S7-2. HRMS spectrum of ellagic acid (6) acquired with a QqTOF mass spectrometer in

negative ion mode.
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Figure §7-3. MS2 spectrum of ellagic acid (6) acquired with a QqTOF mass spectrometer in

negative ion mode.
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Table S4. NMR spectroscopic data (600 MHz, DMSO-d6) for 3,4-di-O-methylellagic acid (13).

position 6 (J in Hz) &c*, type HMBC ROESY
1 115.00, C
2 141.79, C
3 140.04, C
4 152.73,C
5 7.53,s 105.83,CH 1,2,3,4,6,7 4-OMe
6 112.95, C
7 160.22, C
1' 114.97,C
2! 134.51,C
3 151.92,C
4' 156.46, C
5' 7.09,s 104.63,CH 1%,2,3,4,6.7
6' 113.09, C 5'
7' 159.15,C 5'
3-OMe 3.99,s 60.83, CH3
4-0Me 3.97,s 56.32,CH; 4,5 5
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Figure 88-1. 'H NMR spectrum (DMSQ-d6) of 3,4-di-O-methylellagic acid (13).
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Figure S8-2. HSQC spectrum (DMSO-d6) of 3,4-di-O-methylellagic acid (13).
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Figure S8-3. HMBC spectrum (DMSO-d6) of 3,4-di-O-methylellagic acid (13).
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Figure S8-4. ROESY spectrum (DMSO-d6) of 3,4-di-O-methylellagic acid (13).
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Figure S8-5. MS2 spectrum of 3,4-di-O-methylellagic acid (13) acquired with a QqTOF mass
spectrometer in negative ion mode.
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Table S5. NMR spectroscopic data (400 MHz, DMSO-d6) for 3,3',4'-tri-O-methylellagic acid 4-

sulfate (15).
position 8¢, type . NOESY HMBC
1 112.96, C
2 140.86, C
3 143.32,C
4 147.64, C
5 117.61, CH 8.24,s 1,2,3,4,6,7
6 111.52,C
7 158.31, C=0
1’ 114.13,C
2 140.89, C
3 141.34,C
4! 154.37,C
5 107.50, CH 7.66, s 4-0Me 1,2, 3, 4,6, 7
6 112.83,C
7 158.46, C=0
3-OMe 61.32, CH3 4.06, s 2!
4-OMe 56.75, CHs 4.02,s 5 4°
3-OMe 61.47, CH; 412, s 3
15
NOESY -
HMBC -~
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Figure 89-1. 'H NMR spectrum of 3,3',4"-tri-O-methylellagic acid 4-sulfate (15).
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Figure 89-2. *C NMR spectrum of 3,3, 4'-tri-O-methylellagic acid 4-sulfate (15).
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Figure S9-3. HSQC spectrum of 3,3",4"-tri-O-methylellagic acid 4-sulfate (15).
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Figure S9-4. HMBC spectrum of 3,3’,4"-tri-O-methylellagic acid 4-sulfate (15).
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Figure S9-5. NOESY spectrum of 3,3',4'-tri-O-methylellagic acid 4-sulfate (15).
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Figure §9-6. Full HRMS spectrum of 3,3".4'-tri-O-methylellagic acid 4-sulfate (15) acquired with
LIT-Orbitrap-MS in negative ion mode.
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Figure S§9-7. MS2 spectrum of 3,3",4'-tri-O-methylellagic acid 4-sulfate (15) acquired with LIT-
Orbitrap-MS in negative ion mode with CID activation (40% relative collision energy).

36

164



Appendix

Table S6. NMR spectroscopic data (400 MHz, DMSO-d6) for 3,3',4"-trimethylellagic acid (16).

position 8¢ 64 (Jin Hz) NOESY HMBC
1 110.80, C
2 140.67,C
3 140.18, C
4 152.96, C
5 111.67, CH 7.52, s 1,3,4,6,7
6 112.39,C
7 158.24, C=0
1’ 111.74,C
2 141.37,C
3 140.85, C
4! 153.62,C
5 107.33, CH 7.61,s 4'-OMe 1,3 46", 7
6 113.33,C
7 158.44, C=0
3-OMe  61.19, CHs 4.04,s 3
4-OMe  56.60, CH; 4.00, s 5 4
3-OMe  60.83, CH; 4.06, s 3
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Figure S10-1. '"H NMR spectrum of 3,3',4'-tri-O-methylellagic acid (16).

E7.0x10"
F6.5x10"
F6.0x10t
F5.5x10"
Ls.oxig!
Fa.5%10"
Fa.0x10"
Fa.5x10t
F3.0x10"
Fasxiot
F2.0x10"
F15x10"
F1.0x10t

F5.0x10”

ol Lot J | TSN W MMJ&M—D.D

T T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 30 80 70 60 50 40 30 20 10 0
f1 {ppm)

Figure 810-2. *C NMR spectrum of 3,3',4"-tri-O-methylellagic acid (16).
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Figure S10-3. HSQC spectrum of 3,3",4'-tri-O-methylellagic acid (16).
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Figure S10-4. HMBC spectrum of 3,3",4'-tri-O-methylellagic acid (16).
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Figure S10-5. NOESY spectrum of 3,3",4'-tri-O-methylellagic acid (16).
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Figure S10-6. Negative HR-MS spectrum of 3,3’ 4'-tri-O-methylellagic acid (16) acquired with
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Lumnitzeralactone (1)
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Figure S2-1. "H NMR spectrum of compound 1 in MeOH-d4, 600 MHz

92 9.1 90 89 88 87 86 85 B84 83 82 81 80 79 78 77 76 75 74 73 7.2 7.1 70 69 68 67 66 65 64 63 62
2 (ppm)

Figure S2-2. COSY spectrum of compound 1 in MeOH-d4, 500 MHz
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Figure S2-3. TOCSY spectrum of compound 1 in MeOH-d4, 500 MHz
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Figure $2-4. *C-NMR spectrum of compound 1 in MeOH-d4, 150 MHz

175



Appendix

t 100

° k105

— r 110

F11s

- 3 -3 L 120

E F12s

3 Fi30
3
135
k140
S
[ 145
- 150
A T T T T T T T T T T T T T T T T T T T - 155
9.4 9.2 90 88 86 8.4 8z 8.0 78 76 7.4 7.2 7.0 6.8 6.6 64 6.2 6.0 58
12 (ppm)
Figure S2-5. HSQC spectrum of compound 1 in MeOH-d4, 600/150 MHz
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Figure S2-6. HMBC spectrum of compound 1 in MeOH-d4, 600/150 MHz
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Figure $2-7. 'H NMR spectrum of compound 1 in DMSQ-d6, 400 MHz
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Figure $2-8. *C NMR spectrum of compound 1 in DMSO-d6, 100 MHz
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Figure S2-9. HMBC spectrum of compound 1 in DMSO-dé, 600/150 MHz
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Figure 52-10. HMBC spectrum of compound 1 in DMSO-d6, 900/226 MHz
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Figure S2-11. 1,n-ADEQUATE spectrum of compound 1 in DMSO-d6, 800/200 MHz
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Figure 52-12. 1,1-ADEQUATE spectrum of compound 1 in DMSO-d6, 900/226 MHz
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Figure S2-13. HMBC spectrum of compound 1 in MeOH-d3, 700/176 MHz, 253 K
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Table S1-1. '"H NMR data of compound 1 acquired in different solvents and under varying field

strengths

No. type By" By By 8y 8y B [ ou"
MeOH-d4 MeOH-d4 DMSO-d6 DMSO-dé DMSO-d6 DMSO-d6 MeOH-d3 MeOH-d3
600 MHz 400 MHz 400 MHz 800 MHz* 900 MHz* 600 MHz* 800 MHz* 700 MHz*

4 CH 7.59, s 7.69, s 749, s 745, s 745 s 7.52,s 770, s 770, s

9 CH 6.87,d (9.0) 6.88,d(9.0) 6.95,d(9.0) 6.92,brd(6.8) 6.92,brd(7.8) 6.99,brd (8.3) 6.89,d(9.0) 6.88,d(9.0)

10 CH 8.46,d (9.0) 8.45,d(9.0) 8.33.d(9.0) 8.28,d (6.8) 8.28,d(7.8) 8.35.d(8.3) 8.48,d(9.0) 8.48.d(9.0)

7 COH 9.56,s 9.52,8 9.53,s 9.60, s 974, s 9.90,s

8 COH 10.62, s 10.60, s 10.65, s 10.70, s 10.30, s 10.46, s

* compound obtained under non-acidic conditions
®low temperature

Table S1-2. *C NMR data of compound 1 acquired in different solvents and under varying
field strengths

No. type dc? dc dc dc dc dc ach

MeOH-d4 MeOH-d4 DMSO-d6 DMSO-dé DMSO-d6 DMSO-d6 MeOH-d3
151 MHz 126 MHz 101 MHz 201 MHz* 151 MHz* 226 MHz* 176 MHz

1 =0 160.3 159.7 158.2 158.7 158.7 158.7 158.5

3 C 154.4¢ 147.4 145.8 146.9 146.9 147.9 144.7

4 CH 105.3 108.9 107.3 107.4 107.4 107.4 107.17

da C 128.1 126.5 125.1 125.6 125.6 125.7 125.2

5 Cc=0 160.8 159.9 158.3 158.7 158.7 158.7 158.6

6a C 143.8 144.3 142.8 143.1 143.0 143.1 142.6

7 C 133.7 133.9 132.7 133.1 133.1 133.0 132.6

8 C 151.3 1522 150.8 151.2 151.1 151.1 150.8

9 CH 113.8 114.1 113.2 113.6 113.6 113.6 112.6

10 CH 119.5 120.0 117.9 118.2 1183 118.2 118.4

10a C 110.0 109.7 108.1 108.5 108.5 108.5 108.3

10b C 127.4 129.9 127.9 128.0 128.1 128.1 128.2

11 C=0 165.6° 161.8 160.0 160.7 160.5 160.6 161.8

* compound obtained under non-acidic conditions
®low temperature
¢ derived from HMBC

Table S1-3. HMBC data of compound 1 acquired in different solvents and under varying field

strengths
No. CD;0D-d4* DMSO-d6 CD,OD-d4* DMSO-d6 CDyOH-d3* CD;OH-d3" DMSO-d6
(600, 151MHz) (600, 151 MHz) (500, 126MHz) (600,151 MHz) (701,176 MHz) (800, 201 MHz) (900,226 MHz)
4 3,5, 10a,10b, 11 3,44, 5, 10a, 10b,  3,5,10b, 11 3,5, 10b, 11 3,5, 10b, 11 5, 10b, 11 3,5, 10b, 11
1
9 6a, 7, &, 10a 6a, 7,8, 10a - 6a, 7, 8, 10a 6a, 7,8, 10,10a, 7, 10a
10b
10 4a,6a,7,8,9,10b  6a. 7,8, 10b 6a,7, 8, 10b 6a, 7, 8, 10b I,4a,6a,7,8,9, 6a,7,8, 10b
10b
7-OH -
8-OH 7.89
blue = weak signal
* compound obtained under non-acidic conditions
®low temperature
11
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7,8-Dihydroxy-1,5-dioxo-1,5-dihydropyrano[4,3-c]chromene-3,10-dicarboxylic acid (5)
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Figure 83-1. 'H spectrum of compound 5 in THF-48, 400 MHz

N |

e [ . L‘.|‘.I.

190 180 170 160 150 140 130 120 10 100
1 {ppm)

Figure $3-2. *C spectrum of compound 5 in THF-48, 100 MHz
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Figure S3-3. HSQC spectrum of compound 5 in THF-d&, 400/100 MHz
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Figure S3-4. HMBC spectrum of compound 5 in THF-d8, 400/100 MHz
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Figure S4-1. 'H spectrum of compound 1b in DMSO-d6, 400MHz
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Figure S4-2. COSY spectrum of compound 1b in DMSO-d6, 400MHz

184

t 1400

t 1300

t 1200

t 1100

{- 1000

[ 900

{800

F 700

600

500

400

300

200

[ 100

r-100

fL (ppm)

14



Appendix

(s

f 4000

i 3800

i 3600

[ 3400

F 3200

i 3000

[ 2800

F 2600

[ 2400

f- 2200

F 2000

r 1800

f 1600

F 1400

+ 1200

t 1000

[ 800

600

+a00

[ 200

=200

T T T T T T T T T T T T
00 190 180 170 160 150 140 130 1200 110 100 90 80 70 60 50 40 30 20 10

11 (ppm)

Figure $4-3. *C spectrum of compound 1b in DMSO-d6, 100MHz
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Figure S4-4. HSQC spectrum of compound 1b in DMSO-d6, 400/100MHz
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Figure S4-5. HMBC spectrum of compound 1b in DMSO-d6, 400/100MHz
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Figure S5-1. High resolution mass spectra (HRMS) acquired with quadrupole-time-of-flight-
tandem instrument (QqTOF-MS) of compound 1.
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Figure $5-2. MS? of compound 1 acquired with quadrupole-time-of-flight-tandem instrument
(QqTOF-MS/MS).
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Figure S6-1. High resolution mass spectra (HRMS) acquired with quadrupole-time-of-flight-
tandem instrument (QqTOF-MS) of synthetic compound 1b
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Figure S6-2. MS? of synthetic compound 1b acquired with quadrupole-time-of-flight-tandem
instrument (QqTOF-MS/MS)
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Figure S7-1. High resolution mass spectra (HRMS) acquired with quadrupole-time-of-flight-
tandem instrument (QqTOF-MS) of synthetic compound 5§
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Figure §7-2. MS? of synthetic compound 5 acquired with quadrupole-time-of-flight-tandem
instrument (QqTOF-MS/MS)
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Table S2-1. DFT calculations: comparison between experimental and calculated chemical

shifts*
1 13,
Molecular structure and calculated J- 3("H), ppm 8(**C), ppm
coupling
o R?=0,9986 5170 R?=0,9921
§ 160 »
g e g s
£ %150 *
g8 8
E 140
£ £
2 ©130
57 Z
% ” %120 .
£ £
g g110 ve
£ &
w w
6 100
6 7 8 9 10 100 120 140 160 180
Calculated 'H chemical shifts, ppm Calculated **C chemical shifts, ppm
& R? =0,6991 g R?=0,4357
g8 2160 oo
g 4 £
5 G150 *
3° g .
E . €140
§
3 .
T ©130
sl - .
B7 3
g ® g 120
E € .
9 g110 L)
i i
6 100
6 7 9 10 100 120 140 160 180
Calculated 'H chemical shifts, ppm Calculated '°C chemical shifts, ppm
= 9 R*=0,0772 & 170 R?=0,3926
g 8460 S
g > -}
£ £
S @150
k: g 140
5 5
s 5
T ©130
7
H . %120
E E .
g 110 . .
o o
6 100
6 7 9 10 100 120 140 160 180
Calculated 'H chemical shifts, ppm Calculated "*C chemical shifts, ppm
2 R=00622 §170 =037
§. > 160 . *
g . g L
z %150
3° ; 8
B | s . E 140
% ....... g
B ©130
57 k]
5 . £120 o
& E .
g g 110 ..
& &
w w
6 100
6 7 8 9 10 100 120 140 160 180
Calculated 'H chemical shifts, ppm Calculated *3C chemical shifts, ppm
Eg R*=0,2404 21 #*=02391
4 8160 0e *
g . 4
£ z .
& 150
5° 3
E . 140
8 2
5
T 0130
57 3
s . % 120 .
£ £ .
g g1 . .
& &
w w
3 6 100
Isomer (V),"Jun = 7.4 Hz 6 7 8 9 10 100 120 140 160 180
Calculated 'H chemical shifts, ppm Calculated °C chemical shifts, ppm

* Geometry optimization: # opt b3lyp/6-31+g(d,p) geom=connectivity;

NMR: # nmr=(giao,spinspin) mpw1pw91/6-311+g(2d,p) scrf=(iefpcm,solvent=methanol) geom=connectivity
20
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Table S2-2. Cartesian coordinates of structures A-E used in DFT calculations

Structure

Cartesian Coordinates

Lumnitzeralactone (1)

P
NY

Isomer (II)

Element

a=fiesjiesfiasfi=sfi-sHoNoNoNoNoRoRoloNoNoNoNoNoloNoNoNoNoNoNo Ny

2
3
g
&
=
-

==j--R-HoNoRoRoRoNolololoNoNoRoNoNoNoNoNoNe!

X

-1.94132100
-3.33084100
-3.98314000
-3.22924500
-1.84330900
-1.15460200
0.27884300
0.81984100
-0.04131300
-1.40116600
1.21064600
2.56367800
3.05078900
223161200
-5.33558800
-4.10945400
0.34751100
0.90621200
4.53371200
5.10957000
5.15801700
-3.75590200
-1.27151300
2.64049200
-5.69923700
-3.54784100
6.11372000

X

-1.86489300
-3.26876200
-3.86340200
-3.05494400
-1.66225800
-1.03947400
0.39892900
0.88959500
1.36759100
2.72307600
3.14446900
2.28020800
-5.21409500
-4.11371000
1.12821500
4.62198300
5.13414900
5.30901100
-3.53482400
-1.05658700
2.63989800

191

Y

0.54152900
0.50949900
-0.72941700
-1.91141900
-1.86882800
-0.63107300
-0.44001400
0.83835500
2.03720300
1.80630300
-1.59411500
-1.29172600
-0.02352500
1.05309500
-0.79300300
1.63388700
3.18120500
-2.76447900
0.09503900
1.16480800
-1.09716300
-2.85933000
-2.78523200
2.05464300
0.10672600
2.42413900
-0.91758000

Y

0.51052000
0.39705300
-0.87719600
-2.01153900
-1.91267800
-0.65605600
-0.43641100
0.85337000
-1.53803600
-1.17418000
0.10719700
1.15064100
-1.00004200

1.45165500
-2.72306400
0.30780700

1.40930600
-0.84686500
-2.98491000
-2.80735700
2.17086300

Z

0.00026300
-0.00030500
-0.00082200
-0.00050000

0.00018300

0.00053400

0.00075300
0.00065600

0.00080200

0.00049700

0.00133900
-0.00003900
-0.00016200
0.00033500
-0.00152400
-0.00089900
0.00127700

0.00248000
-0.00100800
-0.00101700
-0.00189500
-0.00075300

0.00050300
0.00035300
-0.00152600

0.00043200
-0.00246000

Z

0.00016300
0.00012100
0.00002900
0.00006300
0.00003800
0.00007800
-0.00002300
-0.00016900
-0.00014000
-0.00017500
-0.00033200
-0.00032400
-0.00000600
0.00001300
-0.00013900
-0.00048900
0.00015100
0.00063400
0.00004000
0.00002700
-0.00043100
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Isomer (III)

Isomer (IV)

ocoazzxTT

Element

=sfiesfiesfi-sNoNoj-=}--JoNoNoNoloNoloRoNoReoloNoNoNoRoNoNo NoNe!

Element

oNeloNoReoRoNoNoNoloNoNoNoNe!

-5.60848500
-3.56998600
6.25435500
-1.29358800
-1.92801500
0.07923300

X

1.93955700
3.28940800
4.22531900
3.79249200
2.41870100
1.42850800
-0.03188100
-0.82525800
-0.23734700
1.11508300
-0.76220400
-2.12483300
-2.85915100
-2.25005900
-0.88686300
-0.28038000
-4.33477200
-5.10840300
-4.70488900
-2.82670100
-5.67722000
4.70775400
2.20852500
1.23416700
4.22387600
5.29013900
3.58791300

X

-2.10813900
-3.48682900
-4.30032400
-3.75196900
-2.36106200
-1.51677100
-0.08668000
0.68010100
0.03830200
-1.34589100
2.72158200
2.09082600
0.61538800
4.21304300

192

-0.11287900
2.27649100
-0.61850900
1.84276300
2.89048300
1.94916900

Y

1.36213900
1.66851600
0.63676100
-0.68168300
-1.00490500
0.02759200
-0.09655300
1.04795600
2.40570800
2.46861100
-1.38448200
-1.35064800
-0.20687200
0.99768700
3.42825400
-2.51085200
-0.38833000
0.54663200
-1.68159700
1.91308400
-1.70203700
-1.68750200
-2.33576600
-2.55134400
-2.53015100
0.84222400
2.70995900

Y

1.32765400
1.48435800
0.34949400
-0.93391800
-1.09914700
0.03884800
0.00095600
1.15115000
2.46991500
2.46896700
-0.19851800
1.02296700
3.53112100
-0.19512300

-0.00022200
-0.00042200
0.00122200
0.00026200
0.00010400
-0.00006600

z

0.01368000
0.01450300
0.00148800
-0.01446000
-0.01467300
0.00363000
0.00694600
-0.00096100
0.00213600
0.02124600
0.03411400
0.01567500
-0.00420700
-0.00911900
-0.00531600
0.07763400
-0.01670000
-0.03395200
-0.00695800
-0.02024400
-0.01635600
-0.03206100
-0.04319900
0.00735000
-0.03832600
0.00131000
0.02346300

Z

-0.00003200
-0.00042300
-0.00054600
-0.00016000
0.00002100
0.00009000
0.00016600
0.00057400
0.00062800
0.00042000
0.00037400
0.00034200
-0.00070200
-0.00034000
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Isomer (V)

A

COQAZZIZTOOoOITOO

Element

COoONOOoONITIIZIOoOOoOIZOCOOOMNONNOOOOON

4.87016800
4.77017500
2.69882300
5.73360000
-4.57721600
-1.92812600
-0.95610000
-4.03859300
-5.38092000
-3.90899900
1.94597400
2.26644200
0.50204300

X

-2.09352600
-3.48950100
-4.22842400
-3.57970600
-2.17347400
-1.42107900
0.01358000
0.69415000
2.81962200
2.10331000
4.30565600
4.87794700
4.95987800
2.64411500
5.90933200
-4.31070200
-1.66228200
-0.68893900
-3.70955100
-5.31296800
-3.98181500
2.13657900
2.55983100
0.69824800
-1.34604800
-1.83221100
0.04591400

0.82947300
-1.42001500
1.92268100
-1.28612900
-2.01634100
-2.38737900
-2.43155200
-2.82305900
0.44600000
248221800
-1.42796400
-2.58162600
-1.20597100

Y

1.19109600
1.23289000
0.05252800
-1.18466700
-1.25306800
-0.06509900
-0.02061800
1.16887500
-0.01396300
1.16205500
0.10757900
1.18318000
-1.06680100
2.10373000
-0.85536500
-2.32243800
-2.51458900
-2.49805200
-3.08526900
0.06769200
2.19840900
-1.30061400
-2.42462800
-1.18880800
2.46083900
3.56614100
2.37317500

0.00055400
-0.00213000
0.00011500
-0.00247900
-0.00029700
0.00003200
0.00025100
0.00016500
-0.00141800
-0.00007300
0.00127500
0.00105700
0.00002000

Z

-0.00033300
-0.00010700
-0.00005900
0.00001000
-0.00009500
-0.00031000
-0.00017400
-0.00009900
-0.00008900
-0.00012600
-0.00016600
0.00109700
-0.00182000
-0.00014600
-0.00177500
0.00008900
-0.00032400
-0.00018200
0.00034000
-0.00042600
0.00025800
0.00029700
0.00191500
-0.00004200
-0.00027900
0.00066800
-0.00019600
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Structure Elucidation Report for "SE_Lumlac_aftercalculation™ (Page 1)

Structure Elucidation Report for
"SE_Lumlac_aftercalculation"

Initial Data

Composition Restrictions:

Molecular Weight = 0.000-1000.000

Double Bonds Equivaleat = 0.00-100.00

Allowed Composition = C(0-100) H(0-100) O(0-20) N(0-10)
Molecular Formula = C13H608

al Data:
standard 1H (user) - 5 peaks
merged 1H - 4 peaks
standard 13C (user) - 13 peaks
merged 13C - 13 peaks
COSY 1H-1H (user) - 2 peaks
HSQC 13C-1H (user) - 3 peaks
HMBC 13C-1H (user) - 20
1,8-ADEQUATE((saverted) 13C-1H (user) - 7 peaks
1,1-ADEQUATE 13C-1H (user) - 6 peaks

Result of Automatic Elucidation
No molecule(s) have been found by NMR spectra in 0 database(s).
0 sterecisomer(s) have been excluded from the search result
No molecule(s) bave been found by NMR spectra in 0 database(s).
0 sterecisomer(s) have been excluded from the search result.
1 Molecular Congectivity Diagram (MCD) has been created from 1| MF
Curreat Molecular Connectivity Diagram (MCD) passed all tests
No updates performed.
31061041 molecule(s) have been generated by Correlatica Spectroscopy Based Generator and 44 molecule(s) have been stored.
Generation time: 18 h 10 m 27 5 (Check: 0 5, Generation: 18 h 10 m 27 5 325 ms)
No (from No) connectivities have been extended during generation

ACD/CNMR Spectrum (Neural Net) has been calculated for 44 of 44 from Molecules
44 of 44 structure(s) have been stored in Generated Molecules after removing duplicates
ACD/HNMR Spectrum (Neural Net) has been for 44 of - from Molecules

44 molecules have been found for the current spectrum query.

Most Probable Structure
Following structure has been placed to the first position after spectra calculation

Structure Elucidation Report for "SE_Lumlac_aftercalculation™ (Page 2)

Carbon ']
O # | N | Shift (ppm) | Atoms | XHn
| l 11 107.300 1 CH(d)
2| 4| 108100 1 C(s)
O§15 /200\ 45 8:)6&%' i 32| 13200 1 | CH)
l ” 4|3 117.900 1 | CHd)
11790 12780 10730 e R
- - P 6|6 | 12790 1 Cls)
R o RS SRl
| | I | 8 | 8| 142800 1 Cls)
150.80_~142.80 _158.30 9 | 9| 145800 1 | ce)
HO/ \‘16/70\0/ \\O 10 | 10 | 150.800 1 C(s)
11| 11| 158200 1 C(s)
OH 12 [ 12| 158.300 1 C(s)
Proton A

O # | N | Mark | Shift (ppm) | Protons

12 6.950 1

2|1 7.490 1

OH 3|3 8.330 1

414 9.560 1

Figure S8-1. Part of ACD-SE report
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28/3an2022 16:15:58 SE_Lumlac_sftercalculation.gnr - Generated Molecules Page: 1(2)

1 (ID:12) 2 (ID:25) 3 (ID:16)
The Best Structure

5 (10:30)

dy(13c+1n): 3.888 dy(13c+1m): 3.888 dy(13C+1H): 4.037 dy(13C+1H): 4.037 dy(13c+1n): 4.710
6 (ID:17) 7 (1D:6) 8 (ID:19) 9 (ID:13) 10 (ID:26)

dN(“colN): 4.726 dn(l-‘*colu): 4.953 dn(ﬂcdn)x 4.953 d"(”c»lu)z 4.987 dn(lkoln)x 4,987
11 (10:8) 12 (1D:21) 13 (ID:22) 14 (1D:9) 15 (ID:27)

on
d“(“cdu): 5.101 d"(lk*lu): 5.101 4“(1391"): 5717 d“(ucdu)z 5.732 d"(1k+lu)x 6.641
16 (ID:14) 17 (10:23) 18 (1D:10) 19 (10:28) 20 (1D:15)

dy(13c+1H): 6.657 dy(*3c+1n): 6.918 dy(*3c+1n): 6.918 dy(13c+1H): 7.646 dy(13c+1H): 7.646
21 (:11) 22 (1D:24) 23 (1D:20) 24 (1D:7) 25 (ID:5)
o H%" 2 "8
aMr
2
) c
o? 9‘0/ 2 QO/
dp(13C+3H): 7.730 dy(13C+1H): 7.730 dy(23c+1H): 8.535 dy(13c+1H): 8.535 dy(13C+1H): 8.619

Figure S8-2. Overview of structures generated by ACD-SE
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28/1an2022 16:16:00 SE_Lumlac_aftercalculation.gnr - Generated Molecules Page: 2(2)

26 (ID:18)

27 (1D:3)

Q
130 1”0 »0
e } Ay s J %0 | e
~ o Nl i
Ho” ot o— oz Ho” o | WO Sz
o O ot o

28 (ID:4)

29 (10:1)

30 (10:2)

=0
.-

4“(13<:olu): 16.713

4“(1301:4): 16.713

dn(ﬂcdn): 18.033

d"(ucoln)x 18.033

Figure S8-2, continued. Overview of structures generated by ACD-SE
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dy(3c+1H): 8.619 dy(13c+1H): 12.437 dy(13C+1H): 12.452 dy(3c+1H): 12714 dy(13c+1H): 12.714
31 (10:37) 32 (10:38) 33 (10:39) 34 (10:40) 35 (10:31)
Ny g2 aOn g
(TN 7z
L L
LA} “t
" o i o 4
2 o2 2
dy(13c+1H): 13.851 dpt3c+1H): 13.851 dy(13c+1H): 13.851 dy(13c+1H): 13.942
36 (1D:32) 37 (10:33) 33 (10:41) 40 (10:42)
N wON, {So \;r°\ {60
éo‘ A4
D L
LA am
HO HO f
o o .
2 3 "1 i
dy(13c+1H): 13.942 dy(F3C+3H): 13,942 dy(F3c+1H): 14,843 dy(13c+1H): 14,843
41 (1D:43) 42 (1D:44) 43 (1D:35) 44 (1D:36)
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Enzyme of fungal origin
e.g.Peroxigenase

Peroxidase o]
OH | Laccase oH
R - HO
OH OH ? OH
L0
H HO Enzyme of fungal origin
e.g.Tyrosinase
Catecholoxidase
Hydrahan
Cyclization OH Retro- aldol cleavage (o]}
Ho. - HO - HO o .
HO

HO)

Scheme S2-1. A suggested pathway for the biosynthesis of lumnitzeralactone (1), including a
radical induced decarboxylation step (dark pathway)
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Figure S9-1. UV spectra of isolated compound 1 and synthetic 1b
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Figure S9-2. UV spectrum of compound 5
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Fraction, contalning 1 and 3

H
o Ol
o} [ OH
HO. S o
o [}
1
\ R _/
A i ! 8 P -
3
L M.
110 10.5 pU:) k) a0 (33 [ 23 B0 50 45

5 7.0
1 (o)

Figure S10-1. '"H NMR spectrum of the antibacterial fraction containing 1 and 3 compared to

the isolated compounds 1 and 3 in DMSO-d6, 400 MHz.

mAU Fraction, containing 1 and 3
40
|
|
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20
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|
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............... .
0 5 10 15
mAU 1
204
OH
o
20
1 o OH
1 HO. = o
hs| o )
1 1
o
[ 5 10 15
mAlU 3
125

Figure S10-2. HPLC chromatogram of the antibacterial fraction containing 1 and 3 compared
to the isolated compounds 1 and 3 (YMC-Triart C18; water (A)/methanol (B) gradient: 0-5, 5% B,

POA MU 2 288nm dnm

FDA Multi 2 288nm dnm|

min

PDA Wit 2 288nm,4nni

min

2-12 min, 5-100% B; 12-20 min, 100% B isocratic, flow rate of 1.5 mL/min).
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7.3 Supporting information of chapter 4

Supporting Information

Phytochemical profiling of the Omani medicinal plant

Terminalia dhofarica (syn. Anogeissus dhofarica)
Jonas Kappen'®®, Luay Rashan®®, Katrin Franke'*®, Ludger A. Wessjohann'**

I Department of Bioorganic Chemistry, Leibniz Institute of Plant Biochemistry (IPB), 06120 Halle (Saale),
Germany

? Biodiversity Unit, Research Center, Dhofar University, Salalah, Oman.
* Institute of Chemistry, Martin Luther University Halle-Wittenberg, 06120 Halle (Saale), Germany

* Correspondence: Katrin Franke, kfranke(@ipb-halle.de, Tel: +49-345-5582-1313 (K.F.)
Ludger Wessjohann, wessjohann@ipb-halle.de, Tel: +49-345-5582-1301 (L.A.W.)

Content page
Fig. S1-S4. Screening for antibacterial and antifungal biological activities 2
Fig. S5-59. 1D and 2D NMR spectra of compound 1 4
Full spectroscopic data set of compounds 1-20 7
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Figure $1 Antibacterial assays of crude methanolic extract of T. dhofarica and constituents and
artifacts (1-20) against Gram negative A. fischeri
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Figure $2 Antifungal assays of crude methanolic extract of T. dhofarica and constituents and

artifacts (1-20) against P. infestans
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Septoria tritici
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Figure S3 Antifungal assays of crude methanolic extract of T. dhofarica and constituents and

artifacts (1-20) against S. tritici

Botrytis cinerea
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Figure S4 Antifungal assays of crude methanolic extract of T. dhofarica and constituents and

artifacts (1-20) against B. cinerea
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Figure S5 'H spectrum of compound 1, MeOD, 25°C, 600 MHz, 40 scans
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Figure S6 '°C spectrum of compound 1, MeOD, 25°C, 150 MHz, 25,000 scans
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Figure S7 COSY spectrum of compound 1, MeOD, 25°C, 600 MHz/600 MHz, 25 scans
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Figure S8 HSQC spectrum of compound 1, MeOD, 25°C, 600 MHz/150 MHz, 32 scans
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Figure S9 HMBC spectrum of compound 1, MeOD, 25°C, 600 MHz/150 MHz, 80 scans, two red
rings mark the crucial correlations for the connection pattern of H-1 and H6a+ H-6b
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Full spectroscopic data set of compounds 1-20

1-0-Galloyl-6-O-trans-p-coumaroyl -D-glucopyranose (1): white solid; '"H NMR (600 MHz, Methanol-
dq) 8 7.63 (1H, d, J=15.7 Hz, H-7""), 7.45 (2H, d, J= 8.5, H-2"" + H-6""), 7.13 (2H, s, H-2" + H-0"),
6.80 (2H, d, /= 8.5 Hz, H-3"* + H-5""), 6.36 (1H, d, /= 15.7 Hz, H-8""), 5.66 (1H, d, J= 7.7, H-15),
5.66 (1H, d, J=3.3,H-18),4.50 (1H, d,.J = 12.0Hz, H-6a), 4.31 (1H, dd, J = 12.0, 5.6 Hz, H-6b), 3.68
(1H, m, H-5), 3.51-3.40 (3H, m, H-2 + H-3 + H-4); *C NMR (150 MHz, Methanol-d,) & 169.1 (C, C-
9"), 166.9 (C, C-7"), 161.3 (C, C-4’"), 146.9 (CH, C-7""), 146.6 (2C, C-3* + C-5), 140.7 (C, C-4"),
131.2 (2CH, C-277 + C-677), 127.2 (C, C-177), 120.5 (C, C-17), 116.8 (2CH, C-3"" + C-57"), 114.9 (CH,
C-8'"),110.5 (2CH, C-2" + C-6"),95.9 (CH, C-1), 78.1 (CH, C-3), 76.3 (CH, C-5), 74.1 (CH, C-2), 71.3
(CH, C-4), 64.4 (CH», C-6); HR-ESI-MS (TOF) m/z [M—H]™ 477.1030 (calc for C2:H2:0127, 477.1033);
MS?-fragmentation (CE = —40 V) m/z 477 (5), 313 (5), 265 (45), 235 (10), 211 (13), 205 (48), 177 (7),
169 (100), 163 (53), 161 (16), 151 (20), 145 (21), 125 (32), 123 (27), 119 (17). MS-data correspond to
literature [17].

p-Hydroxybenzaldehyde (2): pale yellow solid; '"H NMR (500 MHz, DMSO-ds) & 9.79 (1H, s, H-7),
7.76 (2H, d, J = 8.3 Hz, H-2 + H-6), 6.93 (2H, d, J = 8.3 Hz, H-3 + H-5); “C NMR (obtained from
HSQC and HMBC, DMSO-dy) 6 190.6 (CH, C-7), 163.4 (C, C-4), 132.1 (2CH, C-2 + C-6), 128.4 (C,
C-1), 115.9 (2CH, C-3 + C-5); HR-ESI-MS (TOF) m/z [M—H] 121.0287 (calc for C;HsO, ", 121.0290);
MS?-fragmentation (CE =20 V) m/z 121 (86), 92 (100), 65 (3). Data correspond to literature [18, 19].

Protocatechuic acid (3): white amorphous powder; "H NMR (600 MHz, DMSO-d;s) 8 12.13 (1H, brds,
7-COOH), 9.34 (2H, brds, 3-OH + 4-OH), 7.33 (1H, d, J = 2.1 Hz, H-2), 7.28 (1H, dd, J = 8.2, 2.1 Hz,
H-6), 6.78 (1H, d, J= 8.2 Hz, H-5); 13C NMR (obtained from HSQC and HMBC, DMSO-d;) 6 167.4
(C, C-7), 149.8 (C, C-4), 144.6 (C, C-3), 121.7 (C, C-6), 121.4 (CH, C-1), 116.4 (CH, C-2), 115.0 (CH,
C-5); HR-ESI-MS (TOF) m/z [M—H] 153.0193 (calc for C7HsO4", 153.0188); MS>-fragmentation (CE
=-30 V) m/z 153 (3), 109 (100), 108 (56), 91 (10), 81 (8), 65 (9). Data correspond to literature [20].

Gallic acid (4): white solid; 'H NMR (400 MHz, DMSO-d;) § 6.86 (2H, s, H-2 + H-6); *C NMR (100
MHz, DMSO-ds) 6 170.3 (C, C-7), 145.5 (2C, C-3 + C-5), 137.0 (C, C-4), 125.8 (C, C-1), 108.9 (2CH,
C-2 + C-6); HR-ESI-MS (TOF) m/z [M—H] ™ 169.0152 (calc for CtHsOs", 169.0137); MS*-fragmentation
(CE =-50 V) m/z 125 (50), 124 (77), 107 (7), 97 (10), 81 (11), 79 (100), 69 (39), 67 (30), 53 (12), 51
(98), 45 (7), 43 (9), 41 (39). Data correspond to literature [21].

7-O-Methyl gallate (5): white amorphous solid; '"H NMR (400 MHz, Methanol-d,) 8 7.03 (2H, s, H-2 +
H-6), 3.81 (3H, s, 7-OMe); "C NMR (obtained from HSQC and HMBC, Methanol-d,) § 169.2 (C, C-
7),146.7 (2C, C-3 + C-5), 140.1 (C, C-4), 121.0 (C, C-1), 110.1 (2CH, C-2 + C-6), 52.2 (CH3, 7-OMe);
HR-ESI-MS (TOF) m/z [M—H]™ 183.0296 (calc for CsH;0s™, 183.0293); MS*-fragmentation (CE = —20
V) m/z 183 (100), 168 (13), 124 (88). Data correspond to literature [22,23].

trans-p-Coumaric acid (6): white solid; 'H NMR (500 MHz, Methanol-ds) & 7.59 (1H, d, J=15.9 Hz,
H-7), 7.45 (2H, d, J = 8.6 Hz, H-2 + H-6), 6.80 (2H, d, J = 8.6 Hz, H-3 + H-5), 6.28 (1H, d, J=15.9
Hz, H-8); *C NMR (126 MHz, Methanol-dy) 6 171.1 (CH, C-9), 161.1 (C, C-4), 146.5 (CH, C-7), 131.1
(2CH, C-2 + C-6), 127.3 (C, C-1), 116.8 (2CH, C-3 + C-5), 115.8 (C, C-8); HR-ESI-MS (TOF) m/z
[M—H]™ 163.0393 (calc for CsH;057, 163.0395); MS?-fragmentation (CE = —45 V) m/z 119 (100), 117
(12),93 (35), 91 (4), 65 (3). Data correspond to literature [24].
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Chebulic acid (7): yellow solid; "H NMR (400 MHz, Methanol-d,) & 7.04 (1H, s, H-8), 5.23 (1H, s, H-
3),3.86(1H,d,J=8.6 Hz, H-4),3.11 (1H, td, J=9.4,4.4 Hz, H-9), 2.87 (1H, dd, /= 17.1, 10.4 Hz, H-
10a), 2.35 (1H, dd, J = 17.1, 4.4 Hz, H-10b); *C NMR (100 MHz, Methanol-d,) § 176.9 (C, C-13),
175.5 (C, C-11), 172.6 (C, C-12), 166.8 (C, C-1), 146.7 (C, C-7), 144.0 (C, C-5), 140.6 (C, C-6), 118.1
(C, C-4a),116.3 (C, C-8a), 109.3 (CH, C-8), 79.0 (CH, C-3), 45.5 (CH, C-9), 37.4 (CH, C-4), 35.2 (CH,,
C-10). HR-ESI-MS (TOF) m/z [M—H]™ 355.0302 (calc for Ci4H;20117, 355.0301); MS*-fragmentation
(CE =—45 V) m/z 355 (30), 337 (100), 249 (28), 205 (43), 193 (37), 187 (5), 179 (12), 163 (22), 161
(14), 149 (10), 135 (5). Data correspond to literature [25].

12-O-Methy! chebulic acid (8): yellow solid; '"H NMR (600 MHz, Methanol-d,) & 7.04 (1H, s, H-8),
5.34 (1H, s, H-3), 3.84 (1H, d, J=9.1 Hz, H-4), 3.62 (3H, s, H-120Me), 3.12 (1H, «d, J = 9.6, 4.4 Hz,
H-9), 2.87 (1H, dd, J = 17.1, 10.4 Hz, H-10a), 2.35 (1H, dd, J = 17.1, 4.4 Hz, H-10b); *C NMR (150
MHz, Methanol-dy) & 176.7 (C, C-13), 175.3 (C, C-11), 171.3 (C, C-12), 166.3 (C, C-1), 146.8 (C, C-
7), 144.0 (C, C-5), 140.7 (C, C-6), 117.7 (C, C-4a), 115.9 (C, C-8a), 109.3 (CH, C-8), 78.7 (CH, C-3),
53.3 (CHs, 12-OMe), 45.2 (CH, C-9),37.2 (CH, C-4), 35.1 (CHz, C-10); HR-ESI-MS (TOF) m/z [M—H]"
369.0554 (calc for CisH13011, 369.0458); MS?-fragmentation (CE = —45 V) m/z 369 (3), 351 (83), 307
(12), 251 (49), 231 (100), 219 (7), 207 (25), 205 (18), 203 (83), 192 (11), 187 (16), 177 (19), 175 (29),
163 (11), 159 (15), 147 (13), 135 (10). Data correspond to literature [26].

11,12-O-Dimethyl chebulic acid (9): yellow solid; "H NMR (600 MHz, Methanol-d,) & 7.03 (1H, s, H-
8), 5.34 (1H, s, H-3), 3.88 (1H, d, J = 9.1 Hz, H-4), 3.62 (3H, s, 12-OMe), 3.51 (3H, 5, 11-OMe), 3.17
(1H, td, J=9.1, 5.6 Hz, H-9), 2.81 (1H, dd, J=17.1, 8.8 Hz, H-10a), 2.46 (1H, dd, J=17.1, 5.6 Hz, H-
10b); *C NMR (150 MHz, Methanol-dy) 8 176.6 (C, C-13), 173.8 (C, C-11), 171.3 (C, C-12), 166.3 (C,
C-1), 146.9 (C, C-7), 144.1 (C, C-5), 140.8 (C, C-6), 117.5 (C, C-4a), 116.2 (C, C-8a), 109.3 (CH, C-
8), 78.9 (CH, C-3), 53.3 (CHs, 12-OMe), 52.2 (CH;, 11-OMe), 45.1 (CH, C-9), 37.1 (CH, C-4), 35.1
(CHa, C-10); HR-ESI-MS (TOF) m/z [M—H] 383.0613 (calc for Ci¢HisO11~, 383.0614); MS>-
fragmentation (CE = —45 V) m/z 351 (100), 307 (6), 251 (29), 231 (63), 207 (12), 203 (48), 187 (7), 177
(9), 175 (12), 159 (6). Data correspond to literature [26,27].

12,13-0-Dimethyl chebulic acid (10): yellow solid; 'H NMR (600 MHz, Methanol-dy) & 7.03 (1H, s, H-
8),5.27(1H,d,J=1.1 Hz, H-3), 3.88 (IH, d, J= 7.2, 1.1 Hz, H-4), 3.67 (3H, s, 13-OMe), 3.63 (3H, s,
12-OMe), 3.17 (1H, td, J = 9.1, 5.6 Hz, H-9), 2.81 (1H, dd, J = 17.1, 8.8 Hz, H-10a), 2.46 (1H, dd, J =
17.1, 5.6 Hz, H-10b); *C NMR (150 MHz, Methanol-d,) § 175.22 (C, C-13), 175.18 (C, C-11), 171.3
(C, C-12),166.2 (C, C-1), 146.9 (C, C-7), 143.9 (C, C-5), 140.9 (C, C-6), 117.6 (C, C-4a), 116.1 (C, C-
8a), 109.1 (CH, C-8), 78.9 (CH, C-3), 53.4 (CHs, 12-OMe), 52.8 (CHs, 13-OMe), 45.3 (CH, C-9), 37.4
(CH, C-4), 35.0 (CH2, C-10); HR-ESI-MS (TOF) m/z [M—H] 383.0610 (calc for CisH;501,7, 383.0614);
MS>-fragmentation (CE = —45 V) m/z 351 (90), 307 (7), 263 (5), 251 (46), 231 (100), 207 (20), 203
(80), 192 (R), 187 (12), 177 (20), 175 (22), 163 (8), 159 (10), 147 (9). Data correspond to literature
[26,27].

11-O-Methy! brevifolincarboxylate (11): white amorphous solid; 'H NMR (500 MHz, Methanol-d,) &
7.35 (1H, 5, H-7), 4.55 (1H, dd, J="1.7, 2.2 Hz, H-8), 3.73 (3H, s, 11-OMe), 3.01 (1H, dd, J=18.9,7.7
Hz, H-9a), 2.51 (1H, dd, J = 18.9, 2.2 Hz, H-9b); *C NMR (obtained from HSQC and HMBC,
Methanol-d4) 6 195.1 (C, C-10), 175.1 (C, C-11), 162.6 (C, C-1), 151.3 (C, C-5), 147.4 (C, C-2), 144.9
(C, C-4), 142.6 (C, C-6), 141.0 (C, C-3), 116.1 (C, C-3a), 114.0 (C, C-7a), 109.2 (CH, C-7), 52.8 (CH3,
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11-OMe), 42.1 (CH, C-8), 38.4 (CHa, C-9); HR-ESI-MS (TOF) m/z [M—H]" 305.0325 (calc for
C14sHoOx ", 305.0297); MS2-fragmentation (CE = —40 V) m/z 273 (12), 245 (53), 229 (5), 217 (100), 201
(9), 189 (23), 173 (9), 161 (16), 145 (13), 133 (10), 117 (5), 105 (2). Data correspond to literature
[28,29].

Ellagic acid (12): yellow solid; '"H NMR (500 MHz, DMSO-ds) § 7.31 (2H, s, H-5 + H-5"); *C NMR
(obtained from HSQC and HMBC, DMSO-ds) 8 159.5 (2C, C-7 + C-7°), 148.6 (2C, C-4 + C-4"), 140.7
(2C, C-3 +C-3"), 113.0 (2C, C-6 + C-6"), 112.5 (2C, C-1 + C-17), 108.1 (2CH, C-5 + C-5"); HR-ESI-
MS (TOF) m/z [M—H] 300.9978 (calc for C14HsOg, 300.9984). Data correspond to literature [30,31].

7°"-0O-Methyl flavogallonate (13): yellow amorphous solid; 'H NMR (400 MHz, Methanol-d,) & 7.54
(1H, s, H-5), 7.22 (1H, s, H-6""), 3.50 (3H, 5, 7°-OMe); *C NMR (obtained from HSQC and HMBC,
Methanol-dy) § 169.1 (C, C-7""), 161.9 (C, C-7), 149.4 (C, C-4), 145.4 (C, C-5""), 140.8 (C, C-3), 114.5
(C, C-1), 111.8 (CH, C-5), 111.4 (CH, C-6""), 52.2 (CHs, 7’-OMe); HR-ESI-MS (TOF) m/z [M—H]"
483.0197 (calc for C22H 110157, 483.0200); MS*-fragmentation (CE = —40 V) m/z 483 (2), 451 (100), 432
(15), 422 (6), 407 (8), 395 (8), 379 (7), 367 (7), 351 (5), 335 (3), 323 (3), 299 (3). Data correspond to
literature [32].

6-O-trans-p-Coumaroyl-D-glucopyranose (14): white amorphous solid; "H NMR (600 MHz, Methanol-
dy) 8 7.63(1H, d,J=15.8 Hz, H-7"), 7.45 (2H, d, J= 8.3 Hz, H-2" + H-6"), 6.80 (2H, d, J = 8.3 Hz, H-
3’ +H-5%),6.33 (1H, d, /= 15.8 Hz, H-8"), 5.10 (IH, 4, J = 3.9 Hz, H-1a), 4.50 (H, d, J = 8.1 Hz, H-
15), 4.46 (1H, m,, H-6a), 4.30 (1H, dd, J=12.0, 5.9 Hz, H-6b), 3.54 (1H, m, H-5), 3.40 — 3.31 (3H, m,
H-2 + H-3 + H-4); *C NMR (obtained from HSQC and HMBC, Methanol-d,) 5 169.1 (C, C-9), 161.1
(C, C-4%), 146.8 (CH, C-7°), 131.2 (2CH, C-2’ + C-6"), 127.3 (C, C-1), 116.9 (2CH, C-3°, C-5), 114.9
(CH, C-8), 98.4 (CH, C-1p), 94.1 (CH, C-1a), 77.9 (CH, C-3), 75.4 (CH, C-5), 73.8 (CH, C-2), 71.9
(CH, C-4), 64.8 (CH,, C-6); HR-ESI-MS (TOF) m/z [M—H]™ 325.0936 (calc for C;sH70¢", 325.0923);
MS>-fragmentation (CE = =20 V) m/z 325 (28), 307 (5), 265 (16), 217 (6), 204 (20), 187 (100), 163
(48), 161 (7), 145 (100), 119 (10), 113 (10), 89 (4). Data correspond to literature [33].

1-O-Galloyl-D-glucose (15): white solid; "H NMR (400 MHz, Methanol-d,) § 7.13 (2H, s, H-2’ + H-6),
5.65 (1H, d, J= 8.0 Hz, H-18), 5.65 (1H, d, J = 3.1 Hz, H-1a), 3.85 (1H, dd, J = 12.1, 1.8 Hz, H-6a),
3.70 (1H, dd, J=12.1, 4.5 Hz, H-6b), 3.49 — 3.43 (2H, overlaid m, H2 + H-5), 3.42 — 3.37 (2H, overlaid
m, H-3 + H-4); "*C NMR (obtained from HSQC and HMBC, Methanol-dy) 8 166.6 (C, C-7), 145.9 (2C,
C-3+(C-5%),139.8 (C, C-4"), 120.2 (C, C-17), 109.8 (2CH, C-2’ + C-6"), 95.6 (CH, C-1), 78.4 (CH, C-
3), 77.7 (CH, C-5), 73.7 (CH, C-2), 70.5 (CH, C-4), 61.9 (CH3, C-6); HR-ESI-MS (TOF) m/z [M—H]"
331.0640 (calc for Ci3His0197, 331.0665); MS?-fragmentation (CE = —50 V) m/z 331 (100), 271 (10),
211 (16), 169 (58), 151 (15), 125 (17), 123 (21). Data correspond to literature [34].

3,5-Di-O-galloylshikimic acid (16): whitish solid; '"H NMR (600 MHz, Methanol-d,) & 7.13 (2H, s, H-
2’ +H-6"),7.08 (2H, s, H-2"* + H-6""), 6.73 (1H, pst, J= 1.8 Hz, H-2), 5.76 (1H, 11, J= 3.7, 1.8 Hz, H-
3), 542 (1H, dt, J= 174, 5.1 Hz, H-5),4.23 (1H, dd, J= 7.4, 4.0 Hz, H-4), 2.98 (1H, ddt, J = 18.6, 5.1,
2.0 Hz, H-6a), 2.48 (1H, ddt, J=18.6, 5.1, 1.7 Hz, H-6b); '*C NMR (obtained from HSQC and HMBC,
Methanol-ds) 8 167.5 (C, C-7°), 167.4 (C, C-7°"), 146.3 (2C, C-3"" + C-5""), 146.2 (2C, C-2* + C-57),
139.7 (C, C-4"), 139.6 (C, C-4""), 135.2 (C, C-1), 131.6 (CH, C-2), 121.2 (C, C-1""), 121.0 (C, C-17),
110.2 (2CH, C-2’ + C-6"), 110.1 (2CH, C-2"" + C-6"), 71.6 (CH, C-5), 70.8 (CH, C-3), 68.1 (CH, C-
3), 29.6 (CH», C-6); HR-ESI-MS (TOF) m/z [M—H]™ 477.0647 (calc for C21H170157, 477.0675); MS*-
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fragmentation (CE = —45 V) m/z 477 (100), 307 (12), 289 (39), 263 (23), 169 (81), 137 (45), 125 (48),
124 (17), 93 (20). Data correspond to literature [35].

Chebulanin (17): brown amorphous solid; '"H NMR (600 MHz, Methanol-d.) & 7.45 (111, s, H-2""), 7.13
(2H, s, H-2"’ + H-6"""), 6.35 (1H, d, J= 2.8 Hz, H-1), 5.20 (1H, dt, /= 2.8, 1.8 Hz, H-2), 5.09 (1H, dd,
J=17.1,1.5Hz, H-3"), 4.80 (2H, brs, H-3 + H-4), 4.77 (1H, d,J=7.1 Hz, H-2"),4.31 (1H, ¢,J = 6.5 Hz,
H-5), 4.06 (1H, dd, J=11.2, 6.6 Hz, H-6a), 4.00 (1H, dd, /= 11.2, 6.5 Hz, H-6b), 3.81 (1H, ddd, J =
12.0, 3.3, 1.5 Hz, H-4"), 2.17 (1H, dd, J=17.0, 3.3 Hz, H-5a), 2.11 (1H, dd, J=17.0, 12.0 Hz, H-5’b);
13C NMR (obtained from HSQC and HMBC, Methanol-d,) & 175.1 (C, C-6), 174.7 (C, C-7°), 170.8 (C,
C-1°), 166.8 (C-7""), 166.4 (C, C-7"*"), 147.4 (C, C-3""), 146.8 (2C, C-3""* + C-5"""), 141.5 (C, C-5""),
140.3 (C, C-4""), 140.2 (C, C-4""), 120.7 (C, C-1"""), 119.5 (C, C-1""), 117.6 (CH, C-2""), 116.1 (C-
6’’), 110.4 (2CH, C-2""" + C-6"""), 93.2 (CH, C-1), 79.9 (CH, C-5), 74.3 (CH, C-2), 72.3 (CH, C-4),
67.3 (CH, C-2"), 63.8 (CH,, C-6), 62.1 (CH, C-3), 41.8 (CH, C-3"), 40.2 (CH, C-4"), 31.0 (CH., C-5");
HR-ESI-MS (TOF) m/z [M—H] 651.0837 (calc for C27H230197, 651.0834); MS?-fragmentation (CE =
—45 V) m/z 651 (58), 633 (12), 481 (28), 463 (9), 453 (10), 437 (10), 49 (10), 381 (12), 331 (9), 319
(11),293 (11), 275 (23), 247 (12), 231 (24), 205 (17), 203 (16), 193 (11), 175 (9), 169 (100), 125 (24).

Data correspond to literature [36].

Chebulagic acid (18): brown amorphous solid; "H NMR (500 MHz, Methanol-d,) & 7.48 (1H, s, H-2""),
7.07 (2H, s, H-2""" + H-6""), 6.84 (1H, s, 3,6-HHDP-H-5), 6.63 (1H, s, 3,6-HHDP-H-5"), 6.50 (1H, psd
t,J=12Hz, H-1),5.82 (1H, td, J = 0.9, 2.3 Hz, H-3), 5.39 (1H, brs, H-2), 5.22 (1H, psd d, J = 3.2 Hz,
H-4),5.04 (1H, dd,J=17.1, 1.4 Hz, H-3"), 4.90 (1H, overlaid m, H-6b), 4.83 (1H, overlaid m, H-5), 4.80
(1H, d,J=17.1 Hz, H-2"), 4.37 (1H, dd, J = 10.4, 7.8 Hz, H-6a), 3.79 (1H, dd, J = 11.8, 3.7 Hz, H-4"),
219 (1H, dd, J=17.0, 3.7 Hz, H-5’b), 2.11 (1H, dd, J = 17.0, 11.8 Hz, H-5’a); *C NMR (126 MHz,
Methanol-dy) 8 175.1 (C, C-6"), 174.4 (C, C-7"), 170.8 (C, C-17), 170.1 (C, 3,6-HHDP-C-7"), 167.5 (C,
3,6-HHDP-C-7), 166.4 (C-7°"), 166.3 (C, C-77""), 147.4 (C, C-37"), 146.5 (2C, C-3""" + C-57""), 146.1
(C, 3,6-HHDP-C-4"), 145.6 (C, 3,6-HHDP-C-4), 145.5 (C, 3,6-HHDP-C-2), 145.3 (C, 3,6-HHDP-C-
2%, 141.4 (C, C-5"), 140.8 (C, C-47"), 1404 (C, C-4""), 138.7 (C, 3,6-HHDP-C-3), 137.6 (C, 3,6-
HHDP-C-3"), 125.6 (C, 3,6-HHDP-C-6’), 124.5 (C, 3,6-HHDP-C-6), 120.1 (C, C-1"""), 119.0 (C, C-
1°), 117.6 (1CH + 1C, C-2"’ + 3,6-HHDP-C-1), 116.2 (C, C-3,6-HHDP-C-1"), 116.0 (C-6), 110.9
(2CH, C-2" +C-6"""), 110.4 (CH, 3,6-HHDP-C-5), 108.2 (CH, 3,6-HHDP-C-5"),92.5 (CH, C-1), 74.3
(CH, C-5), 71.1 (CH, C-2), 67.0 (C, C-2"), 66.8 (CH, C-4), 64.7 (CH,, C-6), 62.4 (CH, C-3), 41.7 (CH,
C-37), 40.0 (CH, C-4"), 30.6 (CH,, C-5"); HR-ESI-MS (TOF) m/z [M—H]™ 953.0830 (calc for
C41H20027, 953.0896); MS*-fragmentation (CE = —50 V) m/z 953 (41), 935 (4), 783 (2), 633 (5), 615
(3), 481 (6), 463 (5), 337 (10), 319 (8), 301 (100), 275 (16), 249 (3), 231 (3), 205 (8), 169 (4). Data
correspond to literature [36].

6°-0-Methyl-chebulagic acid (19): brown amorphous solid; 'H NMR (400 MHz, Methanol-dy) & 7.47
(1H, s, H-2"), 7.07 (2H, s, H-2>"" + H-6"""), 6.84 (1H, s, 3,6-HHDP-H-5), 6.64 (1H, s, 3,6-HHDP-H-
5%, 6.50 (1H, brs, H-1),5.76 (1H, td, /= 0.9, 2.4 Hz, H-3), 5.39 (1H, brs, H-2), 5.23 (1H, psd d, J= 3.5
Hz, H-4), 5.06 (1H, dd, J= 7.2, 1.2 Hz, H-3"), 4.93 (1H, d, J = 10.7 Hz, H-6b), 4.83 (1H, overlaid m,
H-5),4.81 (1H, d, J= 7.2 Hz, H-2"), 437 (1H, dd, J=10.7, 7.8 Hz, H-6a), 3.83 (1H, ddd, J=11.6,3.7,
1.2 Hz, H-4"), 3.58 (3H, s, H-6’OMe), 2.20 (1H, dd, J = 16.7, 3.9 Hz, H-5b), 2.12 (1H, dd, J = 17.0,
11.6 Hz, H-5"a); *C NMR (100 MHz, Methanol-d,) 6 174.3 (C, C-7"), 173.6 (C, C-7°), 170.6 (C, C-1"),
170.1 (C, 3,6-HHDP-C-7"), 167.5 (C, 3,6-HHDP-C-7), 166.3 (C-7""), 166.2 (C, C-7"""), 147.5 (C, C-
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3, 146.5 (2C, C-3""" + C-5"""), 146.2 (C, 3,6-HHDP-C-4"), 145.6 (C, 3,6-HHDP-C-4), 145.5 (C, 3.,6-
HHDP-C-2), 145.4 (C, 3,6-HHDP-C-2"), 141.4 (C, C-57"), 140.9 (C, C-4"""), 1404 (C, C-4""), 138.7
(C, 3,6-HHDP-C-3), 137.6 (C, 3,6-HHDP-C-3"), 125.6 (C, 3,6-HHDP-C-6"), 124.5 (C, 3,6-HHDP-C-
6), 120.1 (C, C-1"""), 119.0 (C, C-1""), 117.6 (ICH + 1C, C-2"" + 3,6-HHDP-C-1), 116.2 (C, C-3,6-
HHDP-C-1%), 115.8 (C-6""), 110.9 (2CH, C-2>"* + C-6"""), 110.5 (CH, 3,6-HHDP-C-5), 108.2 (CH, 3,6-
HHDP-C-5%), 92.4 (CH, C-1), 74.1 (CH, C-5), 71.0 (CH, C-2), 67.0 (C, C-2’), 66.8 (CH, C-4), 64.7
(CH,, C-6), 62.4 (CH, C-3), 52.5 (CH3, C-6’0OMe), 41.8 (CH, C-37), 39.9 (CH, C-4), 30.5 (CH>, C-5");
HR-ESI-MS (TOF) m/z [M—H] 967.1026 (calc for C42H31057, 953.1053); MS’-fragmentation (CE =
=45 V) m/z 967 (100), 923 (18), 797 (5), 301 (62), 275 (10), 237 (7), 205 (8), 169 (5). Data correspond
to literature [26].

Phyllanembilinin C (20): yellow solid;'H NMR (600 MHz, Methanol-dy) 8 7.05 (2H, s, H-2""" + H-6"""),
7.01 (1H, s, H-2""), 6.81 (1H, s, 3,6-HHDP-H-5), 6.63 (1H, s, 3,6-HHDP-H-5"), 6.49 (1H, s, H-1), 5.93
(1H, m, H-3), 5.26 (1H, brs, H-2), 5.17 (1H, d, J = 3.5 Hz, H-4), 4.94 (1H, ¢, J = 10.6 Hz, H-6b), 4.80
(1H, overlaid m, H-5),4.72 (1H, d, J= 2.2 Hz, H-3"), 4.34 (1H, dd, J = 10.6, 8.2 Hz, H-6a), 3.70 (1H,
dr,J=11.7,2.2 Hz, H-4"), 2.67 (1H, dd, J= 17.4, 2.1 Hz, H-5'b), 1.93 (1H, dd, J=17.4, 11.7 Hz, H-
5’a); *C NMR (obtained from HSQC and HMBC, Methanol-ds) 8 176.4 (C, C-6’), 174.9 (C, C-7°),
174.8 (C, C-17), 170.2 (C, 3,6-HHDP-C-7"), 167.7 (C, 3,6-HHDP-C-7), 166.5 (C, C-7""), 166.2 (C, C-
7)), 148.0 (C, C-5""), 147.8 (C, C-3""), 146.6 (2C, C-3">" + C-5"""), 146.3 + 146.0 (2C, 3,6-HHDP-C-
2' + 3,6-HHDP-C-4"), 145.8 + 145.5 (2C, 3,6-HHDP-C-2 + 3,6-HHDP-C-4), 140.7 (C, C-4"""), 138.6
(C, 3,6-HHDP-C-3), 137.6 (C, 3,6-HHDP-C-3), 136.1 (C, C-4""), 125.6 (C, 3,6-HHDP-C-6"), 124.7
(C, 3,6-HHDP-C-6), 122.2 (C, C-1""), 120.4 (C, C-1"""), 117.6 (C, 3,6-HHDP-C-1), 1174 (C, C-6""),
116.4(C, 3,6-HHDP-C-1"), 112.2 (CH, C-2""), 111.0 (2CH. C-2"* + C-6"""), 110.0 (CH, 3,6-HHDP-C-
5), 108.2 (CH, 3,6-HHDP-C-5%), 93.0 (CH, C-1), 74.1 (CH, C-5), 70.1 (CH, C-2), 66.9 (CH, C-4), 64.9
(CHa, C-6), 62.1 (CH, C-3), 50.1 (CH, C-3"), 42.6 (CH, C-4"), 31.6 (CHaz, C-5"); HR-ESI-MS (TOF)
m/z [M—H] 969.0831 (calc for C4;H29025 ", 969.0845); MS2-fragmentation (CE =—45 V) m/z 969 (100),
925 (4), 711 (2), 633 (2), 463 (3), 301 (45), 275 (4), 247 (17), 203 (6), 175 (2). Data correspond to
literature [37].
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Table S2. GCMS analysis of essential oil (EO) and n-hexane extracts of H. scyphifera

No Ri Similarity ~ Compound proposal MW Molecular Area%
(min) (NIST17) (g/mol) formula EO n-Hexane
Gl 7.87 96 a-Pinene 136 CioHie 1.49
G2 8.28 96 Camphene 136 CioHie 4.23
G3 12.24 93 L-trans-Pinocarveol 152 CioH160 1.56
G4 12.33 96 Camphor 152 CioH160 3.95
G5 12.63 90 o-Pinocarvone 150 CioH 140 0.94
Go6 12.79 97 endo-Borneol 154 CioHis0 2.86
G7 13.25 92 Myrtenal 150 CioH140 0.79
G8 13.44 97 cis-Verbenone 150 CioH120 13.49
G9 14.89 95 2-Camphanol acetate 196 C12H2002 0.37 4.55
GI10 19.16 86 f-Guaiene 204 CisHaa 0.11
Gll 19.24 97 f-Selinene 204 CisHas 0.29
Gl12 19.61 93 Dihydro-f-agarofuran 222 CisHz260 1.53
Gl13 19.96 81 Aromadendrane-4,10-diol 238 Ci5sH202 1.44
Gl4 20.18 87 a-Dehydro-ar-himachalene 200 CisHao 0.46
GI5 20.34 90 a-Calacorene 200 CisHao 0.21
Gl6 2047 90 Elemol 222 CisHz60 0.46
G17 20.81 91 trans-Dihydroagarofuran 222 CisHz260 14.91 1.47
G18 21.24 90 f-Caryophyllene epoxide 220 CisH2:0 0.25
Gl19 21.74 92 Ledol 222 CisHz260 0.38
G20 21.84 85 Humulene epoxide 220 CisH240 0.32
G21 22.20 86 Di-epi-1,10-cubenol 222 CisH260 0.30
G22 22.29 96 y-Eudesmol 222 CisH260 1.24
G23 22.53 82 a-epi-Muurolol 222 CisH260 0.38
G24 22,79 94 f-Eudesmol 222 Ci5H260 2.28
G25 23.00 87 Guai-1(10)-en-11-o0l 222 Ci5sHz260 0.85
G26 23.16 96 Cadalene 198 CisHis 3.26
G27 23.21 80 Mustakone 218 CisH220 2.49
G28 24.69 79 (7a-Isopropenyl-4,5- 222 CisHz60 0.44
dimethyloctahydroinden-4-
yl)-methanol
G29 25.58 84 cis-Chrysanthenol acetate 194 C12Hi502 0.59
G30 25.70 83 Iso-3-thujyl acetate 196 Ci12H2002 2.78
G31 25.85 92 Ambrial 234 CisHz260 2.90
G32 26.01 82 1-Methyl-1-(4-methyl-3- 273 Ci7H23NO:2 7.05
cyclohexenyl)ethylphenyl-
carbamate
G33 26.30 81 3(7)-Carene, 4-hydroxy- 166 CuHisO 495
methyl-, exo-
G34 2648 94 7,11,15-Trimethyl-3- 278 CzoHaz 3.34
methylenehexadecene
G35 26.56 94 2-Pentadecanone, 6,10,14- 268 Ci1sHi60 415
trimethyl-
G36 26.80 81 a-Caryophyllene 204 CisHaa 6.77
G37 26.90 96 Phthalic acid 278 CisH2204 0.54
G38 26.97 82 Neophytadiene 278 CaoHss 0.87
G39 27.07 78 f-Santalol 220 CisHz40 0.14
G40 27.26 85 (15.4R)-p-Mentha-2,8-diene, 168 CioHi1602 0.90
1-hydroperoxide
G4l 27.39 80 a-Farnesene 204 CisHaa 24
G42 27.62 84 Humulene monoxide 220 CisH240 4.1
G43 28.35 81 A - Guaiene 204 CisHaa 0.78
G44 28.64 97 Isophytol 296 C20Ha0O 1.16
G45 28.80 83 Phthalic acid 356 C22H2504 1.22
G46 28.97 92 Ascorbic acid 2,6-dihexa- 652 CisHesOs 2.05
decanoate
G47 29.27 81 y-Bicyclohomofamesal 234 CisH260 0.22
G48 29.39 85 (E)-15,16-Dinorlabda- 260 CisH2s0 349
8(17),11-dien-13-one
G49 29.52 84 Carvyl acetate 194 Ci2His02 0.62
G50 29.97 83 Cyclopentanecarboxylic 290 Ci9H3002 1.92
acid, 3-isopropylidene-,
bornyl ester
2
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G51 30.22 80 Eremophila-1,11-dien-9- 234 CisH2:0: 1.4
one, 8-a-hydroxy-
G52 30.55 80 (35.6R)-3-Hydroperoxy-3- 168 CioH160: 031
methyl-6-(prop-1-en-2-
yl)eyclohexene
G533 30.70 81 cis-Verbenolacetate 194 CizHi502 5.54
G54 30.97 80 Bicyclo[2.2.2]oct-2-ene, 168 CioH160:2 0.88
1,2,3,6-tetramethyl-
G55 31.25 81 Acorenone B 220 CisH240 2.28
G56 3l.62 83 2-Hexyl-decanol 242 CisHa40 1.17
G357 31.79 97 Phytol 296 C20Ha0O 591
G58 32.39 86 Copalol 290 C20H140 1.97
G39 3274 80 1,2-Ethanediol, 1,2- 302 Ca0H3003 1.55
dimyrtenyl-
Go60 35.84 94 4,8,12,16-Tetramethyl- 324 C21H1002 0.76
heptadecan-4-olide
Gol 36.04 84 (E)-Labda-8(17),12-diene- 302 Ca0H300:2 0.62
15,16-dial
G62 38.77 97 Di-n-2-propylpentyl- 390 C24H3304 5.97
phthalate
G63 43.30 86 a-Tocospiro B 462 C29H5004 1.74
Go4 43.60 87 a-Tocospiro A 462 C29H5004 2,74
G65 44,16 96 Hexatriacontane 506 CasH7a 9.65
G66 45.50 90 n-Dotriacontane 450 Ci2Hes 1.56
G67 46.35 81 3p-Cholesta-4,6-dien-3-ol 384 C27H440 1.66
G68 46.79 96 Dotriacontane 450 Ci2Hees 5.14
G69 48.75 81 Stigmasterol 412 C29Has0O 3.98
G70 49.26 79 a-Cortolone 366 C21H140s 3.28
G71 49.58 95 (3/3,245)-Stigmast-5-en-3-o0l 414 Ca9Hs0O 21.63
3
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Table S3. Dihedral angles between H-6 and its neighbouring protons in stereoisomers of compound 1

f1 (ppm)

Dihedral angle X1 X2 X3 X4
Hl<H6 94.1° 97.1° -97.1° -04.1°
Calc. Jsuu 0.92 Hz 1.06 Hz 1.06 Hz 0.92 Hz
H5«H6 —97.6° —94.5° 94.5° 97.6°
Calc. Jsin 1.09 Hz 0.93 Hz 0.93 Hz 1.09 Hz
H7<H6 —81.1° 80.8° —80.8° 81.1
Cale. Jsun 0.89 Hz (.90 Hz 0.90 Hz (.89 Hz

Angles obtained from Chem3D after MM2 calculation (minimize energy), Jsun calculations obtained from
http://www stenutz.eu/conf’haasnoot.php (15.11.2024, 10:35 am)

Table S4. Crucial NOESY correlation and distances in stereoisomers of compound 1

X1 X2 X3 X4

[A] [A] [A] [A]
HI—H7 2.4 3.9 3.9 2.4
HloHI2 4.9 2.6 2.6 4.9
H5H7 3.9 2.4 2.4 3.9
H5<H9a 3.1 2.5 25 3.1
H6-HI 1 25 25 25 25
H6HI2 25 25 25 2.5

Table S5. CD calculations of compound 1

Name Configuration Similarity Factor (S) Sigma Shift
(eV) (nm)
Xl 15,5R,6R,7R, 108 0.1522 0.29 =51
X2 15,5R,6R,75,108 0.7827 0.29 =51
X3 1R,58,65,7R,10R 0.8798 0.29 =51
X4 ~ 1R,55,65,7S,10R 0.1418 - 0.29 el
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Figure S4. Eight possible stereoisomers (Y 1-Y8) for compound 2

Table S6. MM2 calculation and crucial NOESY correlation and distances of stereoisomers
Y1-Y8 of compound 2

Name  Configuration =~ MM2 calculation  gH.j«5H.14 H-1+>H-7 H-1<2H-9b H-6«<>H-13 H-6>H-7

[keal/mol] 1A] [A] [A] [A] IA]

YUI/Y5S  1R6RTR10R/ 20,4782 3.8 4.0 2.3 23 2.3
15,65,75,108

Y2/Y6  1R.6RTS10R/ 23.9610 3.8 53 2.3 2.1 2.5
15,68,7R.108

Y3YT 1R65,7R10R/ 25.2799 39 4.0 2.4 2.3 3.0
15,61, 7R, 108

Y4/Y8 1R,68,75.10R 22,6833 3.8 5.1 2.4 2.3 2.3
15,6R.7R. 105

H-6<—>H-15 H-6+—>H-1 H-6<>H-8a H-6c>H-8b H-6<>H-92 H-6<>H-%

[A] 1A] [A] [A] [A] IA]

Y1/Y5 2.0 4.4 3.9 4.3 4.9 39

Y2/'Y6 2.2 4.6 3.7 4.3 5.0 4.3

Y3/Y7 2.4 4.8 29 4.0 4.6 4.1

Y4/Y8 2.1 4.8 4.2 4.1 4.9 4.0

Table S7. CD calculations of compound 2

Name Configuration Similarity Factor (S) Sigma Shift
(eV) (nm)
Y1 1R,6R,TR,10R 0.4570 0.57 -41
Y2 1R,6R,7S,10R 0.4186 0.57 -41
Y3 1R.657R,10R 0.0559 0.57 41
Y4 _1R,68,75,10R 0.9556 057 41

12
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Table S8. Comparison of NMR data of 2 with literature data of anhuienosol

Compound 2 Anhuienosol (Suresh et al. 2013%6)
ND. lJC* IH |3C lH
MeOD MeOD CDCls CDCl;
1 75.2,CH 3.66 (dd, /= 5.1, 13.1 Hz 1H) 74.6 3.75(dd, J=12.7, 5.8 Hz, 1H)
2 43.0, CH: a) 2.60 (dd, /=16.7, 13.1 Hz, 1H) 42.5 a) 2.57 (each dd, J=15.6, 5.8 Hz)
b) 2.52 (dd, /=16.7, 5.1 Hz, 1H) b) 2.51
3 201.1,C 196.6
4 132.1,C 129.8
5 161.8,C 161.5
6 68.0, CH 5.26 (d,J=2.7 Hz, 1H) 28.6 a) 2.91(brd, /= 13.7 Hz)
b) 1.94 (brd, J= 13.7 He, 1H)
7 50.7, CH 1.30 (m, 1H) 48.8 1.38-1.42 (m, 1H)
8 16.6, CH: a)2.02 (m, 1H) 22.4 1.76-1.83 & 1.41-1.46 (m, 2H)
b) 1.70 (m, 1H)
9 38.3, CH: a) 2,15 (m, 1H) 37.9 a) 2.14-2.20 (m, 1H)
b) 1.25 (m, 1H) b) 1.28-1.32 (m, 1H)
10 41.5,C 41.3
11 73.8,C 72.4
12 27.9, CH; 1.27 (s, 3H) 26.8 1.23 (3H, s)
13 28.2, CH; 1.38 (s, 3H) 27.8 1.25 (3H, s)
14 17.7, CH; 1.31 (s, 3H) 16.3 1.16 (3H, s)
15 9.9,CH; 1.85 (s, 3H) 11.1 1.77 (3H, 5)
*obtained from HSQC and HMBC
OH
O
g i
OH 14 OH
Compound 2 Anhuienosol
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Figure S5. CD calculations of compound 3
Table S9. CD calculations of compound 3
Name Similarity Factor (S) Sigma Shift
(eV) (nm)
5R9S,10R 0.9649 0.24 -19
SRIOR10R 0.2578 0.24 -19
5898,108 0.5077 0.24 -19
559R.10S 0.0074 0.24 -19
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Table S10. CD calculations of compound 4

Name Similarity Factor (S) Sigma Shift
(eV) (nm)

2R5S8 0.0028 -41 03

2S85R 0.9683 —41 0.3
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Figure S7. CD calculations of compound 5
Table S11. CD calculations of compound 5
Name Similarity Factor (S) Sigma Shift
(V) (nm)
1538 0.2658 =7 0.29
1R3S8 0.9400 =7 0.29
1S3R 0.0036 =7 0.29
1R3R - 0.6696 =7 - 0.29
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Figure S8. CD calculations of compound 6

Table S12. CD calculations of compound 6

Name Similarity Factor (S) Sigma Shift
(eV) (nm)
1'R3'S 0.2658 0.29 =7
1'S.3'S 0.9400 0.29 -7
I'R3'R 0.0036 0.29 =7
1'S3'R 0.6596 0.29 =7
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Figure S9. CD calculations of compound 8
Table S13. CD calculations of compound 8
Name Similarity Factor (S) Sigma Shift
(eV) (nm)
2838 0.8690 0.52 -7
2R3S 0.0276 0.52 =7
283R 0.6037 0.52 =7
2R3R 0.0002 0.52 -7
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Figure S10. CD calculations of compound 9
Table S14. CD calculations of compound 9
Name Similarity Factor (S) Sigma Shift
(eV) (nm)
28 0.3015 15 0.6
2R 0.7797 15 0.6
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Spectroscopic data of isolated compounds 1-26

(1R ,58,65,7R, 10R)-Mustak-14-oic acid (NEW) (1): colorless oil; [a]*’p= —69 (c 0.00001, MeOH); UV
(MeOH) Amax (log &) 202 (4.00), 225 (3.71), 277 (3.14); 'H NMR (500 MHz, Methanol-ds) & 6.26 (1H, brt, ./
= 1.6 Hz, H-3), 2.72 (1H, brs, H-6), 2.69 (1H, dd, /= 6.6, 1.3 Hz, H-1), 2.66 (1H, dd, J = 6.6, 0.9 Hz, H-5),
1.90 (1H, m, H-9b), 1.86 (1H, m, H-9a), 1.83 (1H, m, H-8b), 1.77 (1H, m, H-7), 1.61 (1H, m, H-8a), 1.55
(1H, m, H-11), 0.98 (3H, s, H-15), 0.89 (3H, d, J = 6.8 Hz, H-13), 0.87 (3H, d, J = 6.8 Hz, H-12); 3C NMR
(obtained from HSQC and HMBC, Methanol-ds) 3 209.0 (C, C-2), 173.8 (C, C-14), 168.3 (C, C-4), 124.3
(CH, C-3), 59.8 (C, C-10), 58.8 (CH, C-6), 57.0 (CH, C-5), 53.5 (CH, C-1), 46.7 (CH, C-7), 37.9 (CHs, C-
9), 33.2 (CH, C-11), 23.1 (CHz, C-8), 20.8 (CH3, C-15), 20.2 (CH3, C-12), 19.9 (CH3, C-13); HR-ESI-MS
(Orbitrap) m/z [M—H] 247.1338 (calc for CisH2003 ", 247.1329); MS?-Fragmentation (CE = —30 V) m/z 221
(8), 203 (100).

(1R,6S8,75,10R)-6-Hydroxy-anhuienosol (NEW) (2): yellow oil; [a]* b= —17 (c 0.0001, MeOH); UV
(MeOH) Amax (log €) 202 (3.87), 238 (3.63); '"H NMR (500 MHz, Methanol-ds) & 5.26 (1H, d, J= 2.7 Hz, H-
6), 3.66 (1H, dd, /= 13.1, 5.1 Hz H-1), 2.60 (1H, dd, J = 16.7, 13.1 Hz, H-2a), 2.52 (1H, dd, /= 16.7, 5.1
Hz, H-2b), 2.15 (1H, m, H-9a), 2.02 (1H, m, H-8a), 1.85 (3H, s, H-15), 1.70 (1H, m, H-8b), 1.38 (3H, s, H-
13), 1.31 (3H, s, H-14),1.30 (1H, m, overlaid, H-7), 1.27 (3H, s, H-12), 1.25 (1H, m, H-9b); 3C NMR
(obtained from HSQC and HMBC, Methanol-dy) 3 201.11 (C, C-3), 161.85 (C, C-5), 132.13 (C, C-4), 75.18
(CH, C-1),73.82 (C, C-11), 68.05 (CH, C-6), 50.7 (CH, C-7), 43.04 (CHa,, C-2), 41.50 (C, C-10), 38.34 (CHa,
C-9), 28 2(CHj, C-13), 27.89 (CHs, C-12), 17.74 (CHs, C-14), 16.62 (CHa, C-8), 9.92 (CH3, C-15); HR-ESI-
MS (TOF) m/z [M+FA]™ 313.1669 (calc for CieH26Q6 , 313.1651); MS2-Fragmentation (CE = —20 V) m/z
313 (12), 267 (50), 209 (100), 191 (18), 121 (17).

(5R.9S,10R)-(E)-14,15,16-Trinorlabda-8(17),11-dien- 13-oic acid (3): white solid; [a]*°p=—23 (c 0.0001,
MeOH); UV (MeOH) Amax (log £) 202 (3.93), 222 (3.51); 'TH NMR (600 MHz, Methanol-ds) 6 6.83 (1H, dd,
J=15.5,10.3 Hz, H-11), 5.79 (1H, d, /= 15.5 Hz, H-12), 4.75 (1H, d, /= 2.0 Hz, H-16a), 448 (1H. d, /=
2.0 Hz, H-16b), 2.47 (1H, d, /= 10.3 Hz, H-9), 2.47 - 2.41 (1H, m, H-7a), 2.11 (1H, td, /= 13.3, 5.3 Hz, H-
7b), 1.79 — 1.66 (1H, m, H-6a), 1.64 — 1.52 (1H, m, H-2a), 1.47 — 1.38 (4H, m, H-1a + H-2b + H-3a + H-6b),
1.23 (1H, td, /= 13.6, 12.9, 4.0 Hz, H-3b), 1.16 (1H, dd, /= 12.6, 2.7 Hz, H-5), 1.06 (1H, td, /= 14.4, 13.6,
4.1 Hz, H-1a), 0.90 (3H, s, H-14), 0.89 (3H, s, H-17), 0.86 (3H, s, H-15); '3C NMR (obtained from HSQC
and HMBC, Methanol-ds) 6 173.2 (C, C-13), 150.2 (C, C-8), 145.2 (CH, C-11), 128.9 (CH, C-12), 109.0
(CHa, C-16)61.8 (CH, C-9), 56.2 (CH, C-5), 43.3 (CHaz, C-3), 41.9 (CHa, C-1), 40.4 (C, C-10), 37.9 (CHa,
C-7), 34.1 (CH3, C-14), 34.5 (C, C-4), 24.6 (CH., C-6), 22.6 (CH3, C-15), 20.1 (CH», C-2), 15.6 (CH;, C-
17); HR-ESI-MS (TOF) m/z [M+H]" 263.2008 (calc for C17H20,", 263.2006); MS?-Fragmentation (CE =
40 V) m/z 263 (57), 245 (42), 227 (15), 217 (100) 207 (12), 193 (15), 177 (73), 175 (12), 163 (12), 161 (32),
149 (12), 147 (24), 137 (23), 135 (18), 133 (11), 123 (23), 121 (30), 119 (9), 109, (29), 107 (20), 95 (24), 81
(11), 69 (5). Data correspond to literature. [22, 23]

(1S,5R)-Verbenon-10-oic acid (4): white solid; [¢]*p=+55 (¢ 0.0027, MeOH); UV (MeOH) hmax (log £)
203 (2.63). 256 (2.34); 'H NMR (500 MHz, Methanol-dy) 5 6.51 (1H, s, H-3), 3.08 (1H, dd, /= 5.9, 1.6 Hz,
H-1),2.98 (1H, td, /=9.6, 5.9 Hz, H-9a), 2.70 (1H, td, /= 5.9, 1.6 Hz, H-5), 2.08 (1H, d, /= 9.6 Hz, H-9b),
1.58 (3H, s, H-7), 0.97 (3H, s, H-8)."3C NMR (126 MHz, Methanol-d,) & 206.0 (C, C-4), 168.6 (C, C-10),
159.4 (C, C-2), 129.1 (CH, C-3), 59.9 (CH, C-5),55.7 (C, C-6), 45.2 (CH, C-1), 41.9 (CH,, C-9), 26.8 (CHs,
C-7), 22.3 CH;, C-8); HR-ESI-MS (Orbitrap) m/z [M—H] 179.0718 (calc for CioH; 105, 179.0703); MS2-
Fragmentation (CE = —35 V) m/z 135 (100). Data correspond to literature. [24, 25]

(1R,3S)-cis-Pinononic acid (5): colorless oil; [a]*p=—5 (c 0.0001, MeOH); UV (MeOH) Amax (log &) 202
(2.91), 277 (1.72); '"H NMR (500 MHz, Methanol-dy) & 2.95 (1H, dd, J = 10.0, 7.7 Hz, H-3"), 2.38 (1H, m,
H-17), 2.22 (1H, m, H-2b), 2.11(1H, m, H-2a), 2.02 (3H, s, H-2""), 1.85 - 1.95 (2H, m, H-4"), 1.31 (3H, s, H-
5°), 0.85 (3H, s, H-6"); *C NMR (obtained from HSQC and HMBC, Methanol-ds) 5 210.8 (C, C-1°"), 180.0
(C, C-1),55.0(CH, C-3"),44.3 (C, C-2"),39.8 (CH, C-1"), 38.3 (CH2, C-2), 30.1 (CH3, C-5"), 29.7 (CH3, C-
277, 24.1 (CHz, C-4"), 17.1 (CH3, C-6"); HR-ESI-MS (TOF) m/z [M—H] 169.0866 (calc for CoH 305,
169.0870). Data correspond to literature. (26, 27]
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(1°S,3°S)-cis-Pinonic acid (6): pale yellow oil; [a]*h=+5 (¢ 0.0001, MecOH); 'H NMR (500 MHz,
Methanol-dy) & 2.95 (1H, dd, /= 10.0, 7.7 Hz, H-3"), 2.38 (1H, m, H-1"), 2.22 (1H, m, H-2b), 2.11(1H, m,
H-2a), 2.02 (3H, s, H-2""), 1.85 - 1.95 (2H, m, H-4"), 1.31 (3H, s, H-5"), 0.85 (3H, s, H-6"); 3C NMR
(obtained from HSQC and HMBC, Methanol-d4) 3 210.8 (C, C-1"), 180.0 (C, C-1), 55.0 (CH, C-3"), 44.3
(C, C-27), 39.8 (CH, C-1"), 38.3 (CHa, C-2), 30.1 (CHs, C-57), 29.7 (CHs, C-27"), 24.1 (CH2, C-4°), 17.1
(CHj, C-6"); HR-ESI-MS (TOF) m/z [M—H] 183.1029 (calc for CipH 503 , 183.10247). Data correspond to
literature. [28]

(S)-2-0x0-3-4,5,5-Trimethylcyclopentynyl acidic acid (7): yellow solid; [a]*’b= —6 (c 0.0002, MeOH);
"H NMR (500 MHz, Methanol-dy) § 5.82 (1H, d, J= 1.3 Hz, H-4), 2.73 (1H, dd, J= 10.0, 4.7 Hz, H-1), 2.64
(1H, dd, J=16.1, 4.7 Hz, H-2’b), 2.23 (1H, dd, /= 16.1, 10.0 Hz, H-2’a), 2.08 (3H, d, /= 1.3 Hz, H-8), 1.28
(3H, s, H-7), 1.10 (3H, s, H-6); '3C NMR (obtained from HSQC and HMBC, Methanol-ds) & 211.6 (C, C-5),
188.9(C, C-3),179.8 (C, C-1"), 127.8 (CH, C-4), 56.9 (CH, C-9), 47.6 (C, C-2), 34.3 (CH», C-2"), 26.5 (CH3,
C-7), 23.4 (CHs, C-6), 14.3 (CHs, C-8); HR-ESI-MS (TOF) m/z [M—H] 181.0874 (calc for CioH1:0;5 ,
181.0865). Data correspond to literature. [29, 30]

(2S5.,35)-Epicatechin (8): colourless solid; 'H NMR (400 MHz, DMSO-dy) & 9.09 (s, 1H, 5-OH), 8.88 (s,
1H, 7-OH), 8.79 (s, 1H, 4’-OH). 8.71 (s, 1H, 3°-OH), 6.88 (d, /= 1.6 Hz, 1H, H-2"), 6.66 (d, /= 8.0 Hz, 1H,
H-5%), 6.64 (dd, J=8.0, 1.6 Hz, 1H, H-6"), 5.89 (d, /= 2.4 Hz, 1H, H-6), 5.71 (d, J=2.4 Hz, 1H, H-8), 4.73
(s, 1H), 4.65 (d, J= 4.7 Hz, 1H, 3-OH), 4.00 (m, 1H, H-3), 2.67 (dd, J = 16.0, 4.2 Hz, 1H, H-4a), 2.47 (dd, J
= 4,2 Hz, 1H, H-4b); °C NMR (150 MHz, DMSO-ds) & 77.9 (CH, C-2), 64.8 (CH, C-3), 28.1 (CHz, C-4),
156.4 (C, C-5), 94.9 (CH, C-6), 156.1 (C, C-7), 94.0 (CH, C-8), 155.7 (C, C-9), 98.4 (C, C-10), 130.5 (C, C-
17), 114.8 (CH, C-2"), 144.3 (C, C-37), 144.3 (C, C-4"), 114.6 (CH, C-5), 117.8 (CH, C-6"); HR-ESI-MS
(TOF) m/z [M—H]™ 289.0721 (calc for CisH130s , 289.0712); MS?-Fragmentation (CE = —30 V) m/z 289
(39), 245 (77), 221 (65), 205 (52), 203 (93), 187 (24), 179 (22), 161 (21), 151 (52), 149 (26), 137 (34), 125
(71), 123 (67), 121 (19), 109 (100), 97 (22). Data correspond to literature. [31, 32]

(2R)-Sakuranetin (9): light yellow amorphous solid; [a]**-14 (c 0.0007, MeOH); 'H NMR (500 MHz,
Methanol-dy) 6 7.31 (2H, d, /= 8.5 Hz, H-2’ + H-6"), 6.81 (2H, d, /= 8.5 Hz, H-3" + H-5"), 6.06 (1H, d, /=
2.3 Hz, H-8), 6.04 (1H, d, /= 2.3 Hz, H-6), 5.38 (1H, dd, /= 13.0, 2.9 Hz, H-2), 3.81 (3H, s, H-70Me), 3.16
(1H, m, H-3a), 2.74 (1H, m, H-3b)."*C NMR (obtained from HSQC and HMBC, Methanol-ds) § 198.1 (C,
C-4),169.6 (C, C-7), 159.4 (C, C-4"), 130.9 (C, C-17), 129.2 (2CH, C-2" + C-6"), 116.4 (2CH, C-3" + C-57),
95.8 (CH, C-6), 95.0 (CH, C-8), 80.7 (CH, C-2), 56.4 (CH3, C-7-OMe), 44.3 (CH3, C-3); HR-ESI-MS (TOF)
m/z [M—H]" 285.0779 (calc for C16H130s5 , 285.0763); MS?-Fragmentation (CE = —35 V) m/z 285 (84), 165
(68), 119 (100), 93 (3). Data correspond to literature. [33, 34]

Quercetin (10): yellow solid; "H NMR (500 MHz, Methanol-ds) & 7.73 (1H, d, J = 2.2 Hz, H-2"), 7.63
(1H, dd, J= 8.5, 2.2 Hz, H-6"), 6.88 (1H, d, J= 8.5 Hz, H-3"), 6.39 (1H, d, J = 2.1 Hz, H-8), 6.18 (1H, d, J
= 2.1 Hz, H-6); *C NMR (obtained from HSQC, Methanol-d4) § 122.0 (CH, C-6"), 116.5 (CH, C-5"), 116.3
(CH, C-2%), 99.5 (CH, C-6), 94.7 (CH, C-8); HR-ESI-MS (Orbitrap) m/~z [M—H] 301.0370 (calc for
Ci5HeO7, 301.0354); MS2-Fragmentation (CE = —35 V)m/z 273 (12), 179 (100), 151 (77). Data correspond
to literature. [35]

Rutin (11): yellow amorphous powder; 'TH-NMR (500 MHz, Methanol-d) &: 7.66 (1H, d, J=2.2 Hz, H-
2", 7.63 (1H, dd, /=8.4, 2.2 Hz, H-6’), 6.88 (1H, d, /=8.4 Hz, H-5"), 6.41 (1H, d, J/=2.1 Hz, H-8), 6.22 (1H,
d, /=2,1 Hz, H-6), 5.11 (1H, d, /=7.7 Hz, H-1"), 4.52 (1H, d, /=1.7 Hz, H-1""), 3.80 (1H, dt, J=10.9, 1.3 Hz,
H-6"b), 3.62 (1H, dd, J/=3.4, 1.7 Hz, H-2""), 3.53 (1H, dd, J=9.5, 3.4 Hz, H-3""), 3.26-3.47 (4H, m, H-2", H-
3", H-4", H-5"), 3.44 (1H, m, H-5""), 3.38 (1H, m, H-6"a), 3.26 (1H, m, H-4""), 1.12 (3H, d, J=6.2 Hz, C-
6""); *C NMR (obtained from HSQC, Methanol-da) & 123.7 (CH, C-6"), 117.8 CH, C-2°), 116.2 (CH, C-5),
104.9 (CH, C-1""), 102.5 (CH, C-1"""), 100.2 (CH, C-6), 94.9 (CH, C-8), 78.3 (CH, C-5""), 77.4 (CH, C-3""),
75.8 (CH, C-27), 74.0 (CH, C-4"""), 72.4 (CH, C-3"""), 72.2 (CH, C-2"""), 71.6 (CH, C-4""), 69.8 (CH, C-
5", 68.9 (CHa, C-6""), 18.0 (CHs, C-6"""); HR-ESI-MS (Orbitrap) m/z [M—H] 609.1469 (calc for
C27H20016 , 609.1450); MS2-Fragmentation (CE = —35 V) m/z 343 (9), 301 (100), 271 (7). Data correspond
to literature. [36, 37]
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Isokaempferid (12): yellow amorphous solid; "H NMR (600 MHz, Methanol-ds) 8 7.99 (2H, d, J = 8.8
Hz, H-2" + H-6’), 6.93 (2H, d, J = 8.8 Hz, H-3"+H-5"), 6.41 (1H, d, J= 2.1 Hz, H-8), 6.20 (1H. d, /= 2.1
Hz, H-6), 3.78 (3H, s, H-30Me): *C NMR (obtained from HSQC and HMBC, Methanol-d4) 6 180.0 (C, C-
4), 165.9 (C, C-7), 163.1 (C, C-5), 161.7 (C, C-47), 158.4 (C, C-9), 158.1 (C, C-2), 139.5 (C, C-3), 1314
(CH, C-2"+ C-6"), 122.5 (C, C-1), 116.6 (CH, C-3" + C-5%), 105.9 (C, C-10), 99.8 (CH, C6), 94.8 (CH, C-
8), 60.6 (CH3, C-30Me); HR-ESI-MS (TOF) m/z [M—H]™ 299.0568 (calc for CisH1106 , 299.0556); MS2-
Fragmentation (CE = —35 V) m/z 284 (45), 255 (100), 227 (58), 183 (1). Data correspond to literature. [38]

Kumatakenin (13): yellow solid, 'H NMR (500 MHz, Methanol-ds) & 7.98 (2H, d, J = 8.5 Hz, H-2" + H-
6"), 6.89 (2H, d, /= 8.5 Hz, H-3’ + H-5"), 6.58 (1H, d, /= 2.2 Hz, H-8), 6.30 (1H, d, J= 2.2 Hz, H-6), 3.85
(3H, s, H-70Me), 3.75 (3H. s, H-30Me); 1*C NMR (obtained from HSQC and HMBC, Methanol-d,) 8 166.5
(C, C-7), 162.1 (C, C-5), 161.2 (C, C-4), 157.9 (C, C-2), 157.5 (C, C-9), 138.8 (C, C-3), 130.7 (2CH, C-2’
+C-6"), 121.5(C, C-1"), 115.9 (2CH, C-3" + C-5"), 106.1 (C, C-10), 98.1 (CH, C-6), 92.3 (CH, C-8), 59.7
(CHas, C-30Me), 55.7 (CHs, C-70Me); HR-ESI-MS (Orbitrap) m/z [M—H]™ 313.0717 (calc for Ci7H1306 ,
313.0718); MS"-Fragmentation: MS': 313.0717 (C,7H504 ); MS?: 298.0480 (C6H100s ); MS?: 283.0247
(C15H706 ), MS*: 255.0298 (C14H705 ); MS®: 227.0350 (C13H704 ™, 69), 211.0401 (C13H705", 96), 183.0453
(C12H70; , 100), 171.0453 (C1H70, , 7), 159.0453 (C19H702 , 11), 117.0348 (CgHsO , 5). Data correspond
to literature. [39]

5-Hydroxy-3,7.4¢-trimethoxyflavon (14): yellow amorphous solid; '"H NMR (500 MHz, Methanol-d) &
8.10 (2H, d, J= 9.1 Hz, H-2" + H-6"), 7.09 2H, d, J = 9.1 Hz, H3’ + H-5"), 6.63 (1H, d, J = 2.2 Hz, H-8),
6.35 (1H, d, J = 2.2 Hz, H-6), 3.89 (6H, s, H-7OMe + H-4’OMe), 3.80 (3H, s, H-30Me). 3C NMR (126
MHz, Methanol-dy) & 180.2 (C, C-4"), 167.4 (C, C-7), 162.9 (C, C-5), 158.4 (C, C-9), 158.0 (C, C-2), 140.0
(C, C-3),131.4 (2CH, C-2" + C-6"), 123.8 (C, C-1"), 115.2 (2CH, C-3" + C-5"), 106.8 (C, C-10), 99.1 (CH,
C-6), 93.2 (CH, C-8), 60.6 (CH3, C-3-OMe), 56.5 (CHs, C-7-OMe), 56.0 (CHs, C-4’-OMe); HR-ESI-MS
(TOF) m/z [M+H]" 329.1041 (calc for CigH,705 ", 329.1025); MS-Fragmentation (CE = 30 V) m/z 329 (100),
314 (60), 313 (10), 299 (10), 271 (12), 243 (9), 135 (2). Data correspond to literature. [40]

(E)-p-Coumaric acid (15): yellow oil, "H NMR (500 MHz, Methanol-dy) 6 7.59 (1H d, J= 15.9 Hz, H-7),
7.45 (2H, d, J=8.6 Hz, H-2 + H-6), 6.80 (2H, d, J = 8.6 Hz, H-3 + H-5), 6.28 (1H, d, /= 15.9 Hz, H-8); 1*C
NMR (obtained from HSQC and HMBC, Methanol-dy) 8 171.0 (C, C-9), 161.0 (C, C-4), 146.5 (CH, C-7),
130.9 (2CH, C-2 + C-6), 127.0 (C, C-1), 116.6 (2CH, C-3 + C-5), 115.5 (CH, C-8); HR-ESI-MS (Orbitrap)
m/z [M—H]™ 163.0405 (calc for CoH703™, 163.0390); MS2-Fragmentation (CE = —40 V) m/z 119 (100). Data
correspond to literature. [41]

Trans- and cis-Ferulic acid (16+17): yellowish amorphous powder, HR-ESI-MS (Orbitrap) m/z [M—H]
193.0512 (calc for C1oHsO4 , 193.0506)

trans-Ferulic acid (10): "H NMR (500 MHz, Methanol-d,) & 7.57 (1H, d, /= 15.8 Hz, H-7), 7.17 (1H, d,
J=25Hz, H-2),7.05 (1H, dd, /=8.2, 2.5 Hz, H-6), 6.80 (1H, d, /= 8.2 Hz, H-5), 6.31 (1H, d, /= 15.8 Hz,
H-8), 3.89 (3H, s, H-30Me); *C NMR (126 MHz, Methanol-dy) § 171.5 (C, C-9), 150.4 (C, C-4), 149.4 (C,
C-3), 146.4 (CH, C-7), 127.9 (C, C-1), 123.9 (CH, C-6), 116.6 (CH, C-8), 116.5 (CH, C-5), 111.6 (CH, C-
2), 56.4 (CHs. C-30Me). Data correspond to literature. [42]

cis-Ferulic acid (11): 'TH NMR (500 MHz, Methanol-dy) & 7.65 (1H, d, J = 2.0 Hz, H-2), 7.05 (1H, dd, J
= 2.0;8.2 Hz, H-6), 6.74 (1H, d, J = 8.2 Hz, H-5), 6.67 (1H, d, /= 12.8 Hz, H-7), 5.80 (1H, d, /= 12.8 Hz,
H-R), 3.85 (3H. s, H-30Me); *C NMR (126 MHz, Methanol-d,) & 170.0 (C, C-9), 148.8 (C, C-4), 148.4 (C,
C-3), 141.2 (CH, C-7), 128.7 (C, C-1), 125.8 (CH, C-6), 119.4 (CH, C-8), 115.6 (CH, C-5), 114.5 (CH, C-
2), 56.3 (CHs, C-30Me). Data correspond to literature. [42]

(8R)-Evofolin B (18): yellowish oil; [a]** —6 (¢ 0.0001, MeOH); '"H NMR (400 MHz, Methanol-d) § 7.60
(1H, dd, J= 8.4, 2.0 Hz, H-6), 7.55 (1H, d, /= 1.5 Hz, H-2), 6.89 (1H, d, /= 1.8 Hz, H-2"), 6.78 (1H, d, /=
8.4 Hz, H-5), 6.75 (1H, dd, /= 8.2, 1.8 Hz, H-6"), 6.72 (1H, d, /= 8.2 Hz, H-5"), 4.74 (1H, m (overlapped,
H-8), 4.24 (1H, dd, J = 10.6, 8.8 Hz, H-9b), 3.86 (3H, s, H-3’OMe), 3.82 (3H, s, H-30Me), 3.71 (1H, dd, J
=10.8, 5.3 Hz, H-9a); “C NMR (obtained from HSQC and HMBC, Methanol-ds) 8 199.7 (C, C-7), 153.5
(C, C-4), 149.5 (C, C-3), 149.3 (C, C-3), 147.2 (C, C-4"), 130.7 (C, C-1), 130.0 (C, C-17), 125.4 (CH, C-6),
122.4 (CH, C-6"), 116.8 (CH, C-5"), 116.0 (CH, C-5), 113.0 (CH, C-27), 112.7 (CH, C-2), 65.6 (CH, C-9),
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56.5 (CHs, C-30Me), 56.4 (CH3, C-3’OMe), 56.3 (CH, C-8); HR-ESI-MS (TOF) m/z [M—H] ™ 317.1032 (calc
for C17H 1905 , 317.1025). Data correspond to literature. [43]

Protocatechualdehyd (19): white amorphous powder, 'TH NMR (400 MHz, Methanol-d;) 8 9.69 (1H, s, H-
7), 7.30 (1H, dd, overlapped, /= 1.9 Hz, H-6), 7.29 (1H, d, overlapped, H-2), 6.91 (1H, d, /= 7.9 Hz, H-5);
BC NMR (101 MHz, Methanol-d,) 6 193.1 (CH, C-7), 153.8 (C, C-4), 147.2 (C, C-3), 130.8 (C, C-1), 126.4
(CH, C-6), 116.2 (CH, C-5), 115.4 (CH, C-2). HR-ESI-MS (Orbitrap) m/z [M—~H]™ 137.0247 (calc for
C7H505 , 137.0244); MS?-Fragmentation (CE =—35 V) m/z 137 (100), 109 (9), Data correspond to literature.
[44]

Vanillin (20): white solid, '"H NMR (500 MHz, Methanol-d,) § 9.66 (1H, s, H-7), 7.38 - 7.41 (1H, m, H-
6), 7.39 (1H, s, H-2), 6.86 (1H, d, /= 8.6 Hz, H-5), 3.89 (3H, s, H-3-OMe); '*C NMR (obtained from HSQC
and HMBC, Methanol-dy) 8 192.0 (CH, C-7), 150.9 (C, C-3), 150.1 (C, C-4), 128.8 (CH, C-6), 127.7 (C, C-
1), 116.9 (CH, C-5), 110.5 (CH, C-2), 56.1 (CH;, C-30Me); HR-ESI-MS (TOF) m/z [M—H] 151.0401 (calc
for CsH;03™, 151.0401). Data correspond to literature. [45, 46|

Syringealdehyd (21): white powder; 'H NMR (400 MHz, Methanol-d) 8 9.70 (1H, s, H-1), 7.21 (2H, s,
H-2 + H-6), 3.90 (6H, s, H-30Me + H-50Me); '*C NMR (obtained from HSQC and HMBC, Methanol-d)
§ 192.5 (CH, C-7), 149.7 (2C, C-2 + C-5), 145.1 (C, C-4), 128.0 (C, C-1), 108.4 (2CH, C-2 + C-6), 56.8
(2CH3, C-3-OMe + C-5-OMe); HR-ESI-MS (TOF) m/z [M—H] 181.0538 (calc for CoHsO4, 181.0506).
Data correspond to literature. [47]

p-Hydroxybenzoic acid (22): brown solid; "H NMR (500 MHz, Methanol-ds) & 7.85 (2H, d, J = 8.7 Hz,
H-2 + H-6), 6.78 (2H, d, J = 8.7 Hz, H-3+H-5); *C NMR (obtained from HSQC and HMBC, Methanol-ds)
8 172.0 (C, C-7), 162.7 (C,C-4), 132.8 (CH, C-2+C-6), 125.0 (C, C-1), 115.8 (CH, C-3+C-5); HR-ESI-MS
(TOF) m/z [M—H] 137.0254 (calc for C7H505 , 137.0239); MS2-Fragmentation (CE = —40 V) m/z 93 (100),
83 (1), 75 (3), 65 (18). Data correspond to literature. [48]

Protocatechuic acid (23): white amorphous powder, 'H NMR (500 MHz, DMSO-d;) & 9.64 (2H, bs, H-
30H + H-40H), 7.32 (1H, d, /= 2.1 Hz, H-2), 7.27 (1H, dd, /= 8.2, 2.1 Hz, H-6), 6.76 (1H, d, J= 8.2 Hz,
H-5); *C NMR (obtained from HSQC and HMBC, DMSO-ds) & 167.8 (C, C-7), 149.9 (C, C-4), 144.7 (C,
C-3), 122.5 (C, C-1), 121.8 (CH, C-6), 117.0 (CH, C-2), 115.3 (CH- C-5); HR-ESI-MS (TOF) m/z [M—H]
153.0193 (calc for C7HsO4 , 153.0188). Data correspond to literature. [49]

Vanillic acid (24): yellowish amorphous powder, 'H NMR (400 MHz, Methanol-d;) & 7.56 (1H, d, J =
1.8 Hz, H-2), 7.55 (1H, dd, /= 8.7 Hz, 1.8 Hz, H-6), 6.83 (1H, d, /= 8.7 Hz, H-5), 3.89 (3H, s, H-30Me);
BC NMR (101 MHz, Methanol-ds) 6 170.2 (C, C-7), 152.6 (C, C-4), 148.7 (C, C-3), 125.2 (CH, C-6), 123.3
(C, C-1), 115.8 (CH, C-5), 113.8 (CH, C-2), 56.4 (CHs, C-30Me); HR-ESI-MS (Orbitrap) m/z [M—H]"
167.0355 (cale for CgH704 , 167.0339). Data correspond to literature. [50]

Protocatechuic acid methyl ester (25): white amorphous powder, 'H NMR (500 MHz, Methanol-d) &
7.42 (1H, d, J= 2.0 Hz, H-2), 7.41 (1H, dd, J= 8.7, 2.0 Hz, H-6), 6.80(1H, d, /= 8.7 Hz, H-5), 3.83 (3H, s,
H-70Me); 13C NMR (obtained from HSQC and HMBC, Methanol-ds) 3 168.7 (C, C-7), 151.5 (C, C-4),
146.0 (C, C-3), 123.3 (CH, C-06), 122.3 (C, C-1), 117.0 (CH, C-2), 115.4 (CH, C-5), 51.7 (CHs, C-7TOMe);
HR-ESI-MS (Orbitrap) m/z [M—H] 167.0354 (calc for CsH704 , 167.0350). Data correspond to literature.
[51, 52]

5-Methoxy salicylic acid (26): white amorphous powder, 'TH NMR (400 MHz, DMSO-ds) § 7.41 (1H, d,
J =19 Hz, H-6), 7.27 (1H, dd, /= 8.1, 1.9 Hz, H-4), 6.60 (1H, d, /= 8.1 Hz, H-3), 3.73 (3H, s, H-50Me).
13C NMR (obtained from HSQC and HMBC, DMSO-ds) 8 146.0 (C, C-5), 122.0 (CH, C-4), 113.8 (CH, C-
3), 113.0 (CH, C-6), 55.2 (CH3, C-50Me); HR-ESI-MS (TOF) m/z [M—H]™ 167.0348 (calc for CsH704 ,
167.0344). Data correspond to literature. [53, 54]
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Figure S11. Crystal of Kumatakenin (13)

Table S15. Crystal data and structure refinement for Kumatakenin (ipds6326)

Kumatakenin (13)

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/O

p/e

7

Volume/A®

Z

Pcalcg/Cffl3

wmm !

F(000)

Crystal size/mm?
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Ci17H1406

314.28

170

monoclinic

P2i/c

17.899(2)

3.9339(3)

19.465(3)

90

95.665(11)

90

1363.9(3)

4

1.530

0.117

656.0

0.295 x 0.029 x 0.015

Mo Ka (A =0.71073)
4.574 to 49.994
—21<h<2l,-4<k<3,-22<1<22
5958

2328 [Rint = 0.1600, Rsigma = 0.1766]
2328/0/213

0.869

R =0.0649, wR> = 0.1358
R1=0.2094, wR> =0.1997
0.23/-0.22
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