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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-d3), 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-β-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 MSn analysis. Reported bioactivities for isolated compounds were collected from literature 

and explain the observed antimicrobial effect of H. scyphifera crude extract. 
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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, MS2/n, 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 für medizinische 

Anwendungen waren. Auch heute noch gelten Pflanzen als eine der vielversprechendsten Quellen zur 

Entdeckung neuer (bioaktiver) Verbindungen, da sie über ein enormes Reservoir bisher unbekannter 

Naturstoffe verfügen. Diese Ressource ist jedoch durch Artensterben und den durch den klimawandel-

bedingten globalen Rückgang der Biodiversität, gefährdet. Im Fokus der vorliegenden Dissertation stand 

die explorative Untersuchung der Sekundärmetaboliten von drei bisher kaum erforschten Heilpflanzen aus 

den Familien Combretaceae und Zingiberaceae, die im Nahen Osten und Südostasien beheimatet sind. Ziel 

war es, eine mögliche Bioaktivität mit den in der Literatur beschriebenen medizinischen Anwendungen zu 

verknüpfen sowie eine möglichst vollständige Charakterisierung der Sekundärmetaboliten, einschließlich 

Isolierung und Strukturaufklärung, mit besonderem Schwerpunkt auf der Identifizierung neuer 

Verbindungen durchzuführen. 

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 Ellagsäurederivate, wobei 3,3’,4’-Tri-O-methyl-

ellagsäure-4-sulfat (2-15) das mengenmäßig bedeutsamste Derivat darstellt. Die gezielte Isolierung aus L. 

racemosa lieferte sechs Reinsubstanzen, von denen fünf erstmals für diese Art beschrieben wurden, 

darunter drei sulfatierte Verbindungen. Phylogenetische Daten zeigten das Clustern von Proben mit 

ähnlichem phytochemischen Profil im, ITS-Baum, was evolutionäre Einblicke ermöglichte. Die 

antibakterielle Aktivität wurde für beide Arten nachgewiesen, jedoch nicht für alle Individuen. Stattdessen 

war die Aktivität 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 Lösungsmittel 

(MeOH-d3), computergestützten Methoden (CASE, DFT) und der Entwicklung einer Totalsynthese 

aufgeklärt werden. Interessanterweise wurde Lumnitzeralacton ausschließlich in Extrakten mit 

antibakterieller Wirkung gefunden, zeigte jedoch als reine Verbindung keine derartige Aktivität. Dies 

deutet auf synergistische Effekte hin. Darüber hinaus wurde eine mögliche 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 Chebulinsäurederivate. Insgesamt konnten 20 Verbindungen isoliert und ihre Struktur 

aufgeklärt werden. Acht Verbindungen wurden erstmals innerhalb der Art beschrieben. Zudem konnte 

erstmalig die Verbindung 1-O-Galloyl-6-O-cumaryl-β-D-glucose (4-1) isoliert und mittels NMR 

charakterisiert werden. Sieben der isolierten Verbindungen zeigten Methylierungen auf, was eine kritische 

Prüfung der Datensätze auf mögliche Artefaktbildung erforderlich machte. Die antimikrobielle Wirkung 

des Rohextrakts wurde den kombinierten Effekten verschiedener Verbindungen mit unspezifischer 

Aktivität zugeschrieben. 

Die erste umfassende phytochemische Analyse der Blätter 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-oinsäure (5-1) 

und 6-Hydroxy-Anhuienosol (5-2). 21 Verbindungen wurden erstmals für diese Art beschrieben. Zudem 

wurde die Kristallstruktur des Flavonoids Kumatakenin (5-13) erstmals beschrieben, und dessen 

Fragmentierungmuster durch MSn-Analyse geklärt. Die in der Literatur beschriebenen Aktivitäten der 

isolierten Verbindungen erklären die beobachtete antimikrobielle Wirkung des Rohextrakts von H. 

scyphifera hinreichend. 

Zusammenfassend hat diese Dissertation das Wissen über die chemische Vielfalt der drei untersuchten 

Pflanzenarten erheblich erweitert und neue Einblicke in ihr sekundäres Metabolitenprofil geliefert. Die 

Ergebnisse wurden in drei Peer-Review-Zeitschriften veröffentlicht, und eine vierte Publikation befindet 

sich in Vorbereitung. Insgesamt wurden 53 Substanzen isoliert und mittels verschiedener Methoden 

(HRMS, MS2/n, 1D- und 2D-NMR, CD, Röntgenstrukturanalyse) charakterisiert, was zur strukturellen 

Identifizierung dieser Verbindungen führte, 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 Sertürner, 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: 

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

bioactives 

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

Lumnitzera racemosa, Terminalia dhofarica and Hornstedtia scyphifera 

• Application of sophisticated methods including ADEQUATE NMR experiments and modern 

Computer-Assisted Structure Elucidation (CASE) systems for structure elucidation of proton 

deficient natural products 

• 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, István 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’-β-D-xyloside and 3,4,3’-tri-O-methylflavellagic acid-4’-β-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 T. 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 
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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 "Gahtti," 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 T. anogeissiana (Basionym: A. latifolia) and T. schimperi (Basionym: A. leiocarpus), which 

have been studied extensively [74,99]. 

Previous research has demonstrated that aqueous and alcoholic extracts of T. 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, T. dhofarica exhibited inhibitory 

activity against Staphylococcus aureus (Gram-positive) at a concentration of 250 μg/ml and against 

Pseudomonas aeruginosa (Gram-negative) at 500 μg/ml [78,100]. Furthermore, the plant has antifungal 

properties, showing inhibition against Candida albicans at concentrations of 500 μg/ml [78]. 

 

 

Fig 1-4 A T. dhofarica tree [101]; B Dried leaves [102]; C Leave powder and dried crude extract 



Chapter 1  

12 

This indicates, that T. 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 Maqsood 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-α, 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 

mass 

[g/mol] 

Plant organ* 

 

Rhizome Flower Leaf Stem 
 

Bioactivity  

M
o

n
o
te

rp
en

o
id

s 

1,8-Cineol C10H18O 154.1358 H.scy.[123] 

H.bel.[127] 

H.scy.[123] 

H.hav.[128]  

H.scy.[123] 

H.bel.[127] 

H.scy.[123] 

H.leo.[129] 

anti-inflammatory[130,131], 

antidepressive [130], 

antioxidative [130,132], 
antimicrobial[132,133], 

antifungal[133],  

AChE inhibitor[134] 

Isoborneol C10H18O 154.1358  H.hav.[128]  H.scy.[123] antibacterial[135], 

antiviral[136], 

antioxidative[137], 
neuroprotektive[137] 

Borneol C10H18O 154.1358 H.scy.[123] 

H.hav.[128] 

H.bel.[127] 

H.scy.[123] 

H.hav.[128] 

H.scy.[123] 

 

H.scy.[123] antibacterial[138]  

Terpineol C10H18O 154.1358 H.san.[139] 

H.scy.[123] 

H.hav.[128] 
H.bel.[127] 

H.scy.[123] 

H.hav.[128] 

 

H.san.[139] 

H.scy.[123] 

H.bel.[127] 
 

H.san.[139] 

H.scy.[123] 

 

antibacterial[140], 

antifungal[141] 

Camphor C10H16O 152.237 H.san.[139] 

H.hav.[128] 

H.scy.[123] 
H.bel.[127] 

H.hav.[128] 

H.scy.[123] 

H.san.[139] 

H.scy.[123] 

 insecticide[142], 

antibacterial[143],  

AChE inhibitor[134] 

Myrtenal C10H14O 150.1045  H.scy.[123] H.scy.[123]  AChE inhibitor [134], 

anticancer[144], 
antioxidative[144] 

S
es

q
u

it
er

p
en

es
 

β-Cubeben C15H24 204.1878 H.hav.[128] H.hav.[128]   antioxidative[145]  

α-Copaen 

 

C15H24 204.1878 H.bel.[127] 

 

 H.scy.[123] 

H.bel.[127] 

H.scy.[123] antioxidative[146]  

β-Elemen 

 

C15H24 204.1878 H.san.[139] 

H.hav.[128] 

H.bel.[127] 

H.hav.[128] 

  

H.scy.[123] 

H.bel.[127] 

 

H.san.[139] 

H.scy.[123] 

anticancer[147,148], 

antifungal[149] 

 

α-Humulen 
 

C15H24 204.1878 H.san.[139] 
H.scy.[123] 

H.hav.[128] 

H.bel.[127] 

H.hav.[128] 
 

 

H.san.[139] 
H.bel.[127] 

 

H.san.[139] 
H.scy.[123] 

 

anti-inflammatory[150], 
anticancer[151] 

β-Caryophyllen 

 

C15H24 204.1878 H.san.[139] 

H.scy.[123] 

H.hav.[128] 
H.bel.[127] 

H.scy.[123] 

H.hav.[128] 

 
 

H.san.[139] 

H.scy.[123] 

H.bel.[127] 
H.bel.[127] 

H.san.[139] 

H.scy.[123] 

antioxidative[112,152], 

antibacterial[112], 

anti-inflammatory[151] 

Germacren D 

 

C15H24 204.1878 H.scy.[123] 

H.hav.[128] 

H.bel.[127] 

H.scy.[123] 

H.hav.[128] 

 

H.san.[139] 

H.scy.[123] 

H.bel.[127] 

H.san.[139] 

H.scy.[123] 

insecticide[153], 

antibacterial[154] 

 

β-Bisabolen C15H24 204.1878 H.hav.[128] H.hav.[128] H.san.[139]  anticancer[155] 

         

S
es

q
u

i-

te
rp

en
es

 

β-Selinen 
 

C15H24 204.1878 H.scy.[123] 
H.hav.[128] 

H.bel.[127] 

H.scy.[123] H.scy.[123] H.scy.[123] AChE inhibitor [156], 
insecticide[156] 

γ-Cadinen 
 

C15H24 204.1878 H.san.[139] 
H.hav.[128] 

H.leo.[129] 

H.scy.[123] 
H.hav.[128] 

  

H.san.[139] 
H.scy.[123] 

H.bel.[127] 

H.san.[139] 
H.scy.[123] 

antioxidative[157]  

S
es

q
u

i-
 

te
rp

en
o

id
s 

α-Cadinol C15H26O 222.1984 H.scy.[123] 

H.hav.[128] 
H.leo.[129] 

H.bel.[127] 

H.hav.[128] H.san.[139] 

H.scy.[123] 
H.bel.[127] 

H.san.[139] 

H.scy.[123] 
H.leo.[129] 

antifungal[158], 

antibacterial[158], 
insecticide[159] 

Humulen-
Epoxide 

C15H24O 220.1827 H.scy.[123] 
H.bel.[127] 

H.scy.[123] H.bel.[127] 
 

 -  

α-Bisabolol C15H26O 222.1984 H.scy.[123] 

H.hav.[128] 

 H.scy.[123] H.scy.[123] antioxidative[160],  

anti-inflammatory[161], 

antibacterial[162], 
anticancer[163] 

P
h

en
y

l-

p
ro

p
a
n

o
id

s 

Eugenol C10H12O2 164.0837 H.leo.[129]  H.leo.[129] H.leo.[129] antioxidative[164,165], 

antibacterial[164],  
anti-inflammatory[164,166] 

Methyleugenol C11H14O2 178.0994 H.leo.[129]  H.leo.[129] H.leo.[129] antioxidative[167],  

anti-inflammatory[167], 

anesthetic[168] 

Methylchavicol 

 

C10H12O 148.0888 H.san.[139] 

H.leo.[129] 

 H.san.[139] H.san.[139] antioxidative[169], 

antifungal[170] 
 

*Abbrevitions of Hornstedtia species  

Hornstedtia scyphifera H. scy.              Hornstedtia leonurus                 H.leo                  Hornstedtia 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 β-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 MS2 analysis diverse untargeted 

MS2 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 MS2 operation modes are useful for extract screening during bioactivity- or synergism-

guided isolation. For follow-up structural identification, measured fragmentation spectra are compared with 

MS² 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 (MSⁿ) 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 



  General Introduction 

17 

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 1H 

proton and 13C 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 ¹H-¹H interactions, and 

HSQC (Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple Bond 

Correlation) for ¹H-¹³C interactions. COSY identifies correlations between protons in the same spin system 

typically through scalar JHH couplings, typically over two or three bonds. The experiment is homonuclear, 

focusing on ¹H-¹H 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 ¹H-¹³C couplings over one bond. With the ¹³C- and ¹H- 

spectra displayed on separate axes, the cross peaks mark corresponding proton/carbon signals. HMBC 

detects long-range ¹H-¹³C 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 ¹³C-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 1JCC coupling. Despite sensitivity challenges due to the low natural abundance of ¹³C, 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 1JCH 

coupling with a 1/nJCC 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 ¹H, ¹³C, COSY, ¹HSQC, HMBC spectra [194]. Of special interest are data from 1,1-

ADEQUATE spectra [179]. These spectra typically display only 2JCH 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 ¹³C 

signals, preferably alongside the number of attached protons from HSQC, and HMBC spectra data. The 

program provides a replication option that checks ¹³C shifts against the ACD Labs database for exact 

matches. COSY is optional but recommended. Other 2D NMR data, as well as ¹⁵N, ¹⁹F, and ³¹P 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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2 Analysis of Unusual Sulfated Constituents and Anti-infective 

 Properties of Two Indonesian Mangroves, Lumnitzera littorea 

 and Lumnitzera racemosa (Combretaceae) 

Jeprianto Manurung*, Jonas Kappen*, Jan Schnitzler, Andrej Frolov, Ludger A. Wessjohann, Andria 

Agusta, Alexandra N. Muellner-Riehl, and Katrin Franke 
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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. 

Keywords 

sulfated natural products; ellagic acid; lumnitzera; combretaceae; mangrove; anti-infectives; phylogenetic 

analysis; metabolite profiling 
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 Ellagic Acid Derivative from the Mangrove Lumnitzera 

 racemosa  
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Graphical abstract 

 

 

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 1H and 13C 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. 

 

Keywords 

Lumnitzera racemosa; lumnitzeralactone; isolation; synthesis; structure elucidation; ellagic acid; 

anti-bacterial; NMR; 13C-1H ADEQUATE 
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4 Phytochemical profiling of the Omani medicinal plant 
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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 T. dhofarica are 

traditionally used for various medicinal purposes, including wound treatment and personal hygiene. In 

the present study, the phytochemical profile of leaves from T. dhofarica was evaluated by Ultra-High-

Performance Liquid Chromatography coupled with Electrospray Ionization 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 T. dhofarica. For the first time, we provide complete NMR 

data for 1-O-galloyl-6-O-p-coumaroyl-D-glucose (1). Biological screening demonstrated a moderate 

efficacy against Gram-negative bacteria as well as the phytopathogenic fungus Septoria tritici and the 

oomycete Phytophthora infestans. In summary, the data expand the knowledge of the phytochemistry 

of the underexplored species T. 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 T. 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 T. 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 F254 (Merck, Darmstadt, Germany) or silica gel 60 reversed phase 2 UV254 

(Macherey-Nagel, Düren, 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‐H2SO4 

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. 

1H and 13C 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 (1H NMR) or peaks of solvent. For samples 

with low concentration, 1D 1H and 13C 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. 

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% aq. 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 (l: 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/H2O, 1:1, v/v) of which A1 (Rf 0.95 – 0.59) and A2 (Rf 0.59 – 0.38) were further purified. A3 was 

identified as ellagic acid (12, 547.4 mg, Rf = 0.36 in MeOH/H2O (1:1, v/v) on RP18. 

A1 was submitted to a Sephadex G10 column (l: 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/H2O, 2:3, v/v), of 

which B2 (Rf 0.98 – 0,88), B5 (Rf 0.79 – 0.62), and B6 (Rf 0.62 – 0.31) were further purified. B3 (Rf 0.83) 

was identified as gallic acid (4),153.8 mg, Rf = 0.83 in MeOH/H2O (2:3, v/v) on RP18. 

B2 was purified by preparative reversed phase HPLC (Agilent-Zorbax Eclipse-XDB C18, 5µm, 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, Rt = 8.80 min), 1-O-galloyl-D-glucose (15) (2.5 mg, Rt = 12.48 min), 

protocatechuic acid (3) (3.5 mg, Rt = 26.71 min), 12-O-methyl chebulic acid (8) (8.9 mg, Rt = 28.93 min), 

11, 12-O-dimethyl chebulic acid (9) (4.1 mg, Rt = 38.07 min),and 12, 13-O-dimethyl chebulic acid (10) 

(6.5 mg, Rt = 41.40 min). 

B5 was submitted to a RP18 column (l: 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/H2O, 1:1, v/v), of which C4 (Rf 0.72), and C7 (Rf 0.70 – 0.54) were further purified. 

C4 was submitted to a Sephadex LH20 column (l: 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, Rf = 0.57 in MeOH/H2O (2:3, v/v) 

on RP18. 

C7 was purified by preparative reversed phase HPLC (YMC-Triart C18, 5µm, 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, Rt = 11.50 min), and 11-O-methyl brevifolincarboxylate (11) 

(1.5 mg, Rt = 13.80 min). 

B6 submitted to a RP18 column (l: 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/H2O, 2:3, v/v) 

of which E8 (Rf 0.63 – 0.25) further purified. 

E8 was purified by preparative reversed phase HPLC (Agilent-Zorbax Eclipse-XDB C18, 5µm, 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, Rt = 11.62 min), chebulanin (17) (2.4 mg, Rt = 15.92 min), 

3,5-di-O-galloylshikimic acid (16) (1.4 mg, Rt = 18.38 min), and 6’-O-methyl-chebulagic acid (20) (4.8 mg, 

Rt = 21.74 min). 

A2 was submitted to a Sephadex LH20 column (l: 75 cm, d: 2.5 cm) with methanol, yielding four fractions 

(F1 – F5), based on the TLC profile (RP18, MeOH/H2O, 1:1, v/v), of which F1 (Rf 0.62), F2 (Rf 0.55), and 

F4 (Rf 0.36 – 0.24) were further purified. F3 (Rf 0.53) was identified as 7-O-methyl gallic acid (5) (15.2 mg, 

Rf = 0.53 in MeOH/H2O (1:1, v/v) on RP18. 

F1 was purified by preparative reversed phase HPLC (YMC-ODS-A C18, 12µm, 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, Rt = 8.41 min). 

F2 was purified by preparative reversed phase HPLC (Merck-LiChrospher C18, 5µm, 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, Rt = 15.89 min). 

F4 was purified by analytical reversed phase HPLC (YMC-ODS-A C18, 12µm, 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-D-glucopyranose (14) (0.9 mg, 

Rt = 9.45 min), and 1-O-galloyl-6-O-trans-p-coumaroyl-D-glucopyranose (1) (0.6 mg, Rt = 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 µL) were loaded on an 

Waters Acquity UPLC® BEH C18 column (1.7 µm, 130 Å, 50 × 2.1 mm I.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 (A. 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 µg/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 (A. fischeri at a concentration of 500 µg/mL, fig S4-1) but showed no activity against 

Gram-positive bacteria (B. subtilis, data not shown). The literature on this topic is mixed. Maqsood 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 µg/mL) and moderate activity against Gram-

negative bacteria (P. aeruginosa at 500 µg/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 1H 

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 (fig 4-1 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 α- and β-D-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 1JCH correlations 



  Kappen et al., submitted to Molecules 2025 

 

79 

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 

 

 

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). Maqsood 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 
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(18, P 13), the main compound from this study, was not described by Maqsood 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, 

Maqsood 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 T. dhofarica. 

Structure elucidation of compound 1 

Compound 1 (fig 4-4) was isolated as a white solid. The molecular formula was identified as C22H22O12 by 

its negative ion at m/z 477.1030 [M – H]– (calcd. for 477.1038 C22H21O11
–) in the ESI-HRMS spectrum. 

All NMR data as well as 2D correlations are presented in table 4-2. The 1H spectra showed one aromatic 

singlet at δ 7.13 (2H, s, H-2’+H-6’) and two pairs of coupling aromatic protons. The first at δH 7.63 and 

6.36 (each 1H, d, J = 15.7 Hz, H-7’’ + H-8’’) and the second at δ 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 δH 5.66 (1H, d, J = 7.7 Hz, H-1β) and 5.66 (1H, d, J = 3.3 Hz, H-1α), three multiplet signals at 

δH 3.41-3.46, 3.46-3.52, and 3.65-3.70 as well as a pair of two signals at δH 4.31 (1H, dd, J = 5.6, 12.2 Hz, 

H-6b) and δH 4.50 (1H, dd, J = 2.8, 12.2 Hz, H-6a) belonging to a CH2 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 δH 7.13 resulting in the annotation of the 13C signals δC 110.5, 120.5, 140.7, 146.6 and 166.9 

to this substructure. The pair of aromatic proton signals at δH 7.45 and 6.80 strongly suggest a para 

substituted benzene ring. The other pairs at δ 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-D-glucose. In the glucose moiety α and β configuration appeared in a ratio of 1:1 

by comparison of integrals in the1H spectrum. Structurally, compound 1 is close to fishertannin F (1-O-

galloyl-6-O-feruloyl-β-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 1H 

and 13C signals of H-1 overlapped but were still distinguishable in the 1H 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, β-glucose appears in the energetically favored 4C1 chair conformation. However, in ellagitannins 

with bridging 2,4,-O-chebuloyl substituents the β-glucose ring is locked into the inverted 1C4 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.  δC  δH (multiplicity, J) HMBC COSY 

Glucose     

1α 95.9, CH 5.66 (d, 3.3, 0.5H) 3, 4, 7‘ 2 

1β  5.66 (d, 7.7, 0.5H) 3, 4, 7‘ 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, CH2 4.50 (dd, J = 12.2, 2.8 Hz 1H) 4, 5, 9’’ 5, 6b 

6b 64.4, CH2 4.31 (dd, J = 12.2, 5.6 Hz, 1H) 4, 5, 9’’ 5, 6a 

Galloyl     

1‘ 120.5, C - - - 

2‘/6‘ 110.5, CH 7.13 (s, 2H) 1‘, 2', 3‘, 4‘, 5‘, 6‘, 7‘ - 

3‘/5‘ 146.6, C -  - 

4‘ 140.7, C -  - 

7‘ 166.9, C -  - 

Coumaroyl     

1‘’ 127.2, C - - - 

2‘’/6’’ 131.2, CH 7.45 (d, J = 8.5 Hz, 2H) 2‘‘, 4’’, 6’’, 7’’ 3’’, 5’’ 

3‘’/5’’ 116.9, CH 6.80 (d, J = 8.5 Hz, 2H) 1’’, 3’’, 4’’, 5’’ 2’’, 6’’ 

4‘’ 161.3, C - - - 

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

8‘‘ 114.9, CH 6.36 (d, J = 15.7 Hz, 1H) 1‘, 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 T. 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. 

 

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 µM (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 µM. 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 T. 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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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 α-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,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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6 Discussion and conclusion 

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 ¹H 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- 

comp.no. 

               name 

               (class) 

structure plant 

3-1 
lumnitzeralacton 

(polyphenol) 
 

 

L. racemosa 

5-1 
mustak-14-oic acid 

(sesquiterpenoid) 
 

 

H. scyphifera 

5-2 
6-hydroxy-anhuienosol 

(sesquiterpenoid) 
 

 

H. scyphifera 

4-1 

1-O-galloyl-6-O-trans-p-

coumaroyl-D-glucopyranose 

(polyphenol) 

 

T. dhofarica 
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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 µg/mL was active 

against Gram-positive B. subtilis; T. dhofarica crude extract at 500 µg/mL was active against Gram-

negative A. fischeri and at 100 µg/mL against the fungus P. infestans; H. scyphifera crude extract at 100 

µg/mL was active against the fungus B. cinerea, and the ethyl acetate fraction at 500 µg/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 1H-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 T. 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 T. 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 Combretaceae 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, MSn 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 1H and 13C experiments. These rely on JCH 

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 3JHH-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.- 

comp.no. 

name 

(class) 

structure 

4-2 

p-hydroxybenzaldehyde 

(phenolic aldehyde) 
 

5-19 

protocatechualdehyde 

(phenolic aldehyde) 
 

5-20 

vanillin 

(phenolic aldehyde) 
 

5-21 

syringaldehyde 

(phenolic aldehyde) 

 

5-22 

p-hydroxybenzoic acid 

(phenolic acid) 
 

4-3 

and 

5-23 

protocatechuic acid 

(phenolic acid) 
 

5-24 

vanillic acid 

(phenolic acid) 
 

5-25 

protocatechuic acid methylester 

(phenolic ester) 
 

5-26 

5-O-methyl salicylic acid 

(phenolic acid) 
 

4-4 

gallic acid 

(phenolic acid) 

 

4-5 

7-O-methyl gallate 

(phenolic ester) 

 

4-6 

and 

5-15 

trans-p-coumaric acid 

(phenolic acid) 
 

5-16 

trans-ferulic acid 

(phenolic acid) 
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Continuation of Table 6-2 

chap.- 

comp.no. 

name 

(class) 

structure 

5-17 

cis-ferulic acid 

(phenolic acid)  

2-2 

4-(4-hydroxyphenyl) 

butan-2-ol sulfate 

(sulfated phenolic) 
 

2-3 

4-(4-sulfoxy-3-methoxyphenyl)-butan-2-one 

(sulfated phenolic) 
 

4-7 

chebulic acid 

(phenolic acid) 

 

4-8 

12-O-methyl chebulic acid 

(phenolic ester) 

 

4-9 

11, 12-O-dimethyl chebulic acid 

(phenolic ester) 

 

4-10 

12, 13-O-dimethyl chebulic acid 

(phenolic ester) 

 

4-11 

11-O-methyl brevifolincarboxylate 

(phenolic ester) 

 
 

4-14 

6-O-trans-p-coumaroyl-D-glucopyranose 

(phenolic glucoside) 
 

4-15 

1-O-galloyl-D-glucopyranose 

(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.- 

comp.no. 

name 

(class) 

structure 

3-1 
lumnitzeralacton 

(polyphenol) 

 

2-6 

and 

4-12 

ellagic acid 

(polyphenol) 

 
 

2-13 
3,4-O-dimethyl ellagic acid 

(ellagitannin) 

 
 

2-16 
3,3‘4-O-trimethyl ellagic acid 

(ellagitannin) 

 
 

2-15 

3,3‘4‘-O-trimethyl 

ellagic acid-4-sulfate 

(sulfated ellagitannin) 
 

 

4-13 
7’’-O-methyl flavogallonate 

(ellagitannin) 

 

4-1 

1-O-galloyl-6-O-trans-p-coumaroyl-β-D-

glucopyranose 

 

  
 

 

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

(polyphenol) 
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Continuation of Table 6-3 

chap.- 

comp.no. 

name 

(class) 

structure 

5-18 
evofolin B 

(polyphenol) 

 

5-8 
epicatechin 

(flavanol) 

 

5-9 
sakuranetin 

(flavanon) 

 

5-10 
quercetin 

(flavanol) 

 

5-11 
rutin 

(flavanol glycoside) 

 

5-12 
isokaempferide 

(flavanol) 

 

5-13 
kumatakenin 

(flavanol) 

 

5-14 
5-hydroxy-3,7,4‘-trimethoxyflavon 

(flavanol) 

 
  



Chapter 6    

126 

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

chap.- 

comp.no. 

name 

(class) 

structure 

4-17 
chebulanin 

(gallotannin) 

 

4-18 
chebulagic acid 

(gallotannin) 

 

4-19 
6’-O-methyl-chebulagic acid 

(gallotannin) 

 

4-20 
phyllanembilinin C 

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

chap.- 

comp.no. 

name 

(class) 

structure 

5-1 
mustak-14-oic acid 

(sesquiterpenoid) 

 

5-2 
6-hydroxy-anhuienosol 

(sesquiterpenoid) 

 

5-3 

14,15,16-trinorlabda- 

8(17),11-dien-13-oic acid 

(diterpenoid) 

 

5-4 
verbenon-10-oic acid 

(monoterpenoid) 

 

5-5 
cis-pinononic acid 

(keto acid) 
 

5-6 
cis-pinonic acid 

(keto acid) 
 

5-7 

2-(2,2,3-trimethyl-5-oxocyclopent- 

3-en-1-yl) acetic acid 

(keto acid) 
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